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Preface

The Stone Age, the Bronze Age, the Iron Age ... Every global epoch in the history of the
mankind is characterized by materials used in it. In 2004 a new era in the material sci-
ence was opened: the era of graphene or, more generally, of two-dimensional materials
[K. Novoselov, A. Geim et al. Science 306, 666 (2004)]. Graphene is the one-atom thin
layer of sp*bonded carbon atoms arranged in a honey-comb lattice. It possesses the
unique physical properties: graphene is the strongest and the most stretchable known
material, has the record thermal conductivity and the very high intrinsic mobility and
is completely impermeable. The charge carriers in graphene are the massless Dirac
fermions and its unique electronic structure leads to a number of interesting physical
effects, such as the minimal electrical conductivity, anomalous quantum Hall effect,
Klein tunneling, the universal optical conductivity and the strong nonlinear electro-
magnetic response. Graphene offers and promises a lot of different applications, in-
cluding conductive ink, terahertz transistors, ultrafast photodetectors, bendable touch
screens, strain tensors and many other. In 2010 Andre Geim and Konstantin Novoselov
were awarded the Nobel Prize in Physics “for groundbreaking experiments regarding
the two-dimensional material graphene”.

Nowadays, graphene is in the focus of research activity of condensed matter physi-
cists in the whole world. Research articles reporting on different aspects of graphene
studies are collected in the present two volumes “Physics and Applications of Gra-
phene”. These books cover a broad spectrum of experimental and theoretical studies
of graphene and present contributions from research groups and laboratories from the
North and South America, Europe, Asia and Australia.

The contributed articles are presented in two volumes. The first volume contains ex-
perimental papers, divided into three Sections. Section I describes the methods of the
synthesis and fabrication of graphene films and related materials, in Section II the elec-
tronic properties of graphene are discussed and Section III is devoted to its electronic,
chemical and biosensing applications. The readers interested in theoretical studies of
graphene are referred to the second volume.

Sergey Mikhailov
University of Augsburg
Germany
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Nano-Engineering of Graphene
and Related Materials

Zhiping Xu
Tsinghua University
China

1. Introduction

Graphene is the ultimately monolayer material with single-atom thickness. It possesses
many fascinating properties including massless Dirac electronic structure, anomalous
quantum Hall effects, high mobility, extraordinary high thermal conductivity, stiffness and
strength (see other chapters in this book). Impressively, these properties have remarkable
dependence on its morphology and atomic structure, e.g. its size and shape (Fig. 1, Xu &
Buehler, 2010a). Moreover, interior and exterior doping effects from defects, molecular
adsorptions or electromagnetic fields are also significant. For example, hydrogenation,
oxidation and electrical field significantly tune its structural, mechanical, thermal, electronic
and optical structures, which is controllable and even reversible. These sensitive responses
of a graphene sheet to structural and environmental cues enable us opportunities to
engineer its physical and chemical properties at nanoscale.

L

(b) membrane (¢) ribbon

Fig. 1. A phases diagram for graphene sheets as a function of their geometric parameters: (a)
a graphene sheet with length L and width IV; (b) a two-dimensional membrane with ripples
from thermal fluctuation as L ~ W; (c) a fluctuating one-dimensional ribbon while it has
apparent aspect ratio n = L/W; (d) a nanoscroll after a ribbon self-folds due to the van der
Waals interactions between adjacent graphene sheet. (Xu & Buehler, 2010a)
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2. Nano-engineering by tailoring nanostructures

Fig. 2. Two-dimensional monolayer crystallites of NbSe; (a), graphite (b), BizSr,CaCu2Ox (c)
and MoS; (d) as prepared by the mechanical exfoliation technique and visualized by atom
force microscopy (AFM) (a and b), scanning electron microscopy (c) and optical microscope
(d). (All scale bars: one micrometer) (Novoselov et al., 2005)

Back to year 2004, the first experimental establishment of producing graphene sheets is
achieved by Andre Geim and Konstantin Novoselov of the University of Manchester,
through a so-called “scotch-tape” technique (Novoselov et al., 2004). In this approach,
single- or few-layered graphene sheets can be obtained by repeatedly peeling highly
oriented pyrolytic graphite (HOPG) using scotch tapes. Although the graphene sheets thus
produced are poor in the production yield and controllability on the geometry, this
mechanical exfoliation technique features high reliability and offers graphene sheets of very
high quality. Even at present, the simple but efficient “scotch-tape” technique is still a
common one to fabricate high-quality samples. This seminal work is our first time to
fabricate and observe two-dimensional crystalline materials. Geim and Novoselov are thus
awarded the 2010 Nobel Prize in physics. In prior to their work, physicists believed that
two-dimensional crystals couldn’t sustain stabilities in ambient environment at finite
temperature. Early work based on elasticity theory shows that the out-of-plane
displacement field diverges for infinite large two-dimensional crystals (Mermin & Wagner,
1966). However, the observation of stable graphene, BN, MoS; and other monolayers (Fig. 2)
gives rise to a the contradiction to the theoretical prediction. It is realized later that the
monatomic layers are stablized by the anharmonic coupling between bending and stretching
modes in the graphene sheet, i.e. forming out-of-plane ripples and wrinkles on the graphene
sheet maintains its planar morphology (Fig. 1(b)) and avoids collapsing into folds and
scrolls (Fig. 1(d)). The morphology of graphene sheet are thus determined by the size, shape,
temperature and boundary conditions. Recent atomistic simulations (Fasolino, Los &
Katsnelson, 2007; Xu & Buehler, 2010a) and experiments (Meyer et al.,, 2007) clarify the
underlying mechanism and predict the morphology phase diagram for graphene.
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Inspired by this exciting discovery and novel physics uncovered in subsequent experiments,
numerous efforts have been made to fabricate graphene sheets of high quality, and low price
in parallel. In addition to mechanical exfoliation technique that produces micron-sized
graphene flakes, chemical vapour deposition (CVD) on metal surface has also been
successfully applied to synthesize single- and few-layer graphene sheet with areas of square
centimetres (Bae et al., 2010). However, the most popular method for mass production at
present is the chemical reduction technique, where graphite is firstly exfoliated in an oxygen-
rich environment. The intermediate product, graphene oxide, is subsequently reduced to
recover bare graphene sheet. In addition, there are also several novel approaches available
now, such as cutting single-walled carbon nanotubes (Kosynkin et al., 2009; Jiao et al., 2009)
and bottom-up assembling from organic molecules (Yang et al., 2008; Cai et al., 2010).

The bulk graphene sheet is a semi-metal with a linear dispersion around the Dirac point.
However when one of the in-plane dimensions reduces below 20 nm while maintaining the
other dimension, the graphene ribbon (Fig. 1(c)) will feature an edge-dependent electronic
structure due to the quantum confinement and lattice symmetry (Son, Cohen & Louie, 2006a
and 2006b). Armchair-edged graphene nanoribbons (AGNR) have width-dependent energy
gaps, while a zigzag-edged nanoribbons (ZGNR) is always metallic with a localized state at
the edge when the spin is unpolarized. This unique structure-property relationship suggests
that simple geometrical tailoring could realize effective modification on the properties of
graphene.

2.1 Graphene nanostructures as building blocks for nanoelectronics
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Fig. 3. (a) and (b) Atomic structures of armchair and zigzag GNRs; (c) Bandgap of armchair
graphene nanoribbons calculated from density functional theory (Son, Cohen & Louie,
2006); (d) Experimental measured bandgaps of graphene nanoribbons and their dependence
on the orientation of crystalline lattice (Han et al., 2007).
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As illustrated in Fig. 3, the width of AGNR structure can be denoted by the number N,.
Tight-binding analysis shows that (Ezawa, 2006, Son, Cohen & Louie, 2006a and 2006b)
when N, is 3p+2 (where p is a positive integer), the AGNR is metallic. While when N, is 3p or
3p+1, the bandgap of AGNR is inversely proportional to its width (Egsp) 2Eg@sp+1)). These
results are consistent with density functional theory (DFT) calculations based on local
density approximation (LDA). The only difference is that in the DFT simulation, the
reconstruction of structure and electron density at ribbon edge opens small gap for N, =
3p+2, and decreases (increases) the gaps of 3p (3p+1) AGNRs.

The structure of ZGNR is shown in Fig. 3(b). Simple analysis from the tight-binding picture
predicts that the spin-unpolarized eigenstates of ZGNRs near Er have a peculiar edge-state
structure. There are two edge states decaying into the center of ZGNRs with a profile
depending on their momentum. This can be seen from the flat bands in Fig. 3 for k > 211/3,
which give rise to a very large density of states at Er and infinitesimally small on-site
repulsion, could make the ZGNRs magnetic (Fujita et al., 1996; Nakada et al., 1996). Son,
Cohen and Louie further find that when a transverse electric field is applied, an energy gap
is opened for one spin channel while the other remains metallic (Son, Cohen & Louie, 2006a
and 2006b).
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Fig. 4. GNR junctions based building blocks for nanoelectronics: (a) a junction connecting
metallic ZGNRs and semiconducting AGNRs form a Schottky barrier at the interface; (b) a
sandwich AGNR structure with varying width behaves as a quantum dot, the energy levels
are tunable through varying the width of the central GNR (Xu, Zheng & Chen, 2007 ).

The width-dependence energy gaps in AGNR are soon verified by experiments (Chen et al.,
2007; Han et al., 2007). Interestingly, Han et al. also find that the bandgap Eg shows no direct
dependence on the crystallographic direction (Han et al., 2007). Actually during the fabrication
processes or during the self-passivating process after the structure is formed, the edge shape
(armchair or zigzag) can reconstruct (Jia et al., 2009; Girit et al., 2009) and this may cause the
bandgap to appear for graphene nanoribbons with any crystalline orientation.

As mentioned above, graphene nanoribbons feature remarkable size- and edge-dependent
electronic properties. Elementary building blocks for nanoelectronics, such as
metal/semiconductor junctions and quantum dots, thus can be constructed through a
combination of these structural patterns (Xu, Zheng & Chen, 2007). As shown in Fig. 4(a), a
junction combining metallic and semiconducting GNRs is easy to form. By design a
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sandwich structure as shown in Fig. 4 (b), a quantum dots with tunable energy levels can
also be achieved.

Moreover, Finite-sized graphene nanodisk is another graphene derivative with close edges.
They feature similar electronic structure as the GNRs. The triangular zigzag nanodisk can be
interpreted as a quantum dot with an internal degree of freedom. Ezawa find that its ground
state is a quasi-ferromagnet, which is a ferromagnetic-like state with a finite but very long
lifetime. A combined system including nanodisks and leads can find applications in spin
filters, amplifiers and diodes (Ezawa, 2009). Kaxiras's group also investigate arbitrarily
shaped graphene nanoflakes with focuses on the spin properties and propose spintronic
nanoscale devices by sculpting graphene fragments and exploiting the shape dependence of
magnetic properties (Wang et al., 2007). Other nanostructures of graphene such as twists
(Bets & Yakobson, 2009; Gunlycke et al., 2010) and scrolls (Xie et al., 2009; Shi et al., 2010)
also have interesting electronic properties and potential applications.

2.2 Synthesis and fabrication of graphene nanostructures

To achieve a rational design of graphene nanostructures as suggested in Section 2.1,
experimental techniques such as catalytic hydrogenation based nanocutting method are
proposed to fabricate graphene nanostructures with specific geometry.

(b)
Fig. 5. Graphene nanostructures fabricated by catalytic hydrogenation: (a) an AFM images
of graphene nanoribbons with different sizes and shapes; (b) STM image of equilateral

triangle shaped graphene flakes formed by channels along [1-100] orientation (Ci et al.,
2008).

Ci et al. (Ci et al., 2008) report a controlled cutting process for graphene sheets, using nickel
nanoparticles as a knife that cuts with nanoscale precision (Fig. 5). The cutting proceeds via
catalytic hydrogenation of the graphene lattice, where carbon atoms in graphene react with
hydrogen into hydrocarbon and the catalytic nanoparticles continue to move due to the
adhesion from remainder carbon atoms in graphene. This cutting process generates
graphene pieces with specified zigzag or armchair edges. The size of the nanoparticle
dictates the width of etched channel and edge structure that is produced during the cutting.
The cutting occurs along straight lines and along symmetry lines, defined by angles of 60° or
120° and is deflected at free edges or defects, allowing practical control of graphene nano-
engineering. DFT calculation shows that the reaction barrier to remove carbon atoms and
leave zigzag edges is much higher than armchair edges. This explains the experimental
observation where zigzag edges are dominant.
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Kinetic Monte Carlo method based on DFT results is applied to simulate the cutting dynamics.
The result indicates that the nickel nanoparticle prefers to keep a straight trajectory. However
when it encounters a void or open edge, the cohesion between carbon and nickel atoms force it
to turn or retract back into the graphene. Thus with predefined voids or channels, specific
cutting patterns can be created. Example nanostructures as fabricated using this technique,
such as triangular and rectangular graphene sheets, are shown in Fig. 5.

Scanning tunnelling microscope lithography is also used to patterning graphene sheets into
nanoribbons, bent junctions with nanometer-precision, well-defined widths and
predetermined crystallographic orientations (Tapaszt6 et al., 2008). Furthermore, oxidation
induced epoxy group can assist the lithography further (Fujii & Enoki, 2010).

Back to the “scotch tape” approach, as the armchair edge has lower energy than the zigzag
edge, thus tearing the graphene sheet along either armchair or zigzag direction will be self-
directed to leave armchair edges (Kawai et al., 2009). If the graphene sheet is attached to an
adhesive substrate, the peeling process and edge geometry are then determined by both the
tearing direction and substrate cohesion (Sen et al., 2010).

It is observed that the nanostructures thus fabricated have their confinement gaps opened
up to 0.5 eV, enabling room-temperature operation of graphene nanoribbon-based devices.
The methods introduced above are all top-down approaches. These methods avoid the
difficulties of assembling nanoscale components and may prove useful in the realization of
complete integrated circuits, operating as room-temperature ballistic electronic devices.
However, recent progresses also show that chemical methods that based on self-assembly
reaction of monomers are also feasible. Using building blocks such as 10,10’-dibromo-9,9’-
bianthryl, graphene nanoribbons with atomic precision can also be synthesized (Yang et al.,
2008; Cai et al., 2010).

3. Molecular doping on the graphene sheets

In comparison to three-dimensional bulk semiconductors such as silicon, the two-dimensional
morphology and single-atom thickness offer the graphene sheet more activity flexibility in
response to either interior defects or exteriorly physical or chemical adsorptions. In graphene,
each carbon atom is exposed to the environment with a dangling m bond, and thus is amiable
to molecular functionalization on the basal plane. It is remarkable that the functionalization
process could be reversed by breaking the bonding between adsorptions and graphene sheet.
For example, in the chemical reduction process for producing graphene sheets, graphene
monolayers are firstly exfoliated from graphite by oxidation, where the epoxy and hydroxyl
binding on the basal plane of graphene break the interlayer binding. The oxidation groups are
subsequently reduced to recover graphene sheets. Recently there are arising efforts in
engineering the physical chemistry of graphene by functionalization, especially in the extent of
molecular doping, covalently or non-covalently. In addition to the approaches in bulk
materials such as substitutions, vacancies and interstitials, the notion of doping has been
renovated here in a controllable and even reversible manner thanks to the coexistence of
chemical inertness of sp2 carbon network and relative activity of the p, electrons therein.

3.1 Molecular doping on the basal plane of graphene sheets

Non-covalent functionalization, or physisorption refers to the process in which the
electronic structure of graphene is barely perturbed. The weak binding nature can be
established through forces such as van der Waals or electrostatic dipole-dipole interactions.
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These functionalizations, especially those are weak in mechanical binding but strong in
electronic coupling, hold great promises in the various applications such as chemical
sensors, molecular switches and transistors.

The fundamental limit for these applications is the fluctuations due to thermal motion of
charges and defects that lead to intrinsic noise exceeding the responsive signal from individual
adsorption molecules. Impressively, gaseous non-covalent dopants, such as the water
molecule, N», NO; and NHj, can be adsorbed physically on the basal plane of graphene. These
adsorptions, although interacting weakly with graphene, have remarkable impacts on the
intrinsic electronic properties of graphene. The Hall measurements show that NO,, H O and
iodine act as acceptors whereas NHz, CO and ethanol are donors. They contribute to a
resistivity change up to 4 percent at zero magnetic field (Schedin et al., 2007). The adsorbed
molecules change the local carrier concentration in graphene one by one electron, and lead to
step-like changes in resistance. The micro-sized graphene thus can detect individual events
when a gas molecule attaches to or detaches from its surface. Chemical sensors and non-
volatile memories can be directly designed following this concept.

Similarly, the non-covalent binding of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)
and tetrathiafulvalene (TTF) on graphene sheet induce the hybridization between the
molecular levels and graphene valence bands, and transform the zero-gap semiconducting
graphene into a metallic graphene. However, The functionalizations by non-covalent
organic molecules physisorptions cannot lead to significant response in the transport
property for sensory applications. Instead, by introducing metal atoms to intercalate
between the molecules and graphene sheet, a two-order higher response can be achieved
(Zhang et al., 2009).

Not only non-covalent adsorptions, but also some chemisorptions that forming covalent
bonds with carbon atoms on the basal plane of graphene can tune its properties in a
controllable manner. Hydrogenation and oxidation are two of the most noticeable
approaches in the covalent context. Electrochemical modification of graphene can be
induced by chemical reactions of graphene with proton and hydroxyl that are catalytically
generated from water molecules in the gate dielectrics, making the graphene nonconductive.
Notably, this process can subsequently be reversed by short current pulses that cause rapid
local annealing (Echtermeyer et al., 2007). Experimental studies also reveal the semimetal-
insulator transition in graphene after hydrogenation, which is then recoverable through
structural annealing (Elias et al, 2009). When rationally designed, this reversible
engineering on graphene has further potential applications in designing functional
nanoscale materials and devices, such as hydrogen storage materials and patterned
nanoelectronics (Singh & Yakobson, 2009; Lee & Grossman, 2010). The fully hydrogenated
graphene - graphane - offers a high hydrogen storage weight ratio up to 7.7 wt % that is
able to meet US Department of Energy (DOE)’s 2010 goal (6 wt %).

Oxidation of graphene sheet has been widely utilized in fabricating graphene sheet in the
chemical reduction method to exfoliate monatomic layer from graphite. The most notable
structure for the intermediate product, graphene oxide, proposed is the Lerf-Klinowski
model on the basis of NMR spectroscopy data, which contains epoxy and hydroxyl groups
on the graphene sheets or at their edges (Lerf et al., 1998). Whereas hydroxyl groups are
easy to be removed under annealing, the epoxy groups are much more stable.
Experimentally, fault lines in graphene are observed experimentally in oxidized graphene,
where epoxy group unzip the sp? carbon-carbon bonds beneath (Li et al., 2006). This is
explained as adsorbed epoxy groups that tend to line up cooperatively for lower formation
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energy. In contrast, a recent ultrahigh vacuum scanning probe microscopy (UHV STM)
study reveals locally periodic structures where the hexagonal lattice of graphene is only
distorted slightly. The atomic structure is identified as an oxygen atom lattice bound to the
graphene sheet with a high density of no:nc = 1:4, where nc and no is the number of carbon
and oxygen atoms (Pandey, Reifenberger & Piner, 2008).
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Fig. 6. (a) Optimized symmetric and antisymmetric structures for CgO, projected along the
epoxy line direction; (b) Energy landscape for graphene epoxide C4O as changing the lattice
constant along the x direction: insets show its metastable clamped (left) and unzipped
(right) structures; (c) and (d) Simulated STM image for clamped (c) and unzipped (d)
graphene oxide where epoxy groups bind on the same side. For the clamped phase, the
simulated image and lattice constants (a = 4.30 A and b = 2.52 A) are consistent with
experimental observations (Pandey, Reifenberger & Piner, 2008; Xu & Xue, 2010).

To clarify this inconsistence, DFT calculations are performed for graphene epoxide. The
results show that in graphene epoxide C4O, when oxygen atoms bind on the same side
(symmetric structure in Fig. 6(a) and (b)), two distinct phases—metastable clamped and
stable unzipped structures —are observed consistent with the two experimental observations
(Fig. 6(b)). In the clamped structure, oxygen atoms form a regular lattice on the graphene
sheet. This metastable structure is stabilized by an energy barrier of 0.58 eV. The simulated
STM images (Fig. 6(c) and (d)) reproduce corresponding structures observed in the
experiments. Furthermore, if both sides of the graphene are exposed for oxidation,
neighboring epoxy groups can reside also on opposite sides to form the so-called
antisymmetric structure. The formation energy of graphene epoxide in this symmetry is
lower in unzipped phases (Fig. 6(b)). In the antisymmetric structures, the planar structure of
the graphene part between epoxy groups is well kept and there is negligible lattice



Nano-Engineering of Graphene and Related Materials 11

distortion in the graphene sheet. The final structure is optimized in a zigzag shape, where
neighbouring epoxy groups hinge planar zigzag graphene ribbons.

3.2 Coupling between graphene sheets and substrates

Although suspended and freestanding graphene can be established by deposit graphene
sheet on scaffolds or nano-pores, most applications require that graphene is supported by a
substrate, which has a stable and planar morphology and is easy to pattern. Substrates with
mismatched lattice constants and strong adhesion could induce ripples of several
Angstroms in the graphene sheet. While those with similar lattice constants, e.g. Ni,
preserve its planar geometry. The substrates where graphene sheets are deposited offer
another route to modulate the ground state and transport properties of graphene and
related materials (Witterlin & Bocquet, 2009; Xu & Buehler, 2010b).
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Fig. 7. (a) Interface binding energy and stress o between graphene and the copper/nickel
(111) surfaces. The binding energy Ey is -91.33 meVA-2 for nickel, higher than -24.81 eVA2
for copper surface. Its tensile strength is 18.70 GPa, also much higher than 2.92 GPa as
obtained for the copper surface; (b) and (c) Electronic band structures of the graphene-
copper (111) hybrid system with interface distance dc.cy = 2.243 A (b) and 3.26 A (c) (Xu &
Buehler, 2010Db).

The binding between graphene and metal substrates is generally weaker than a covalent
bond, and can be classified into two groups. Al, Cu, Ag, Au and Pt have weak cohesion with
graphene, while Co, Ni and Pd have strong cohesion (Giovannetti et al., 2008). DFT
calculations on copper (111) and nickel (111) surfaces adhered to a monolayer of graphene
show that their cohesive energy, strength and electronic structure correlate directly with
their atomistic geometry. Due to the strong coupling between m-orbitals in graphene and
open d-orbitals in metal, the nickel-graphene interface has much a stronger cohesive energy
with graphene than copper (Fig. 7(a)). Interestingly, for both nickel and copper, the interface
cohesive energy profile features a well-and-shoulder shape that cannot be captured by
simple pair-wise models such as the Lennard-Jones potential. Band structure analysis shows
that, the binding between graphene and metal substrate at the well and shoulder positions
in the profile correspond to different electronic coupling at the interface. For example, at dc.
cu=2.243 A, the Fermi level (Er = 0) of the hybrid system is pinned to the Cu bands and dc.
cu is close to the interlayer distance in graphite. While at dc.cu = 3.26, the coupling between
the p, orbital of carbon atoms and the d. orbital of copper atoms is weak, the Fermi level is
close to the crossing between graphene n and " bands, and dc.c, is close to the interlayer
distance in copper crystal along (111) direction (Xu & Buehler, 2010b). These results provide
a detailed understanding of the interfacial properties of graphene-metal systems, and help



12 Physics and Applications of Graphene - Experiments

to predict the performance of graphene based nanoelectronics and nanocomposites. The
availability of structural and energetic data of graphene-metal interfaces could also be useful
for the development of empirical force fields for molecular dynamics simulations that
correctly characterize their structural and mechanical properties.

Intercalation of atoms (metal, hydrogen, oxygen, nitrogen oxide, etc.) between graphene
sheet and the substrate is another novel route to modify the interfacial chemistry. The
selective oxidation of ruthenium surface beneath graphene can lift the strong Ru-graphene
coupling and restores characteristic Dirac cones of monolayer graphene sheet (Sutter et al.,
2010). Hydrogen intercalation can also decouple graphene sheet from silicon carbide surface
that is initially covalently bonded and produce quasi-free-standing epitaxial graphene sheet
on large SiC wafers (Riedl et al., 2009).

3.3 Interior doping through defects

Creating defects, localized or extended, can also modify graphene and form nanostructures
interiorly (Lusk & Carr, 2008; Bai et al., 2010), in comparison to the exterior doping as
discussed previously. Grain boundaries introduced by extended local defects, such as Stone-
Wales defects and divacancies, can alter the electronic structures of graphene sheet (Yazyev
& Louie, 2010). A one-dimensional topological defect containing octagonal and pentagonal
sp2-hybridized carbon rings embedded in a perfect graphene sheet act as a quasi-one-
dimensional metallic wire (Lahiri et al., 2010).

3.4 Effects of external fields

It is reported that the bandgap of bilayer graphene can be tuned by electric field in
perpendicular to the basal plane, e.g. through gating. The symmetry of sublattice in AB
stacking is broken upon electrical gating. The electrical displacement fields in different
graphene layers produce two effects including a net carrier doping (shifting of the Fermi
energy) and generation of a non-zero bandgap. The gate-tunable bandgap can reach 250
meV and has the unusually strong oscillator strength for the bandgap transitions. Thus
bilayer graphene under electrical field tuning can enable novel nanophotonic devices for
infrared light generation, amplification and detection. Using a double-gate configuration, an
insulating state with large suppression of the conductivity in bilayer graphene can be
further achieved (Zhang et al., 2009; Oostinga et al., 2008). In comparison to exterior dopants
and defects, the advantage of this control method is that the control is non-contact and can
be continuous tuned.

4. Strain engineering

Strain engineering, or more generally tuning material properties by applying mechanical
loads or deformation, is a powerful strategy in improving material performance. In silicon-
based semiconductor industry, strained silicon has much higher mobility, and thus much
better chip performance and lower energy consumption. When material goes down to low
dimension, the effects of strain become even more significant as directional load is more
feasible. Also bending of two-dimensional membranes or one-dimensional ribbons can
easily be excited at ambient condition, resulting in a significant local curvature. Recently,
stretchable and flexible electronics have attracted many interests from various disciplines.
Thus, a mapping between deformation of graphene and its impacts on the properties
becomes extremely important.
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As introduced in previous sections, molecular functionalization on graphene sheet usually
induces structural distortion as it disturbs or breaks the underlying sp? bonding network
and forms sp® bonds locally. Vice versa, mechanical deformation, which modifies the sp?
bonds, provides another method to tune the graphene properties, reversibly. This approach,
in combination with molecular doping, is expected to play a critical role in nano-engineering
of graphene and related materials.

4.1 Structural and structural response to molecular doping

When graphene is hydrogenized by single hydrogen atom, the dangling p. state of carbon is
saturized by the proton. As a result the sp2 network below is broken. Distortion is formed,
tending to transform the planar morphology into tetrahedral lattice as in diamond. The fully
hydrogenated graphane structure, as shown in Fig. 8, can take two forms with hydrogen
binding on the same or alternating sides of A and B lattices. We call them symmetrical and
anti-symmetrical graphane, respectively.

In comparison to pristine graphene where a,=2.44 A, consistent with experimental value
242 A, these two graphane phases have lattice constants Asym=2.79 A and Aasym=2.5 A,
respectively. The antisymmetric phase is found to be energetically 1.8 eV (per carbon-
hydrogen pair) more favorable than the symmetric one.
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Fig. 8. (a) Optimized structures of symmetric and antisymmetric graphane. The unit cell
contains two carbon atoms (A and B denote the two sublattices) as in graphene and two
hydrogen atoms; (b) Local atomic structures; (c) Energies of pristine graphene (with
additional energies from isolated hydrogen atoms) and graphane under biaxial strain
loading showing the effects of strain engineering (Xue & Xu, 2010a).

In the symmetric phase (Fig. 8 a and b), binding of hydrogen atoms expands the lattice
constant underneath hexagonal graphene lattice by 14%, while preserving the planar
configuration. As evidenced by localized density of states close to the Fermi level, the planar
symmetry preserves sp? characteristic in graphane. Total density of states is projected onto s
and p atomic orbital on each carbon atoms. p,(I = 1, m = 0) orbital is distinct and contributes
mostly near the Fermi level. Binding of hydrogen induces 0.14 electron transfer from
hydrogen to carbon since carbon is slightly more electronegative than hydrogen. Also the
hydrogenation through p, orbital opens an energy gap Eg of 0.26 eV in comparison with the
zero-gap nature of pristine graphene.

In antisymmetric phase (Fig. 8 a and b), symmetry breaking between the two representative
carbon (hydrogen) atoms in a unit cell allows the transition from sp? (graphene-like)
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hybridization to sp? (diamond-like) characteristics. The sp? hybridization induces out-of-
plane corrugation of 0.45 A and the carbon-carbon bond length is 1.52 A, which is close to
1.54 A in diamond. The bond angle Acc.c = 111.6° and Ap_c.c = 107.3° also resemble the
tetrahedral angle 109° in diamond. The antisymmetric phase also opens a bandgap Eg of 3.35
eV, which is smaller than that in diamond (4.2 eV from DFT calculation).

In the symmetric structure, all the bond distortion has the same sign of curvature, thus
forcing the sheet to bend towards the hydrogen-free side. This mechanism is proposed to
form nanoscrolls or nanotubes by hydrogenating suspended graphene sheet (Yu & Liu,
2007). However, in the anti-symmetric graphane, although the structure is corrugated due to
the torsion of carbon-carbon bonds, the whole structure keeps two-dimensional.

Oxidation by epoxy groups also induces significant change of the graphene structure as
discussed in the previous section. For the symmetrical structure, the epoxy ring is close to an
equilateral triangle in the metastable clamped phase. The adsorption of an oxygen atom
stretches the lower C-C bonds by 5% but does not break the sp2 carbon network (Fig. 6(b)).
In the more stable unzipped structure, the angle C-O- C between two carbon-oxygen bonds
in an unzipped epoxy ring is about 150°. The final C-C bond is broken with an extended
distance of 2.5 A (Fig. 6(a and b)), explaining the folds and wrinkles observed in graphene
oxides due to sparse epoxy lines (Li et al., 2006).

In the unzipped phase, an epoxy group breaks the lower sp2 bond and modifies the
mechanical and electronic properties of graphene remarkably. The foldable epoxy ring
structure reduces its Young's modulus by 42.4%, while leaving the tensile strength almost
unchanged. As no:nc is decreasing, the perturbation of epoxidation on the band structures
depends on the density and symmetry of oxidation. These oxygenated monolayer sheets are
structurally close to graphene and are expected to have similarly peculiar properties. One
thus can functionalize graphene structures in a controllable manner through chemical
oxidation and reduction (Xu & Xue, 2010).

4.2 Effects of structural deformation on the properties of graphene materials

Elastic strain can induce a shift of the Dirac point energy from local changes in electronic
density. Moreover, it will also induce an effective vector due to the change of electron-
hoppling amplitude between adjacent carbon atoms (Castro Neto et al, 2009). Local
buckling, wrinkling and curving of graphene sheet also generate pseudoelectric and
pseudomagnetic fields that modify its electronic structures and transport properties (Pereira
et al., 2010; Bao et al., 2009). The charge carriers in graphene are expected to circulate as if
under the influence of an applied out-of-plane magnetic field. It has recently been proposed
that a modest strain field with triangular symmetry will give approximately uniform,
quantizing magnetic fields upward of tens of Tesla (Levy et al., 2010).

The abrupt change in lattice constants and planar structure of graphene after hydrogenation
in symmetric and antisymmetric phase suggests possible control of the hydrogenation
process and the properties of graphane through applying mechanical deformation. Strain
engineering is proposed to tune the hydrogenation process on graphene by applying
deformation to graphene in prior to hydrogen binding or releasing. To quantify the binding
strength between the hydrogen atoms and graphene sheet in terms of single carbon-
hydrogen pair, the formation energy of graphane is defined as E¢ = Egraphane — (Egraphene + EH),
where Egraphane and Egraphene are the energy of graphane and pristine graphene, respectively.
In absence of strain in the graphene lattice, symmetric and antisymmetric graphane phases
(Fig. 8(a) and (b)) have binding strength E¢ of -1.044 and -2.847 eV per C-H atom pair.
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Fig. 8(c) show the effects of biaxial in-plane strain on the energies of both the types of
graphane structures, and also the combined system of pristine graphene and isolated
hydrogen atom. Pristine graphene has an optimized lattice constant az = 2.44 A, while
symmetric graphane has asym = 2.79 A. The energy of both graphene (with additional
constant energy terms from isolated hydrogen atoms) and symmetric graphane increases as
the tensile strain is enhanced, When the lattice constant a exceeds 3.35 A, the binding energy
of symmetric graphane is larger than the value of undeformed system with pristine
graphene and isolated hydrogen atoms. Also energy of nonhydrogenated system increases
much faster than symmetric graphane. As a result, the binding energy of hydrogen is
changed by 53.89% (with respect to the value without loading, a = 2.44 A) when the
graphene is under a prestrain of 10% (from a = 2.44 to 2.69 A). The strain for sp? bond
breaking in graphene is 18%, enabling a feasibly reversible control. On the other hand, if the
graphene sheet is restrained at ag = 2.44 A against to in-plane expansion or the symmetric
graphane is compressed from its equilibrium value to below 2.65 A, repulsion between the
carbon-hydrogen pairs will cause the hydrogenated structure to be mechanically unstable.
The hydrogen atoms are repelled (released) from the graphene plane. The sensitivity of
symmetric hydrogenation of graphene on strain observed here thus provides a flexible and
reversible controllability by simply stretching or compressing the graphene sheet.

In antisymmetric phase, a remarkable dependence of the formation energy on the strain is
also observed. Optimized lattice constant gasym = 2.5 A. In-plane tensile and compressive
strain of graphene sheet up to 10% can change the binding strength remarkably by 23.56%
and -2.9%. The structure breaks at a tensile strain of 22% or a compressive strain of 26%. In
comparison with symmetric phase, the strain modification of hydrogen binding energy is
less significant as it has similar optimal lattice constant as pristine graphene. Under tensile
strain, due to the weaker interaction between adjacent carbon-hydrogen pairs on the
opposite sides of graphene, the expansion of in-plane lattice constant is found to be able to
reduce its out-of-plane corrugation slightly and partially recover the m electron
characteristics of graphene.

In symmetric phase, carbon-hydrogen bond length Ic- H increases at either tensile or
compressive strain. As a is reduced to be less than 2.6 A, the carbonhydrogen bond is
broken. Hydrogen atoms on graphene will be released from graphene sheet as discussed
before. While at tensile strain and when the stress approaches the tensile strength and the
in-plane sp? carbon network is about to be broken, Ic_p is elongated to the same value as in
benzene or methane (IcH.methane = 1.096 A) In antisymmetric phase, when tensile strain is
applied, the planar configuration of graphene is partially recovered, suggesting emerging
sp? feature. The carbon-hydrogen bond length decreases and approaches the value in sp?
bonded symmetric phase in this situation. When antisymmetric structure is compressed, the
sp® characteristic is enhanced and the carbon-hydrogen bond length also decreases toward
the value in methane. As a result, the carbon-hydrogen bond length maximizes at the
optimised lattice constant. These remarkable strain effects can further be extended to other
nanostructures like carbon nanotubes and few-layer graphite (Xue & Xu, 2010a; Xue & Xu,
2010b).

5. Hierarchical structures of macroscopic graphene materials

Graphene and graphene nanoribbons present intriguing properties and thus have been
suggested for a wide range of applications from nanoelectronics to nanoelectromechanical
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systems. However, as introduced before (Fig. 1), the morphology of this monolayer material
has large derivation from the native two-dimensional sheet at elevated structures, especially
for the ribbon with high aspect ratio. Also entanglements and scrolls are easy to form at
marked density, instead of the patterned or self-organized structures as required by
industrial applications. To bridge the scales from their nanostructural geometry — the key for
their unique properties—to the critical requirements for large-scale electronics and device
applications, there we need a hierarchical approach to assembly macroscopic materials from
functionalized graphene sheets or nanoribbons. This approach has to (1) be able to assemble
the nanostructures into macroscopic assemblies, while (2) preserving their nanostructure-
specific physical significance and novel properties at larger scales, such as its size- and
shape-dependent electronic structures.

5.1 Hierarchical assembly of functionalized graphene nanostructures

As inspired by the hierarchical bonding networks in protein and nucleic acid materials (Fig.
9(a)), a bottom-up assembly or top-down lithography approach has been proposed by
introducing hydrogen bonds between individual graphene nanoribbons (Fig. 2(b), Xu &
Buehler, 2009). After substitutional doping by oxygen and nitrogen atoms on carbon atoms
at edges of graphene ribbons, hydrogen bonds (-C=O...H-N- or -N...H-N-) are formed
between each GNR monomer. DFT calculations show that a two-dimensional sheet
consisting of GNR arrays can be stabilized through these directional weak bonds, mimicking
the structure of beta-sheet proteins or base-pairs connecting DNA or RNA strands (Fig.
9(b)). The cohesive energy for each -C=0...H-N- hydrogen bond is 29.98 kcalmol!, which is
considerably higher than the typical value 2.8 kcalmol! in organics. This binding energy
level resides in the realm of ‘strong hydrogen bond” nature and reflects the cooperativity of
periodic hydrogen bonds arrangements. The hierarchical structure is mechanically stablized
by a tensile strength of 1.08 GPa in parallel to the hydrogen bond direction and a shear
strength of 1.78 GPa across the hydrogen bond network.

Remarkably, these assemblies, as predicted by both first-principles calculations and
molecular dynamics simulations, not only are energetically and mechanically stable, but
also preserve the unique electronic properties of individual graphene nanoribbons in the
bulk. Specifically, the energy gap of the bulk material shrinks as the width of the
constituting graphene nanoribbon increases. For instance, the bandgap E; and m-r* energy
gap for -C=0...H-N- assembly decreases from 1.5 and 0.5 eV at w = 1 nm to zero at 3.6 and
2.8 nm respectively (Fig. 9(c)). This tunability of bulk material properties through
controlling the nanostructure enables the synthesis of a broader class of biomimetic
multifunctional mechanomutable and electromutable nanomaterials for electromechanical
applications. It's also notable that the localized density of states of valence and conduction
bands locates at different spatial region in the assembly (Fig. 9(d)). Effective charge
separation could thus be achieved by forming such junctions for photovoltaic applications.

5.2 Graphene based nanocomposites

Another class of macroscopic assemblies from graphene sheets are nanocomposites. Carbon
materials, as special types of polymers, have been widely used as the filler phases to
enhance the mechanical, thermal and electrical properties of polymers or metals. The carbon
fiber is the most notable example of this material class, which has been developed and
widely used from the 1960s and is still spreading in many industries today.
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Fig. 9. (a) Hydrogen bond network in proteins; (b) Atomic structure of the assemblies,
resembling the geometry of beta-sheet proteins. The dashed box shows a unit cell with
width 2w, where w is the width of individual GNR; (c) Energy gap Eg (circle line) and m-mr*
bandgap AE = Ey+ — E;; of monomer, dimer and hierarchical graphene nanoribbon
assemblies through -C=0...H-N- hydrogen bonds (square line) with different widths; (d)
Local densities of states for " (c1), 1 (v3) and oxygen (v1) states, which are all localized at the
graphene edge and decay quickly into the ribbon (Xu & Buehler, 2009).

The key issues determining performance of these composites are to (1) effectively disperse
the filler phase and (2) improve the load or energy transfer between filler and matrix.
Graphene sheets have highly appreciated structural and thermal stability, outstanding
mechanical and thermal, electrical transport properties. However, the cohesion between
graphene sheets in graphite platelets and weak van der Waal binding between graphene
and polymer matrix greatly prohibit the load transfer, distribution, and thus its application
in high-performance nanocomposites.

However, recent progresses in functionalized graphene, such as graphene oxide
nanocomposites, successfully solve these two critical issues. Firstly, the formation of epoxy,
hydroxyl and other functional groups on the basal plane of graphene sheet expands the
interlayer distances in graphite and avoids multiplayer aggregation. Secondly, through
forming hydrogen bonds, metal-mediated bonds or polymerisation between the graphene
oxide sheets and polymers, the performance can be effectively improved, thus providing in
parallel excellent performance and cheap fabrication.

In comparison to the buckypapers consisting of carbon nanotubes and other carbon or clay-
based papers, Ruoff’s group find that the graphene oxide paper-like material possesses
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unique layered structures where individual compliant graphene oxide sheets are
interlocked/tiled together in a near-parallel fashion. Their atomic-scale corrugation, micro-
scale wrinkled morphology and strong interlayer interactions results in a highly effected
load distribution across the entire macroscopic sample and thus make the material more
resilient than other papers (Dikin et al., 2007). Impressively, they find that the graphene
oxides are feasible for further functionalization. Significant enhancements in mechanical
stiffness (10 - 200%) and fracture strength (~ 50%) are achieved by introducing a small
amount (less than 1 wt%) of divalent ions, e.g. Mg2* and Ca2* (Park et al., 2008). Chemical
modification with alkylamines can also be established that directly introduces tunability of
paper structures and tensile strength through the amine length (Stankovich et al., 2010).

6. Conclusion and perspectives

In this chapter, we outline recent research progresses on nano-engineering the graphene and
related materials. The content is classified into four categories: structural tailoring,
molecular doping, strain engineering and hierarchical assembling. Each of these categories
is elaborated with both the general idea, related theoretical and experimental work. The
topics selected here are those the author has been working on, to ensure we include as much
exciting achievement as possible in this fertilized field.

Nevertheless, there are still several key issues expected to be resolved in the future
development on the graphene nano-engineering:

Scalability - Most of the nano-engineering techniques modify the properties of graphene and
related materials at the molecular level. However towards industrial applications, feasible
scaling methods have to be developed, such as patterning and self-assembly. Unlike other
self-assembly system, the scaling here on graphene sheet must be hierarchical, the layer-by-
layer or scrolling organizing have to be exclude in the assembling process as they introduce
interlayer coupling between graphene sheets. The controllable top-down lithography and
bottom-up assembly directed by hydrogen bonds or covalent bonds that have orientation-
specification are very promising in this direction.

Tunability - Multifunctional materials hold great potentials for the next-generation materials
including high-performance composites, nanoelectronics, microfluidics, and other
microelectromechanical systems (MEMS) or nanoelectromechanical systems (NEMS). The
non-covalent functionalization methods treating gaseous molecules, metal atoms, or
covalent functionalization that can be reversibly applied have great potentials for this issue.
Applications - The multifunctionality of graphene offers it numerous applications. Novel
applications in emerging fields still need exploration, such as quantum information devices
and sustainable energy applications where nanoscale engineering can play an important
role. Moreover, the graphene flake, nanoribbon, sheet and graphite are representative zero-,
one-, two- and three-dimensional materials. This unique feature suggests to use graphene
related materials as platforms or model materials for basic research. Graphene is also a
unique material standing between inorganic and organics materials. Combining materials
engineering with synthetic biological methods also helps to select, design and produce new
classes of materials designed from the molecular level upwards.

Finally, we close this chapter by calling upon researchers to pay attention to following key
scientific problems.

Intermolecular interactions - The basic interactions between molecular dopants, functional
groups, supporting substrates and graphene are still not clear. The physical and chemical
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properties of interactions such as hydrogen bonds, electrostatic, hydrophobic forces,
especially those involved in assembling processes, should be highlighted.

Nanoscale interfaces - The interface between graphene and various materials including
semiconductors, metals and polymers dominates the performance of nanoelectromechanical
devices and nanocomposites. However, it is not clear that if conventional interface theories
still hold at this scale, especially those related to the energy transport processes across.
Multiphysics coupling - The research on graphene and related materials towards industrial
applications are intrinsically multiphysical and multiscale. The interplay between structural,
mechanical, electronic and optical properties, which shapes the unique features of these
materials outperforming conventional materials, must be understood. Multiphysics and
multiscale computational paradigm and experimental platforms are urged.
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1. Introduction

Carbon is one of the elements which form life. It plays a key function in nature and is very
crucial for human beings. Carbon has many different kinds of allotropes, some known for
thousands of years (graphite and diamond) and some known for several decades (fullerenes
and nanotubes). The amazing two-dimensional form, which named graphene, is generated
only several years ago. Graphene has raised a new tidal wave of research among the whole
globe since its discovery and become a dazzling star in nanoscience.

Graphene is one-atom-thick layer of sp2-hybridized carbon tightly packed into a honeycomb
lattice, and is a basic building unit for graphitic materials of all other dimensionalities (Geim
et al, 2007). Over the past several years, a great deal of intensive research has been
generated by graphene due to its unique electrical, thermal, mechanical, optical and other
characteristics(Du et al., 2008; Booth et al., 2008). With the understanding of their physical
properties, the promises for application are growing in areas of nanoelectronics, sensors,
composites, batteries and hydrogen storage (Li et al., 2008).

Nevertheless, the large-scale production of high quality graphene is the principal question,
which concerned with the graphene’s successful applications. The methods for synthesis of
graphene include exfoliation of graphite(Novolesov et al., 2004; Niyogi et al., 2006; Li et al.,
2008), chemical vapor deposition(Chae et al., 2009; Yuan et al., 2009; Li et al., 2009; Dervishi et
al., 2009), epitaxial growth on electrically insulating surfaces such as SiC(Emtsev et al., 2009;
Juang et al, 2009), chemical reduction of graphite oxide and graphite intercalation
compounds(McAllister et al., 2007; Fan et al, 2008; Zhu et al, 2010), arc-discharge
method(Subrahmanyam et al., 2009; Li et al., 2010a; Wang et al., 2010), other chemical
methods(Choucair et al, 2009) and so on. Among the above methods, the arc-discharge
method has its unique advantages: no metal catalyst is used; the process is timesaving and
facile; high quality graphene could be synthesized in decagram-scale in low cost. In the
following section, we will introduce the massive synthesis of graphene through arc-discharge
method, including experimental details, characterization and formation mechanisms.

2. Synthesis of graphene with arc-discharge method

2.1 Experimental details
Arc-discharge method was first used by Krastchmer and Hoffman to synthesize
Ceo(Kratschmer et al., 1990). In the last two decades, it was widely used to prepare carbon-
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based nanomaterials(Li et al., 2010a; Xu et al., 2004; Xu et al., 2005; Li et al., 2010b). The
electric arc oven for synthesis of graphene mainly comprises two electrodes and a steel
chamber cooled by water. The cathode and anode are both pure graphite rods. The current
in the discharge process is maintained at 100-150 A. Up to now, the atmospheres for arc
evaporation of graphite rods are Hy, NHj3 and He, air. As the rods are brought close
together, discharge occurs resulting in the formation of plasma. As the anode is consumed,
the rods are kept at a constant distant from each other of about 1-2 mm by rotating the
cathode. When the discharge ends, the soot generated is collected under ambient conditions.
Only the soot deposited on the inner wall of the chamber is collected, avoiding the
substance at the bottom of the chamber, for the latter tends to contain other graphitic
particles. The arc-discharge method is useful to prepare pure, B- and N-doped graphene. B-
doped graphene is obtained by carrying out the discharge in the presence of a mixture of a
H» and BoHg(Subrahmanyam et al., 2009). N-doped graphene is obtained by carrying out the
discharge in the mixing atmosphere of He and NHj;(Li et al, 2010a) or H> and
pyridine(Subrahmanyam et al., 2009).

2.2 Characterizations of graphene

The graphene can be synthesized in three different kinds of atmospheres with arc-discharge
method. We will introduce the characterizations of graphene according to the different
atmosphere.

2.2.1 Graphene synthesized in the atmosphere of H;

Subrahmanyam et al.( 2009) first synthesized pure graphene(HG) with the arc-discharge
method in the atmosphere of Hy. They also synthesized B-(BG) and N-doped graphene (NG)
in the presence of BoHs and pyridine. Fig. 2.1 is the transmission electron microscopy (TEM)
images of the graphene. TEM image of HG shown in Fig. 2.1a reveals the presence of 2-4
layers. Fig. 2.2 shows typical atomic force microscopy (AFM) images with the height
profiles. AFM images show the thickness to be generally around 0.7-1 nm corresponding to
2-3 layers, consistent with the TEM results.

Fig. 2.1. TEM images of (a) HG and (b) BG and (c) NG graphenes. (Subrahmanyam et al.
2010. Reproduced by permission of The American Chemistry Society)
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Fig. 2.2. Noncontact mode AFM images of (a, b) HG and (c) BG graphenes with height profiles.

(Subrahmanyam et al. 2010. Reproduced by permission of The American Chemistry Society)

Fig. 2.3 shows the Raman spectra of HG, BG, and NG. The Raman spectrum of HG exhibits
the characteristic D, G, and the 2D bands of graphene around 1323, 1569, and 2634 cm-1
respectively. It also shows the defect related G” band as a shoulder around 1600 cm1. Raman
spectra of BG and NG show a blue-shifted G band (1576 and 1572 cm! in BG and NG,
respectively) compared to HG (1569 cm?). BG and NG show a more intense D band and a
less intense 2D band relative to HG. The area of the HG samples is generally in the range of
10-40%x10% nm2. The surface areas of the HG samples, determined by the Brunauer-Emmett-
Teller (BET) method are in the range of 270-680 m2/g. The synthesis, structure, and
properties of BG and NG are being investigated in detail by Subrahmanyam et al.

2.2.2 Graphene synthesized in the mixing atmosphere of He and NH3

Li et al.( 2010a) synthesized N-doped multi-layered graphene in the mixing atmosphere of
He and NHa. Fig. 2.4 is the TEM image of multi-layered graphene, from which we can see
large area of high purity multi-layer graphene with the size of 100~200 nm. Fig. 2.5a to 2.5¢
is the high resolution transmission electron microscope (HRTEM) images of multi-layered
graphene with layer numbers of 2~4. According to the HRTEM observation, the multi-
layered graphene are mainly of 2~6 layers. Fig. 2.6 is the X-ray diffraction (XRD) pattern of
the graphene. It shows broad (002) reflection around 25° and overlapping (100) and (101)
reflections around 45°.
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Fig. 2.3. Raman spectra of HG, BG, and NG graphene samples. (Subrahmanyam et al. 2010.
Reproduced by permission of The American Chemistry Society)
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Fig. 2.4. TEM image of multi-layered graphene produced by arc-discharge method. (Li et al.
2010a. Reproduced by permission of Elsevier Limited)
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Fig. 2.5. HRTEM images showing the edge of multi-layered graphene consisting of two (a),
three (b) and four (c) layers. (Li et al. 2010a. Reproduced by permission of Elsevier Limited)
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Fig. 2.6. XRD pattern of multi-layered graphene. (Li et al. 2010a. Reproduced by permission
of Elsevier Limited)
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Fig. 2.7 shows the Raman spectra of multi-layered graphene. There are three dominant
peaks. The two most intense features are the G band at ~1560 cm-! and the 2D band at ~2600
cml. The peak at ~1350 cm! is the D band. The G band corresponds to the zone center Epg
mode(Ferrari et al. 2006) related to phonon vibrations in sp? carbon materials(Malesevic et
al., 2008). The 2D band has nothing to do with the G band, but is an overtone of the
disorder-induced D band, which is frequently observed in carbon materials(Parvizi et al.,
2008). The D band arising from disorder is weak in a single-layer graphene and increases in
intensity with the numbers of layers(Submanyam et al., 2008). The 2D band is also sensitive
to the number of layers. The shape of the D and 2D band, more specially the absence of a
typical graphite shoulder, is a characteristic feature of graphene. The intensity ratio of the D
band to the G band is measured and denoted as the R value to analysis the structure of
graphitic materials(Malesevic et al., 2008; Kastner et al., 1994). The Ig/Ip is also changed
with the layers of graphene(Reina et al, 2009). The R value is by definition inversely
proportional to quality. The R value is ~0.26 (Fig. 2.7a) and ~0.23 (Fig. 2.7b) for the multi-
layered graphene and the Ig/Iop is ~1.90 and ~1.57. This indicates that the N-doped multi-
layered graphene produced by arc-discharge method bear well crystalline structure and the
number of graphene’s layers is not influenced significantly by the content of NHs.
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Fig. 2.7. Raman spectra of the two samples prepared in mixing atmosphere of NH3 and He
with the different ratio of NHz/He (V/V): (a) NHz: He =1:0; (b) NH3: He=1:1. (Li et al. 2010a.
Reproduced by permission of Elsevier Limited)

Fig. 2.8 shows the TGA curve of the N-doped multi-layered graphene. There are two
significant drops in mass around 387 and 688 °C. The former is assigned to the oxidation of
amorphous carbon, and the latter is attributed to the combustion of the carbon skeleton of
graphene sheets. From the TGA curve, we can conclude that the N-doped multi-layered
graphene is thermally stable and starts to lose mass upon heating at 500 °C and the content
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of graphene in raw soot is ~79 wt.%. After the heat treatment at 450 °C for 1 h in the
atmosphere of air, there was not any amorphous carbon in the soot (Fig. 2.9). From the
experimental results we can see that the N-doped multi-layered graphene produced by arc-
discharge method can be purified by a simple heat treatment process.
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Fig. 2.8. TGA curve of N-doped multi-layered graphene. (Li et al. 2010a. Reproduced by
permission of Elsevier Limited)
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Fig. 2.9. TGA curve of multi-layered graphene sheets after heat treatment at 450 °C for 1h.
(Li et al. 2010a. Reproduced by permission of Elsevier Limited)
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The XPS results shown in Fig. 2.10 confirm the existence of N. The peaks appeared at 284.50,
399.59 and 532.70 eV can be assigned to Cys, Nis and Ois. No extra peaks except C, N and O
were observed, indicating the high purity of the product. Oxygen can be included due to
exposure to the air. In graphene sheets, the C atoms are mostly constrained to a sp2-
hybridization. There are two types of N bonding for N-doped graphene(Ayala et al., 2001).
One is substitutional doping, which N is bonded to three C atoms in a sp? configuration. The
other is the pyridine-type doping, which N is bonded with two coordinated bondings. From
the position of the Ny, level, we can distinguish the N-doping type. Fig. 2.11 is the high-
resolution XPS spectra of Nis. From it we can see that the Nys core level lied at 399.59 eV is in
good agreement with the spectral feature of pyridine-type N-doping(Gammon et al., 2003).
Furthermore, element analysis was used to reveal the precise N content of the N-doped
multi-layered graphene sheets. The result shows that the content of N is ~1% for the sample
produced in the atmosphere of pure NHs.
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Fig. 2.10. XPS spectra of the two samples prepared in mixing atmosphere of NH; and He
with the different ratio of NHz/He (V/V): (a) NHa: He =1:1; (b) NHs: He=1:0. (Li et al. 2010a.
Reproduced by permission of Elsevier Limited)
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Fig. 2.11. High-resolution XPS spectra of Nis. (Li et al. 2010a. Reproduced by permission of
Elsevier Limited)

2.2.3 Graphene synthesized in the atmosphere of air

Wang et al.( 2010) synthesized graphene in the atmosphere of air. The yield of their products
was found to be strongly dependent on the initial air pressure. Fig. 2.12 shows the TEM
images of the products corresponding to differing initial air pressure. When the initial air
pressure is 1000 torr, the product is dominated by graphene nanosheets, and there are also
small amounts of carbon nanohorns (Fig. 2.12a). Carbon nanohorns are single-layered
tubular structures with horn-shape tips, which are frequently observed near the edge of the
graphene nanosheets (a carbon nanohorn is indicated with an arrow in Fig. 2.12a). When the
initial air pressure is decreased to 700 torr, the amount of graphene nanosheets is reduced
and there are more carbon nanohorns in the products (Fig. 2.12b). Further decreasing of the
air pressure to 400 torr leads to the formation of carbon nanospheres together with
nanohorns (Fig. 2.12c). The carbon nanohorns can be removed by oxidation in air. After
heat-treatment in air, most of the carbon nanohorns are oxidized to gases and graphene
nanosheets with a high purity is obtained (Fig. 2.12d).

Based on TEM analysis, the width of the graphene nanosheets is mainly in the range of
~100-200 nm. This size range is similar to that of graphene nanosheets produced by arc
discharge in H; (Subrahmanyam et al., 2009). The layer number of the graphene
nanosheets produced in air atmosphere mainly ranges from 2 to 10. Typical high-
resolution TEM images of graphene are shown in Fig. 2.13, in which the graphene layers
of the nanosheets can be distinguished. Fig. 2.13a shows a graphene nanosheet with triple
layers at the lower part and single layer at the upper part. The interlayer distance of the
graphene nanosheets was determined to be 0.37-0.39 nm, which is larger than that of bulk
graphite (0.34 nm).

Fig. 2.14 depicts the Raman spectra of the raw and purified graphene nanosheets produced
with an initial air pressure of 1000 torr. Three dominant peaks at 1325, 1570, and 2646 cm-!,
known as the D band, G band and 2D band, are observed for the two samples. It is apparent
that intensity ratio of D band to G band for the purified sample is significantly lower than
that for the raw material. This difference is caused by the elimination of the carbon
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Fig. 2.12. (a-c) TEM images of the products for different initial air pressure of 1000, 700 and
400 torr, respectively. The arrow in (a) indicates the carbon nanohorn. (d) TEM image of
products after oxidation in air. (Wang et al. 2010. Reproduced by permission of IOP
Publishing Limited)

!'?

Fig. 2.13. (a, b) High-resolution TEM images of graphene nanosheets showing the edges of
the graphene. (Wang et al. 2010. Reproduced by permission of IOP Publishing Limited)
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nanohorns. It is known that the D band is related to disorder of carbon materials and the G
band corresponds to the zone center Ex; mode. Because of the curvature and the coniform
tips of the carbon nanohorns, the intensity of the D band for the carbon nanohorns is
stronger than that for the flat graphene sheets. Therefore, the D band is depressed after the
elimination of the carbon nanohorns. On the other hand, the position of the 2D band is
associated with the thickness of the graphene sheets. The 2D band of graphite is located at
2685 cm!, while the 2D band of graphene with few (less than five) layers is in the range of
~2640-2680 cm (with excitation wavelength of 633 nm). Thus the frequency of 2D band for
the purified sample in the present study (2646 cm1) is a signature of few-layered graphene
nanosheets.
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Fig. 2.14. Raman spectra of raw (curve 1) and purified (curve 2) graphene nanosheets. D, G
and 2D bands are observed. (Wang et al. 2010. Reproduced by permission of IOP Publishing
Limited)

3. Formation mechanisms of graphene with arc-discharge method

There are two formation mechanisms of graphene according to the atmosphere. In the
atmosphere of H), it makes use of the knowledge that the presence of H, during the arc
discharge process terminates the dangling carbon bonds with hydrogen and prevents the
formation of closed structures(Wang et al., 1995). H, plays a key role in the formation of
graphene by preventing the rolling of sheets into nanotubes and graphitic polyhedral
particles. In the mixing atmosphere of NH; and He, the formation mechanism is similar to
the atmosphere of Hy. NH; not only acts as the nitrogen source, but also suppresses the
formation of fullerenes. NHj also plays another important role for the formation of N-doped
graphene besides the as-described function. It decomposes to nitrogen and hydrogen under
the high temperature during discharge process. The highly reactive hydrogen terminates the
dangling carbon bonds at the edge of graphene sheets thereby preventing the graphene
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sheets from closing(Maiti et al., 1995). At the same time, the high pressure of buffer gas and
high current provide more energy to prompt the ionization of anode, which engenders
bigger carbon clusters. This further guarantees the shape of graphene sheets(Kokai et al.,
2004).

In the atmosphere of air, the pressure of the system is a critical factor that determinates the
yield of graphene. As the graphene sheets are flat, the formation of graphene might be
related to inhibition of the curvatures of graphene layers by high pressure of the system. The
pressure-induced formation of graphene is different from the growth mechanism of
graphene in H; and NH3, when hydrogen atoms could terminate the dangling bonds on the
edge of graphene sheets and thereby prevent their rolling into closed structures. The
formation of graphene in H> and NHj is associated with the chemical activity of the
atmosphere. On the contrary, pressure-induced formation of graphene is independent of the
chemical activity of the buffer gas.

4. Summary

Graphene is an amazing new carbon nanomaterial, which possess distinct characteristics.
The applications of graphene mainly focus on electronics, molecular gas sensors, and energy
storage etc. To achieve these goals, the massive production of high quality graphene is the
precondition. The production of graphene in decagram-scale with high purity has been
achieved by the arc-discharge method. This has promoted further applications of graphene
in many technological areas.
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1. Introduction

Graphene is a two-dimensional material composed of carbon atoms arranged in a hexagonal
atomic structure. Tremendous amount of research has been done on digging out its excellent
properties in future applications. However, the ability of fabricating large-area monolayer
graphene is hindering its application. So far the graphene of the best electronic properties
is synthesized by mechanical exfoliation from Highly Ordered Pyrolytic Graphite (HOPG),
which is of tens of micrometers in size (Novoselov et al., 2004). Graphene can also be produced
by chemical reduction of graphite oxide (Tung et al., 2009), high temperature annealing of
single crystal SiC (Konstantin et al., 2009) and Chemical Vapor Deposition (CVD) on metal
substrates (Reina et al., 2009). These techniques have been employed in demonstrating
good quality graphene transistors. However the only one that has the promise of becoming
a manufacturable technology is CVD, which has been one of the mostly used thin film
fabrication techniques in silicon Very-Large-Scale Integration (VLSI).

2. CVD technology

CVD is a technique of thin solid film deposition on substrates from the vapor species through
chemical reactions. The chemical reaction plays an important role and is thus one of the
most distinctive features that CVD possesses compared with other film deposition techniques
such as physical vapor deposition (PVD). Figure 1 shows the schematic drawing of a typical
tube-furnace CVD system for graphene growth. It is composed with a gas deliver system, a
reactor and a gas removal system. During the CVD process, reactive gas species are fed into
the reactor by the gas delivery system that consists necessary valves, Mass Flow Controllers
(MFCs) that manipulate the flow rates of the gases passing through, and a gas-mixing unit
that is responsible for mixing the various gases uniformly before they are let in the reactor.
The reactor is where the chemical reaction takes place and the solid materials are deposited
on substrates as the purpose of the reaction. The heaters are placed surrounding the reactor
to provide high temperatures for the reaction. Eventually the by-products of the reaction and
non-reacted gases are removed by the gas delivery system that is made of one or more pumps
that are not necessary for the CVD not operating at vacuum condition.

In contrast to the relatively unsophisticated setup, however, CVD is far away from an
easy-to-control process. In addition to the control of regular parameters such as temperature,
pressure, time and so on that other deposition techniques also inevitably encounter, there are
other factors need to be considered carefully to conduct CVD. In a successful CVD process
(Figure 2) the transport kinetics of gas species tends to be complicated with convection and
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Fig. 1. The schematic diagram of a typical tube-furnace CVD system. Gas flows are regulated
by MFCs, and fed into the reactor through a gas-distribution unit. Chemical deposition takes
place in the reactor that is heated by the outside heaters. The exhaust gases are removed by
vacuum pumps.

diffusion being dominating in different regions of a reactor. And the chemical reaction might
be the most complicated because it usually involves many intermediate steps and one may
not know the exact step-by-step reaction mechanism. The diffusion of reactive species to
or from the substrates is also complicated in that a stagnant boundary layer of non-uniform
thickness is formed above a fixed substrate surface based on the fluid dynamics (Figure 3).
As a result the diffusion occurs slower at the thick boundary layer region, and results in
deposition non-uniformity.

* Wain flow

j F—b By-products

Interface (negligible
2 3 4 thickness)

Fig. 2. The chemical deposition process in CVD. 1. Reactants diffuse through the boundary
layer. 2. Reactants are adsorbed onto substrate surface. 3. Chemical reaction occurs on the
surface. 4. The by-products of the reaction are desorbed from the surface. 5. The by-products
diffuse through the boundary layer.

Another factor one must consider is the depletion of reactants from one end of the reactor to
the other. Note that this is different from flow rate which as mentioned earlier does not affect
the growth of the film; however if inert gas is hitting the wafer at the end of the reactor, then no
chemical reaction will occur. This is because reaction will usually occur near the front end of
the reactor and not near the end. To eliminate this issue, one can have increasing temperatures
moving away from the location where reactant gas is flowed in which will cause a higher



Chemical Vapor Deposition of Graphene 39
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Fig. 3. An example of a boundary layer above the substrate surface. (a) The substrate surface
is parallel to the main flow. (b) The substrate is tilted to enhance the thickness uniformity of
the boundary layer based on fluid dynamics.

diffusion rate to occur near the end of the reactor; this leads to better throughput throughout
the reactor.

All the factors in the CVD process are entangled with one another and it is extremely tedious
work to single out one to look into its influence to the entire deposition process. Hence CVD is
a more complex process than other processes and it is necessary that several test runs should
be performed to calibrate the system before a successful deposition of thin film with desired
thickness and quality.

3. Unique aspect of CVD graphene

3.1 Requirement of catalysts

Graphene deposition can be divided into two parts: precursor pyrolysis to carbon and the
formation of graphitic structure from dissociated carbon atoms. The precursor dissociation
should be done only on the substrate surface (i.e. heterogeneous reaction) to avoid the
precipitation of carbon clusters in the gas phase which is typically in the form of carbon
soot and sits on synthesized graphene, if any, to form graphene/soot mixture as well as on
reactor walls. Although they are all made of carbon, the amorphous structure of carbon soot
determines that their composite no longer retains the properties of monolayer graphene. To
achieve the heterogeneous decomposition of precursors on surface, various catalysts of mostly
elemental metals are typically used as catalysts. The function of catalysts is to lower the energy
barrier of the reaction. In addition to the undesirable need for very high temperature, high
energy barriers result in reaction rates to be sensitively dependent on temperature making
it difficult to control the reaction rate. Because the film quality is determined by reaction
kinetics, high energy barrier leads directly to the difficulty in controlling the film quality.

In the graphitic structure formation step, large area graphitic structure forms only when
reaction temperature is raised to beyond 2500 °C without catalysts, which is too high that
requires special setup of the deposition system and the substrate. In addition huge amount
of energy consumption becomes a considerable issue. The introduction of catalysts lowers
energy barriers not only for the pyrolysis of precursors, but also for the graphitic structure
formation.
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3.2 Impacts of catalysts

The usage of catalysts introduces new materials into the reactor chamber, leading to potential
issues. Catalysts are usually metals, which may have finite carbon solubility. For example,
Cu has almost zero carbon solubility (Lopez & Mittemeijer, 2004), and Ni has a non-negligible
carbon solubility (Natesan & Kassner, 1973). During the growth at elevated temperature,
dissociated carbon atoms on the catalyst surface may dissolve into the bulk due to the finite
solubility. Things become worse when these dissolved carbon atoms precipitate back onto Ni
surface as temperature drops and hence unwanted carbon deposition may occur from bottom.
Different cooling rate suggests the different thickness of graphene, and one more freedom
participates in the deposition process. Hence the control of deposition is of more difficulties.
Figure 4 shows the schematic drawing of graphene grown on Ni with different cooling rate
(Yu et al., 2008). Extreme fast cooling leads to little carbon precipitation, because not sufficient
time is allowed for carbon to precipitate. Medium cooling gives graphene, and slow cooling
has nothing on the surface in that carbon atoms diffuse deep into the bulk catalyst.

hydrocarbon  metal

gas
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extremely fast cocling Fast/medium cooling  slow cooling

Fig. 4. Illustration of carbon segregation at metal surface (Yu et al., 2008).

Another issue with catalysts is the surface roughness, mainly due to the grain boundaries.
When carbon precipitates out to the surface, they prefer to stay in the areas with higher surface
energy, such as grain bounties, surface trenches and so on, for the reason that these areas have
more atomic dangling bonds that could easily attract precipitated carbon atoms. Eventually
the deposited graphene exhibits non-uniformity with thick graphene around grain boundaries
and other surface defects, and thin sheet on the other areas. It is thus important to pre-anneal
catalyst substrates in order to have large grains to reduce total length of grain boundaries, as
well as other minor surface defects.
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3.3CVD graphene on Ni

Ni is one of the major catalysts that used in CVD growth of graphene. Growing graphene on
Ni provides sufficient details of various concerns of deposition process with majority of this
chapter being dedicated to it as a result.

The first successful graphene deposition via CVD was conducted using Ni as catalyst with
the inspiration coming from the CNT growth where Ni is a well-known efficient catalyst.
The crucial difference between graphene and CNT growth is that in graphene growth the
precursor partial pressure is significantly reduced in that low growth rate is needed for the
growth of graphene, a sub-nanometer film. High growth rate leads to over deposition. The
prepared samples for graphene growth have structures show in Figure 5, i.e. Ni/SiO,/Si,
with SiO; as the diffusion barrier to prevent Ni from diffusing to Si substrate. The deposition
parameters are set up as follows. After the prepared sample (Figure 5) is loaded into the
furnace, the whole reaction chamber is pumped down with a vacuum pump (Figure 1) to
the base pressure that should be much less than the deposition pressure for the purpose
of reducing the probability of depositing residue gas molecules on graphene (i.e. graphene
contamination or doping). When the base pressure is reached, hydrogen gas is let into the
reaction chamber and the furnace is turned on to heat up to the deposition temperature. The
temperatureis maintained for some time to anneal the catalyst Ni to initiate grain growth
that may increase graphene uniformity eventually. Then the deposition begins, by letting
in methane together with hydrogen. The whole chamber is then cooled down to the low
temperature before taking out the sample. All the above steps are for Low Pressure CVD
(LPCVD) growth. Note that graphene can also be fabricated via atmospheric pressure CVD,
in which case a huge amount of argon gas is usually used to purge of the residue oxygen in
the chamber to protect the metal surface from being oxidized, beside hydrogen gas, and to
dilute the precursor to lower deposition rate.

Ni

Sio2

Substrate

Fig. 5. Schematic diagram of the sample prepared for graphene growth. The top Ni layer is
the catalyst, and the middle layer SiO; is the diffusion barrier layer to prevent Ni diffusion to
the substrate that is usually silicon.

Figure 7 shows the images of the CVD graphene grown on Ni as deposited at 900 °C, 3
minutes and the corresponding spectra of Raman spectroscopy, which has been shown to
be a valuable tool for characterizing graphene (Ferrari et al., 2006). Figure 6 shows the
Raman spectra (2D peak) of graphene of different thickness (Ferrari et al., 2006). Graphene
film grown on Ni is not uniform in thickness all over the substrate surface as indicated by
the color contrast (the dark areas correspond to thick graphene). Instead, the monolayer
areas are small in size and randomly distributed among the multilayer graphene regions.
To better illustrate its morphology, graphene is transferred from Ni to SiO, oxide substrate
of 300 nm thick on which graphene is visible under optical microscopeso one can observe
its uniformity without the disturbance of Ni surface (Ni et al., 2007). Figure 8 shows the
image of the transferred graphene on SiO, surface together with Raman spectra. In Figure
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7 and 8, the upper-right Raman spectrum peak indicates a monolayer graphene, and the
lower-right spectrum corresponds to a thick graphene layer, based on Raman spectrum
analysis. Therefore, the graphene growth on Ni is confirmed to be non-uniform in thickness
over a large area, but monolayer graphene can be found in small areas. One might notice that
the backgrounds in Raman spectra are different when graphene is on Ni and on SiO,. This is
due to the interaction of graphene and its substrate (Wang et al., 2008).
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Fig. 6. Raman spectra of 2D peaks of graphene of different thickness (Ferrari et al., 2006).

Like CVD growth of CNTs, the achievement of graphene on nickel was not based on the solid
understanding of the mechanism. Itis proposed briefly (Li et al., 2009) that when the precursor
decomposes into carbon ad-atoms on the Ni surface, they soon dissolve into the bulk Ni,
because Ni has a finite solubility of carbon at high temperatures (e.g. 900 °C). At the cooling
step, the bulk Ni is subject to temperature decrease, leading to the solubility reduction since
the solubility of carbon in Ni is temperature-dependent, and hence the excessive dissolved
carbon atoms have no way out but to precipitate back onto the top surface, where they form
graphene sheet (Figure 9). The thickness of graphene is therefore controlled by the carbon
solubility difference in Ni at the deposition temperature and the rate of cooling at the last
growth step.When carbon atoms precipitate out, they do not arrange themselves uniformly on
the Ni surface. Instead they precipitate onto the sites with high surface energy such as rough
areas and grain boundaries. That is the reason why graphene sheets deposited on nickel is
non-uniform as seen in Figure 7 and 8. In summary, this is a “bottom-up” process rather than
a “top-down”, leading to difficulties in control graphene thickness precisely.

3.4 Challenges of graphene synthesis on Ni

The first challenge comes from the pyrolysis of the precursor species. Hydrocarbon species are
typically used as precursors for graphene growth, such as methane (CHy), acetylene (CoHj)
and so on. CHy is one of the most commonly used precursors, as it is comparatively stable
(i.e. low pyrolysis rate) at high temperature (e.g. 800-1000 °C for most graphene growth)and
has simple atomic structure. Most other hydrocarbons have a very high pyrolysis rate at
high temperature, resulting in large amount of carbon deposition that is not preferred for
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Fig. 7. Optical image of ad-deposited graphene on Ni (left). And the Raman spectra
measured at certain points (see arrows). The dark areas correspond to the multilayer
graphene, based on Raman spectroscopy analysis.

sub-nanometer graphene. However, even with CHy, the process of how it is decomposed
thermally is still not absolutely understood because of the intermediate steps in CHy pyrolysis.
A possible dissociation path of CHy is CH3-CH,-CH-C. The more intermediate steps of the
decomposition of the precursors, the more freedom get involved in supplying carbon atoms
for the subsequent graphene formation. Hence difficulties inevitably arise to control the
carbon supply rate.

The main challenge originates from the unique dimension of graphene. Graphene differs from
other materials in a way that it is a sub-nanometer-thick material, whereas the typical CVD
deals more with the film much thicker than graphene. The deposition technique of graphene
should essentially provide extremely precise control of the thickness of the deposited film
analogous to the atomic layer deposition (ALD) with the deposition resolution of a single
atomic layer.Such high precision has never been achieved in the past in CVD, reasons
being mentioned earlier, and thus raises great challenges. In details, the depositionmust be
terminated right after the first layer of graphene is formed on the substrate. Over deposition
leads to the undesired nucleation of the second layer graphene and eventually multilayer
graphite, while insufficient deposition sparks off many isolated graphene flakes rather
than a continuous sheet.In order to have perfect graphene sheet deposited, the deposition
rate-limiting step needs to be seriously considered as the slow rate implies more control of
graphene growth, which may not be good for the deposition of other thick films.Typically the
deposition rate in CVD is limited either bychemical reaction rate or by mass transportation.



44 Physics and Applications of Graphene - Experiments

Intensity (a.u.)

|
P ) N N N
L 1 1 1 'l '} '} 1
1200 1400 1800 1800 2000 2200 @400 2600 2800
Raman shift (cm-1)

10 um

Intensity (2.1}

1200 1400 1500 1800 2000 2400 2600 2800
Faman shift (cm-1)

Fig. 8. Optical image of transferred graphene on SiO; of 300 nm thick. And the Raman
spectra measured at certain points (see arrows). The bright areas correspond to the
multilayer graphene, based on Raman analysis.

In the chemical reaction controlled process, the reaction rate is the limiting factor, which
is related to the reaction temperature and the concentration of the reactants. Hence it is
helpful to reduce the deposition temperature in case of graphene deposition with hydrocarbon
pyrolysis, or to decrease the partial pressure of the precursor species from the perspective
of the reaction kinetics. However, temperature affects not only the reaction rate, but also
the microstructure of the deposited film. Low temperature leads to fine-grained graphene
sheets, by decreasing the diffusion length of the dissociated carbon ad-atoms after the
reactionaccording to the surface kinetics, which is desired for some film depositions, but not
for the graphene. The low partial pressure has been widely applied in the recent graphene
growths for this reason. In fact the total pressure during the CVD process is also decreased to
minimizethe diffusion effect by minimizing the boundary layer above the substrate due to the
inverse relation of the boundary layer thickness and the pressure, and enhance the graphene
uniformity.

Besides the regular manipulation of the deposition parameters, the replacement of effective
catalysts with low-efficient materials is a good idea in CVD growth of graphene by slowing
down the pyrolysis of precursors. Ni significantly reduces the energy barrier to form
graphene, but it also promotes the deposition rate. Recently the effort has been shifted to
Cu partly because it is not as efficient as nickel in lowering the energy barrier, and the results
were proved to be promising.

All the above measures are effective, but do not guarantee precise growth control in
sub-nanometer scale. The most important reason encouraging people to use CVD to grow
graphene is that the growth is a self-limiting process. Assuming a graphene sheet has
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Fig. 9. Schematic drawing of the graphene growth mechanism with nickel as catalyst. (a)
Methane molecules diffuse and adsorb on nickel surface. (b) Methane pyrolysis to carbon
ad-atoms on nickel surface. (c) Carbon ad-atoms dissolve in bulk nickel. (d) Carbon atoms
precipitate back to nickel surface at low temperature and graphene is formed.

been deposited on catalyst surface, the “catalyst-poisoning” effect (i.e. catalyst looses its
catalytic feature) takes place because the catalyst is now hidden under the first-layer graphene,
preventing the precursor species to access the catalyst. Hence the chemical deposition should
stop automatically after the first layer is synthesized. This may be questionable, however,
because the first layer graphene itself is a catalyst for the second layer to be deposited, which is
true in the deposition of graphite via CVD. Compared with the origin catalyst, graphene is less
effective, reason being that the energy barrier of the second-layer graphene nucleation is huge
in that the second-layer nuclei are “floating” on the bottom graphene layer with the weak Van
Der Waals force as the bonding force. In other words, the critical size of the nuclei is so huge
that the probability of the second layer nucleation is negligible, especially with the limited
super-saturation of carbon ad-atoms and the reasonable temperature. The CVD growth of
graphite is a counter example where high temperature is preferred to initiate layer-by-layer
growth. Therefore, as long as the partial pressure and temperature are controlled, the second
layer growth could be minimized.

The mass transportation controlled process rarely is the case in graphene growth. Mentioned
earlier, the low pressure is typically used, and hence precursor diffusivity to substrate surface
is high because it is inversely related to the pressure.

The other challenge is the obscure mechanism. Using hydrocarbon precursor to grow
graphitic materials has been studied for decades, but the secret of what is happening in the
deposition process is never indeed revealed for the reason that it is a complex process as
mentioned above. As a result, try-and-error method is commonly used to grow graphene and
thus the production yield and repeatability are not so high as that of thick material deposition.
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3.5 Graphene synthesis on Cu

While nickel encounters problems as a catalyst, the second-generation graphene was
synthesized with Cu as catalyst. Cu has almost zero solubility of carbon even at 1000 °C, so the
amount of carbon participating in dissolution-precipitation process is not sufficient to form a
single layer of graphene. As a result, the dissolution-precipitation mechanism is negligible
for Cu. The carbon atoms form a graphene sheet on the copper surface during the growth
step directly. This mechanism suggests easier control over the deposition of graphene on the
copper surface as the cooling rate at the last step does not affect the graphene thickness. One
can roughly estimate the amount of precursor gas needed for monolayer graphene fabrication
at a certain temperature and pressure, and then predict the CVD recipe to start with.
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Fig. 10. (a) OM image of graphene growth on Cu foil surface. (b) and (c) Raman spectrum
measure at the flat area (see arrow) and corrugated area at graphene surface, respectively.

Figure 10 shows the results of graphene deposition on copper foil surface. Different from the
graphene on nickel, the graphene grown on copper has less obvious color contrast, indicating
better uniformity in graphene thickness. The uniformity can also be seen on the transferred
graphene on silicon oxide of 300 nm thick (Figure 11). According to the Raman spectra in
most areas, graphene is monolayer. But on the rough surface areas, the graphene is thick and
defective because the D peak is high and the G peak is higher than the 2D peak. One might
want to polish the Cu foil surface before the deposition, but the thin dimension and softness
of the foils are obstacles that render this not a good idea. In addition, the polishing will also
introduce a lot of contaminates onto the copper surface. Fortunately, the artificial trenches and
other textures are reduced in transferred graphene, meaning the pretreatment of polishing the
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Fig. 11. (a) OM image of graphene transferred onto SiO,. The graphene was initially
deposited on Cu foils. (b) and (c) Raman spectrum measure at the flat area (see arrow), and
non-uniform area at graphene surface, respectively.

copper foils may not be necessary if the transfer graphene is good enough for the potential
applications.

So far most successful deposition of graphene on copper surface is done with copper foil,
which is commercially available with a large size of grains, basically greater than 100 um,
one order of magnitude larger than that of typical copper thin film deposited via e-beam
evaporation or sputtering. The large grain size guarantees more crystalline and higher
average surface flatness, improving the synthesized graphene uniformity.

The largest production,roll-to-roll graphene production has been achieved (Bae et al., 2010)
with Cu foil as catalyst (Figure 12), which shows that CVD is indeed a scalable technique
capable of producing large-area graphene.

3.6 Challenges of graphene synthesis on Cu

Cu is a metal not so reactive as Ni. So attention needs to be paid during the deposition process
to avoid it to be oxidized. It requires much lower base pressure of the system, and the lower
temperature at which the sample could be unloaded after deposition. In the subsequent
graphene transfer step (see next section), stronger etchants should be used to remove Cu,
subject graphene to higher possibility to be damaged by the etchant. As a result, the properties
of graphene might not be comparable to that synthesized with Ni.
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Fig. 12. Roll-based production of graphene films grown on a copper foil and graphene
transfer process with thermal release tapes (Bae et al., 2010).

The second challenge is the crystalinity of as-deposited graphene, which is applied to both
Ni and Cu. The graphene deposited via CVD is still far from the perfect crystalline materials.
It has something to do with the catalysts. Catalysts like Ni and Cu are all metals, which
are difficult to format to single crystalline materials. Instead, the catalysts deposited via
a sputtering machine or an e-beam evaporator arenano-crystaline materials. ~Although
the annealing treatment may induce grain growth that significantly enlarges the grains,
the catalysts are still polycrystalline materials with many grain boundaries and different
crystalline orientations on the surface. Consequently, graphene grows in a polycrystalline
fashion, as illustrated in Figure 13. On the left side shows the carbon ad-atoms sitting on
catalyst surface. The middle figure shows the nucleation of graphene occurring at certain
points. One must know that the crystalline orientation of the nuclei may not be the same,
which may be dependent on the crystalline structure of the catalyst they sit on. Finally when
the nuclei keeps growing, the polycrystalline graphene is formed as shown in the image on
the right side of Figure 13. It is also possible for a second layer nucleation to occur at some
conditions (e.g. higher super-saturation).

Ad atoms Muclei

Wi Si02 2nd layer
Fig. 13. Schematic diagram of carbon growth on catalyst forming polycrystalline graphene.

With all the challenges discussed, graphene growth by CVD is still a promising process
compared with others. Its intrinsic properties stimulate more and more people to involve
in the field of CVD graphene.

Although CVD of graphene has advantages such as low cost and scalable production, recall
that graphene is deposited on metal catalysts. Since many applications of graphene (e.g.
graphene MOSFET) require it to be on an insulator, the graphene needs to go through a
transfer process to move graphene, without damaging or degrading its performance, to a
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suitable insulator substrate; the current catalysts are not insulators. Therefore the transfer
process plays an important role in graphene fabrication.

3.7 Growth mechanism comparison

To compare the growth mechanism on Ni and Cu straightforwardly, the Texas group has come
up with a smart idea that utilities the characteristics of 13C, an isotope of regular 12¢C. During
the growth, 12CH, and 13CHy are fed into the chamber in turns (i.e. 2CHy is fed in for 1
minute, followed by '*3CHy for 1 minute and so on). Note that the Raman signatures of the
two carbon isotopes are not exactly the same and the difference is distinguishable. Hence it
is feasible to use Raman spectroscopy/mapping to tell 12C- and '3C-graphene patterns. If
the clearly distinguished '>C- and '3C-graphene patterns are shown, the graphene must be
formed immediately during the adsorption of carbon atoms onto the graphene nucleus edge
(i.e. surface kinetics). And the randomly mixed >C- and '3C-graphene patterns should be
caused by the dissolution and surface segregation mechanism.

After the experiment, the grown graphene shows '>C- and '3C-graphene patterns separately
in case of Cu, but they are uniformly distributed on the Ni surface (Figure 14) (Li et al.,
2009). Hence it is suggested that graphene growth on Ni is through dissolution-precipitation
mechanism, while graphene growth on Cu is a surface process.

a Dissolution Surface segregation
CH, %CH,
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Fig. 14. Schematic diagram of the growth mechanism of graphene on metal catalysts (Li et
al., 2009). (a) Graphene is grown with ramdomly distributed C isotopes due to surface
segregation and/or precipitation. (b) Graphene is grown by surface adsorption where C
isotopes is obviously seperated.

The second different between Ni and Cu is their chemical reactivity. Cu is more sensitive to
O; to form Cu oxide than Ni, suggesting more attention needs to be paid when dealing with
Cu. For example, after growth, graphene/Cu sample should be unloaded out of the reactor at
room temperature, while graphene/Ni sample is safe to be taken out at 300 °C, as both Ni and
graphene are of high oxidation resistance.The reactivity difference also affects the graphene
transfer process that will be discussed later.

The third difference lies in their melting points. Cu has a relatively lower melting point 1083
°C and Ni 1453 °C. In the deposition process, Cu evaporation is more significant than that of
Ni, leading to more deposition on reactor walls. Therefore the reactor should be cleaned more
frequently with Cu. The high evaporation is not preferred for thin film deposition, owing to
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the fact that evaporation of substrate material is a competing process with deposition of new
material. In case of Cu, its high evaporation may result in the difficulty of graphene growth,
especially for extreme thin film deposition.

The last difference is their catalytic capability. Ni is a widely used catalyst in CNT growth
where high deposition rate is desired. From scientific perspective, Cu is not as effective as
Ni to lower the overall energy barrier to form graphene. Hence it is suggested to use Cu as
catalyst to lower the entire graphene deposition rate in growth of sub-nanometer material, so
that one can gain more control.

It has to be mentioned that neither Ni nor Cu is an ideal catalyst for graphene growth,
although they are most popular ones in the community of graphene deposition. The catalyst
issue is the one that scientists have to face and seeking right catalyst is left as one of the future
research topics.

4. Graphene transfer

The transfer of CVD-grown graphene films is very crucial, as we have mentioned previously;
in order for electrical current to flow through graphene devices as opposed to being shorted
out by a conducting substrate, graphene must be removed from the conducting catalyst
surface and transferred onto an insulating surface (Kedzierski et al., 2009).

Not all the transfer techniques are applicable for CVD graphene. Graphene transfer
techniques that are suitable for CVD graphene, are usually done by etching the underlying
catalyst and then scooping the graphene directly or using some kind of media such as
Poly(methyl methacrylate) (PMMA), Polydimethylsiloxane (PDMS) and thermal tape. Other
techniques are not suitable such as mechanical exfoliation or chemical exfoliation dealing with
multi-layer graphite as precursor material.

4.1 Direct transfer

The etching and scooping method is a straightforward transfer method to move graphene
from the surface of metals to the target substrate. The key idea is to get rid of the catalyst
film underneath the graphene so that the graphene sheet can be separated and scooped. An
example process is shown in Figure 15. After the CVD growth, graphene is not isolated; it sits
on the catalyst that is again on the substrate. The whole sample is submerged in an etchant,
depending on the type of catalyst, to etch away the metal. After the catalyst is gone, the
graphene sheet is floating on the liquid surface because of its hydrophobic nature (Leenaerts
et al., 2009). One needs to be extremely careful to use the target substrate to scoop the floating
graphene while letting the graphene sheet to sit uniformly on the surface. Finally after the
graphene is dried, the transferred graphene is ready.

The advantage of this technique is that it is a simple process with few steps which reduces
the possibility of introducing potential environment impacts. However, the direct scooping
method requires high stability of the transferring setup to avoid the fragile graphene sheet
from breaking during the process. Therefore it is of low yield. In addition, the etchant goes
in between transferred graphene and its target substrate, which behaves as chemical dopants
and enhances carrier scattering to degrade the electrical properties of graphene.

4.2 Transfer with media
To increase the throughput, a media is introduced to protect graphene. The mechanism is
similar that the catalyst film underneath graphene is etched.Figure 16 shows an example of
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Fig. 15. Schematic diagram of the etching and scooping method without using a support. (a)
The CVD-grown graphene on Ni or Cu catalyst. (b) The graphene sample is submerged into
the metal (Ni or Cu) etchant. (c) The Ni or Cu is etched and the graphene is floating on the
etchant surface, while the remaining SiO, and Si substrate sinks to the bottom of the beaker.
(d) Another SiO; is used to scoop the floating graphene out of the etchant. (e) After drying,
graphene is sitting on SiO,, ready for future processing.

transfer graphene using PMMA as a media. Beside PMMA, PDMS and thermal release tape
are commonly used as support materials too.

The only difference between PDMS and the other two is that PDMS and thermal tape are not
dissolved at the last step (Figure 16f); instead they are pilled off by hand. It is crucial that
the interface bonding between graphene and substrate is greater than that between PDMS
and graphene to ensure graphene is left on substrate while being peeled off. However, the
quantified values are unknown now. The current solution is that the PDMS stamp is applied
onto graphene that is on catalyst surface when it is sticky, i.e. partially cured (Figure 16e).
Then the PDMS is completely cured to reduce the adhesion before the PDMS stamp is peeled.
It works because the adhesion strength of PDMS surface can be approximately linearly related
to the degree of cross-linking of elastomers (Shanahan & Michel, 1991). Beside the effort on
PDMS, the surface treatment on the substrates where graphene is transferred may be helpful
by increasing its bonding strength with graphene, thus improving the yields. For example,
surface activation with plasma, which is commonly done in wafer bonding for SOI fabrication,
could be performed to help enhance the surface adhesion.

5. Summaries

Deposition of graphene on catalysts is demonstrated using thermal CVD process. Monolayer
graphene is formed on catalyst through the surface catalytic pyrolysis of carbon-containing
precursors, and it is transferred to arbitrary substrates via a transfer process with or without
support media. Color contrast using optical microscope and Raman spectroscopy distinguish
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Fig. 16. Schematic diagram of graphene transfer with PMMA as a support. (a) The
CVD-grown graphene on Ni or Cu catalyst. (b) A PMMA layer is spin-coated on top of
graphene. (c) The graphene sample is submerged into the metal (Ni or Cu) etchant. (d) The
Ni or Cu is etched and the graphene is floating with PMMA on the etchant surface, while the
remaining SiO, and Si substrate sinks to the bottom of the beaker. (e) The floating
graphene/PMMA is transferred onto a SiO, substrate. (f) The PMMA top layer is removed
by acetone or other PMMA remover and graphene remains on SiO,.

the number of graphene layers. It shows that the graphene morphology is closely dependent
on the catalyst material, and thus the selection of right catalyst is crucial. Although the overall
deposition process is not exactly scientifically known in terms of mechanism, the knowledge
of the effect of carbon solubility in catalyst already leads to the upgrade of catalyst from Ni to
Cu that significantly improves the surface uniformity of graphene.

CVD plays an important role in graphene fabrication, as the progress in development of
graphene-based products is largely stalled by a lack of supply of high-quality large-size
graphene sheets and CVD is a solution compatible with massive production. It is a milestone
in CVD history that the fabrication of sub-nanometer materials has been successfully
achieved.
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1. Introduction

The growth of graphitic layers by the sublimation of Si from SiC substrates has been known
since 1975 (van Bommel et al., 1975). The electronic properties of these materials are recently
found to be similar to that of isolated graphene sheets (Berger et al., 2006; Castro Neto et al.,
2009; Miller et al.,, 2009). Due to its compatibility with current standard semiconductor
device fabrication technology, this process offers additional benefit of large-scale production
of wafer-sized materials to facilitate the development of graphene electronics (Berger et al.,
2004; Kedzierski et al., 2008; Lin et al., 2010).

Currently, 4H- and 6H-SiC polytypes are commercially available for the growth of epitaxial
graphene. Because of the mismatch with the SiC, the physical and electronic properties of
graphene films strongly depend on the polarity of the substrate. On the (000-1) C-face,
graphene films typically grow in multiple layers with a “twisted” interface, which leads to
the decoupling between different layers, and a carrier mobility comparable to that of
exfoliated graphene (Hass et al., 2008a; Orlita et al., 2008; Sprinkle at al., 2009).

On the (0001) Si-face, on the other hand, the growth is self-limiting, where more uniform
wafer-sized graphene films with controlled number of layers has been grown epitaxially
(Emtsev et al., 2009). The graphitization has been known to start with a (6V3x6V3) (denoted
“6\3” hereafter) structure, which remains at the interface during the growth of subsequent
layers (van Bommel et al., 1975; Hass et al., 2008b). The interactions of this interfacial layer
with the graphene above and SiC(0001) substrate below lead to giant inelastic tunnelling in
scanning tunnelling spectroscopy (STS) (Cervenka et al., 2010); modification of the
dispersion about the Dirac point (Bostwick et al., 2007(a,b); and even gap opening in angle-
resolved photoemission spectroscopy (ARPES) - a property crucial for its use in electronic
devices - but found only for epitaxial graphene on the Si-face, and absent for the C-face and
exfoliated graphene (Novoselov, 2007; Zhou et al., 2007).

Despite its impact on the electronic properties of graphene, the atomic structure of the 6V3
layer remains controversial. Earlier studies have suggested that it consists of a graphene
honeycomb layer weakly bonded to the SiC (1x1) surface (van Bommel et al., 1975; Tsai et
al., 1992) or Si-rich interface layer (Northrup & Neugebauer, 1995; Forbeaux et al., 1998).
More recent work indicates covalent bonding at the interface to the SiC (Seyller et al., 2008;
Emtsev et al, 2008). Furthermore, most calculations, which are based on defect-free
graphene covalently bonded to the SiC(0001) (1x1), indicate a metallic 63 layer (Kim et al.,
2008; Varchon et al., 2007), contrary to a semiconducting surface around K as observed in
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ARPES (Emtsev et al., 2008; Seyller et al., 2008). A highly interacting graphene layer would
yield a semiconducting gap (Rutter et al., 2007), but also requires Si adatoms and tetramers
that are bonded to the SiC at the graphene/SiC interface, which are not seen in ARPES
(Emtsev et al., 2008; Seyller et al., 2008).

By using functionalized W tips coated with transition metals such as Cr and Fe, we recently
have found that scanning tunnelling microscopy (STM) imaging of the 63 structure close to
a few meV of the Fermi level is possible (Qi et al., 2010; Rhim et al., 2011). As a result, we
have observed new details of the complex electronic properties of this interfacial graphene
layer that were not detected by W tips in previous studies (Hass et al., 2008b; Li & Tsong,
1996; Lauffer et al., 2008; Mallet et al., 2007, Owman & Martensson, 1996; Riedl et al., 2007;
Tsai et al, 1992). Aided with first principles calculations, we found that the unique
properties of epitaxial graphene on Si-face arise from the distinct structure of the 63
interfacial layer - a warped graphene layer resulted from the periodic inclusions of hexagon-
pentagon-heptagon (Hsg7) defects in the honeycomb - to relieve the mismatch with the SiC
substrate (Qi et al., 2010). The Hs¢7 defects break the symmetry of the honeycomb, thereby
inducing a gap: the calculated band structure of the proposed model along I'-K is
semiconducting with two localized states near K points below Ep, correctly reproducing the
published photoemission and C Is core-level spectra. The 1st graphene layer assumes the
defect-free honeycomb lattice; however, its interaction with the warped layer leads to
deviations from the linear dispersion at the Dirac point.

On multilayer graphene films, we have found that the mismatch between the graphene and
the SiC substrate can cause ridges and wrinkles, which introduce ripples in the otherwise
atomically flat graphene sheet (Sun et al., 2009). These features can cause carrier scattering
and decrease in mobility (Morozov et al., 2006). The origin of these ridges and wrinkles had
previously been attributed to a number of causes such as the formation of carbon nanotubes
(CNTs) on the surface (Derycke et al., 2002); condensation of mobile atoms that are present
at the graphene/SiC interface during high temperature annealing (Luxmi et al., 2009); or
compressive strain induced during cooling due to the difference in thermal expansion
coefficients of graphene and SiC (Biedermann et al., 2009). We have found, by atomically
resolved STM imaging, that these ridges and wrinkles are actually bulged regions of the
graphene (Sun et al., 2009). We further have shown that the ridges can be manipulated, even
created during STM imaging, indicating that the epitaxial graphene on SiC is still under
compressive strain at room temperature (Ferralis et al., 2008; Ni et al., 2008). By minimizing
this strain with decreased terrace size, nearly ridge-free graphene has been grown on vicinal
SiC substrates.

2. Methods

Experiments were carried out on epitaxial graphene grown on N-doped 6H-SiC(0001),
which was first etched in a Hy/ Ar atmosphere at 1500 °C. After annealing at ~950 °C for 15
min in a Si flux to produce a (3x3) reconstructed surface, the SiC substrate was heated to
1100-1400 oC to grow graphene in ultrahigh vacuum (UHV) (Li and Tsong, 1996). Scanning
tunnelling microscopy images were taken using W tips, as well as functionalized W tips by
Fe(Cr) coating at room temperature followed by annealing at 500-700 °C in UHV (Bode,
2003; Qi et al., 2009; Rhim et al., 2011).

First-principles calculations using the Full-potential Linearized Augmented Plane Wave
(FLAPW) method as implemented in flair (Weinert et al., 2009) model the substrate using a
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3x3 6H-SiC(0001) 6-bilayer supercell, with a vacuum region of ~20-25 A and a basis cutoff of
~195 eV. Because of the usual density functional theory underestimation of the gap (1.6 vs.
3.0 eV for 6H-SiC), comparisons of calculated density of states (DOS) and STM images are
limited to biases within Er+0.5 eV.

3. Results

3.1 STM imaging of the interface layer with W tips

Graphene growth on SiC(0001) follows the phase transitions from the Si-rich (V3x\3)
(denoted “V3” hereafter), to (6V3x613), to 1st layer graphene (Hannon & Tromp, 2008). At the
early stages, the V3 and 63 phases are often found to coexist; while at later stages, both the
1st layer graphene and 6\3 are observed, accompanied by pits of a few atomic layers in
depth. Figure 1 presents STM images of the surface after growth at 1100 °C. The morphology
is characterized by terraces of ~100 nm separated by mostly bilayer steps (Fig. 1(a)). On the
terrace, two regions of different contrast are observed: a closed-pack structure in the
brighter region I, and a honeycomb structure in the dimmer region II (Fig. 1(b)). Close
inspection of an atomic resolution image of the structure in region I shown in Fig. 1(c)
indicates a periodicity of 0.52 + 0.01 nm, consistent with the (V3x\3) assignment, which
consists of one Si adatom per unit cell (Northrup & Neugebauer, 1995). In addition,
randomly distributed depressions are also found (circled), indicating desorption of the Si
adatom at the site. Figure 1(d) is a filled-state atomic resolution image of the honeycomb
structure observed in region II, showing that it consists of two major building blocks: two
types of trimers pointing in opposite directions: marked blue are approximately 6 A in size,
and green 5 A. These features distribute randomly without apparent order.

Fig. 1. (a) Topography image showmg the step morphology of epitaxial graphene on 6H-
SiC(0001) at 1100 oC (300x300 nm?, Vs=-2.0 V, Ii=0.2 nA). (b) Close-up view of the two phases
observed (50x25 nm% V¢=-1.5V, [=1.2 nA). (c) Atomic resolution image of the (V3x\3)
structure in region I (3.2x3.2 nm?; V=-1.5V, I;=1.2 nA). (d) Atomic resolution image of the
(6\3x6V3) structure in region II (12x12 nm2, Vi=-1.4 V, [=1.2 nA).

To better understand this structure, filled- and empty-state STM images were taken, as
shown in Fig. 2. Interestingly, in the empty-state image, the trimers pointing upward in
filled state appear only as single bright spots, while the trimers pointing downward in
filled-state now appear as featureless depressions. Note that the same trimers are identified
by their relative positions to a commonly seen defect (circled).
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Fig. 2. STM images of the 6\3 structure taken with a W tip at the same location: (a) filled-
state (35x35 nm?, Vs=-1.5V, ;=0.3 nA); (b) empty-state (35x35 nm?, Vs=+1.5V, [=0.3 nA).
The arrow indicates where the V; is changed from -1.5V to +1.5V during imaging,.

Small changes in heights and depressions are also observed along the line profile AB
through six bright spots and three depressions in Fig. 2(b), confirming the fact that they do
not line up perfectly as already evident visually. Detailed analysis of many line profiles
indicates: 1) neighbouring trimers do not always fall on the same line; and 2) the spacing
between the trimers is not uniform, with an average value of ~19 A, i.e., about 6 times the
(1x1) spacing of the SiC(0001) surface. These characteristics are consistent with earlier STM
observations of the 63 structure (Li & Tsong, 1996; Lauffer et al., 2008; Mallet et al., 2007;
Owman & Martensson, 1996; Riedl et al., 2007; Tsai et al., 1992).

Furthermore, the ratio of the larger to smaller trimers varies with growth conditions, with
the later type always being more populated. For example, the ratio is found to be ~3:1 on a
sample at the early stages of growth (Fig. 1(b)), where part of the surface is still covered with
the V3 structure. And for a sample at later stages of growth where some regions are already
converted to graphene (Fig. 2), the ratio is ~4:1.

Over all, these STM images of the 63 structure taken using W tips at larger bias (e.g., Er+2.0
eV) are similar to earlier studies. Also similar is that imaging at energies closer to Er (e.g.,
within 0.1 eV) is challenging (Mallet et al., 2007; Lauffer et al., 2008; Riedl et al., 2007).
Given that epitaxial graphene on SiC(0001) represents a system of a zero gap graphene
supported on a wide bandgap semiconductor SiC, selective STM imaging with
functionalized W tips (Deng et al., 2006), particularly near the Fermi level, may be necessary
to unravel the atomic structure of the 6v3 interface layer, as discussed below.

3.2 STM imaging of the interface layer with (Fe, Cr) coated W tips
Using an Fe/W tip imaging at 1.0 eV below the Er, the 633 structure appears similar to that
of W tip (Fig. 3(a)). However, at Er+0.5 eV, drastic differences are observed: the smaller up-
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Fig. 3. Filled-stated STM images of the 6\3 structure taken with an Fe/W tip at (a) Vs=-1.0 V;
and (b) Ve=-0.5 V. [;=0.3 nA. (c) Filled-state Vs=-0.1 V; and (d) empty-state V:=+0.1 V; I:=0.3
nA and image sizes are 20x20 nm? for all.

facing trimers (marked green) now face downwards, while the larger down-facing trimers
(marked blue) now appear as six-fold rosettes. Again the same trimer and rosette are
identified by their relative positions to a defect marked by an arrow in both images. (Note
that the two images are taken sequentially, the slight change in position is a result of
thermal drift.)

Interestingly, the trimers marked by green that appear as a single protrusion in the +1.5 eV
image (Fig. 2(b)), are now better resolved to be a trimer facing downwards at +0.1 eV (Fig.
3(d)). The biggest change is seen for the trimers marked blue that appear as featureless
depressions in the +1.5 eV image (Fig. 2(b)): at +0.1 eV (Fig. 3(d)), they appear as rosettes
surrounded by depressions. In addition, while the appearance of the trimer is independent
of bias, the contrast of the rosette is slightly less in empty-state images. In the case of Cr-
coated W tips, imaging down to Er+2 meV can be carried out, with results qualitatively
similar to those shown in Fig. 3 (Rhim et al., 2011).

Figure 4(a) is an STM image of the 1st layer graphene taken with an Fe/Cr/W tip. At Ep-
0.052 eV, a honeycomb structure characteristic of graphene is seen over the whole surface,
with additional periodic modulations. Two of the brighter ones are marked by down-
pointing triangles, and two slightly dimmer ones marked by up-pointing ones. At E¢-0.52 eV
(Fig. 4(b)), the honeycomb structure is no longer seen, and the features marked by
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Fig. 4. STM images of the 1st graphene taken with an Fe/Cr/W tip at (a) Vs=-0.052 V; and (b)
Vs=-0.52 V; I,=5.3 nA and image sizes are 20x20 nm? for both.

triangles now appear as up- and down-pointing trimers similar to those seen by W tips (Fig.
1(d)). (Note that the large bright feature in the lower right hand corner is used to identify the
features in discussion.) This confirms that the (6\3x6V3) layer remains at the interface after
the growth of the 1st graphene layer, and is still accessible by electron tunnelling at 0.5 eV
above and below Er (Rutter et al., 2007).

Functionalization of W tips by transition metal coating has been typically used in spin-
polarized tunnelling to probe spin dependent properties of magnetic heterostructures (Bode,
2003). The results presented here clearly show that these tips also facilitate the probing of
electronic properties of the 6V3 interface layer that were not accessible using conventional W
tips. To better understand this effect, we have modelled the Fe/W tips using a Fe pyramid
on W(110), as shown in Fig. 5(a). The calculated density of states shown in Fig. 5(b) indicate
that the apex Fe atom exhibits a large enhancement of magnetic moment (2.78 pp/atom)
compared to that of bulk Fe, as well as the Fe atoms directly bonded to the W slab (2.1-2.3
ps/atom). The enhancement of magnetic moment of the topmost Fe atom is reminiscent of
increased moments at surfaces and is due to a shift of peaks in DOS related to band
narrowing. The minority spin channel has an especially sharp peak at ~0.5 eV below Er (Fig.
5(b)). Electron tunnelling between graphene and these localized states enables the imaging
of energy-dependent DOS not accessible with a W tip (Rhim et al., 2011).

(a) o [

DOS(states/eV/atom)
~
T

Energy( eV)

Fig. 5. (a) Ball-and-stick model used in the tip calculations. (b) Spin-resolved DOS for
Fe/W(110); area shaded in red is for the minority and unshaded for the majority spins.
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3.3 Proposed model of the interface layer

To account for these observations made taken with Fe/Cr coated W tips, which clearly
reveal new details of the 6V3 structure, let’s first consider the possible commensurate
structures that can form when a layer of graphene is placed on top of the SiC(0001) (1x1)
lattice. Among the possible phases, (13x13) graphene lattice is nearly commensurate to the
(6V3x63) SiC(0001) (Tsai et al., 1992; Hass et al., 2008b), which results in two types of high
symmetry positions: either a C atom or a graphene hexagon centred above a Si (Fig. 6(a)).
Our calculations indicate that the in-plane graphene C-C bond is shortened from 1.67 to 1.42
A. In addition, C atoms located directly above Si are pulled towards the SiC surface
significantly such that the Si-C bond is shortened to 1.99 A from 2.29 A, consistent with
other calculations (Mattausch & Pankratov, 2007; Varchon et al., 2008). Effectively, the
graphene layer is broken.

(a) cerere Rt e res e (b))

%ffm‘rﬁ}‘ﬁ&ﬁ'
Wf’(‘

Fig. 6. (a) Ball-and-stick model of the graphene (13x13) on SiC(0001) 1x1 in plane-view (C:
yellow balls; Si: blue balls). Red triangles and blue hexagons mark the two configurations of
C atoms directly above Si atoms. (b) Calculated DOS at E¢+2 eV using a V3x\3 supercell and
(c) ball-and-stick model in side-view, showing the distortions of the in-plane C-C bonds, and
Si-C bonds at the graphene/SiC interface as a result of covalent bonding.

Alternatively, to better accommodate this bond distortion and retain the three-fold
coordination for each C atom, let’s now consider the inclusion of pentagons and heptagons -
which cause positive and negative curvatures, respectively, when inserted into the
honeycomb lattice (Charlier & Rignanese, 2001; Thara et al., 1996). Furthermore, to preserve
the long-range translational and rotational integrity of the graphene honeycomb, they can
take the form of three pairs of alternating pentagons and heptagons around a rotated
hexagon (Hsg7), which can be created by adding a C dimer to the graphene honeycomb
lattice (Orlikowski et al., 1999).

As shown in Fig. 7, placement of the Hs7 defects at the two high symmetry positions leads
to two variants. At the “top” site, three Si atoms sit directly below the corners of the central
hexagon of the Hss7, with this hexagon centred above a C of the SiC substrate. At the
“hollow” site, the central hexagon is centred over a Si and three Si atoms are now bonded to
C atoms at the edge of the Hs¢7 defect. Overall, this transformation decreases interfacial Si-C
bonds from 6 (4) to 3 at the top (hollow) sites, further reducing the mismatch with the SiC
substrate. The result is a warped graphene layer covalently bonded to SiC(0001) (1x1),
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whose formation is favoured by ~0.1 eV/C compared to a perfect honeycomb structure. In
addition, the top site is also found to be more stable than the hollow site by 0.03 eV/C.
These results are in contrast to unsupported graphene where the Hs47 defect formation
energy is ~5.1 eV; the stability of the warped layer on SiC(0001) arise from its efficacy to
accommodate the strain induced by the Si-C interactions at the interface. Furthermore, the
spacing between the neighbouring Hse7 defect sites is only approximately 6x the (1x1)
lattice spacing of SiC(0001), consistent with the apparent slight disorder observed in STM
images (Figs. 2 & 3).

N e

Fig. 7. Ball-and-stick model of the two placements of the Hs 7 defect on the SiC(0001): with
the rotated central hexagon of the Hs ¢y defect centered either above a first layer C atom (top
site, marked red), or above a top layer Si (hollow site, marked blue).

To verify if these two Hs 7 variants on SiC would produce the complex electronic structures
observed by STM, calculated local DOS isosurfaces, which resembles the STM constant
current mode, are shown in Figs. 8 (a,b). For the top site, the six-fold symmetry of the centre
hexagon is broken as a result of the formation of three Si-C bonds, leading to maxima at
three adjacent alternating C atoms, appearing as a trimer of ~3 A. For the hollow site
variant, depressions are seen within the three heptagons as well as at the three C atoms at
the tips of the three pentagons, resembling the six-fold depressions (marked by the
hexagons) seen in STM. Because the six depression sites are inequivalent, they do not
coincide perfectly with the hexagon of ~3 A, also consistent with STM observations. In
addition, the central three C atoms above the Tj sites are slightly brighter, appearing as a
upward trimer. Overall the main features seen in the STM images (e.g., Fig. 8(c)) at energies
within Er+0.5 eV using Fe(Cr)/W tips are well reproduced in the simulated images.

3.4 Electronic properties of the interface layer

The electronic properties of the resulting graphene structure is significantly altered due to
the inclusion of the Hsgy defects. Thus, experimental ARPES results provide a stringent test
of our and other models. The calculated k-projected surface bands for the two Hs¢7 variants
are given in Figs. 9(a)-(c). Both variants show definite gaps, i.e., are semiconducting along I'-
K. Compared to defect-free graphene, the well-developed graphene-like o bands are shifted
to greater binding energy. Significant changes are seen in the n-band region with increased
(diffuse) weight around T, and upward dispersing bands that do not reach Er but are ~3 eV
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below at K. In addition, there are defect-induced states (marked by arrows) with energies
e(K) of about -0.9 and -1.8 eV for the hollow and top configurations, respectively. The
dispersions of these states (whose intensities decrease significantly away from K) have a
tight-binding behaviour for a single band of localized orbitals, ¢(K)= en-A: the period of the
oscillations seen in Figs. 9(b,c) reflect the 3x3 cell used in the calculations, while the
amplitude A~0.3 eV about the "on-site" energies ey (indicated by the horizontal lines) is a
measure of the interactions among the Hsgy defects. Based on tight-binding scaling
arguments, the use of larger 6V3x6\3 (or 6x6) cells would result in a decrease in the
interactions by at least an order of magnitude, i.e., we predict almost dispersionless states
around K with energies ey = -0.6 and -1.5 eV, in excellent agreement with the experimental
values of -0.5 and -1.6 eV (Emtsev et al., 2008; Seyller et al., 2008).

Fig. 8. Calculated DOS isosurfaces (10 a.u.3) for occupied states between -0.1 eV and the
Fermi level for the (a) top and (b) hollow variants. Carbon and silicon atoms are represented
by small and larger balls, respectively. (c) Expanded 3D STM view of the boxed region in
Fig. 3(c) (5x5 nm2).

The apparent inconsistency between a gap along I''K and STM imaging at very low bias can
be understood by noting that STM probes the electronic states in the outer tails of the
electronic distribution, whereas ARPES is sensitive to the overall wave function. In Figs.
9(d,e), the k-projected bands along I'"M-K are shown for the two variants, but now weighted
by the contributions in the vacuum region probed by STM. In both cases, the gap at K is still
seen, but states elsewhere in the (1x1) zone cross Er (such as those circled in Figs. 9(d,e)) are
responsible for the contrast seen in STM images at low biases.

Calculated initial state C 1s core level shifts, relative to C from the SiC substrate, are ~-1.1 eV
for the Hsg7 defect, and ~-1.8 eV for the rest, which are also consistent with experimental
results (Emtsev et al., 2008; Seyller et al., 2008). Overall, the warped graphene model
provides a comprehensive explanation of the available experimental data on the defining
properties of the (6\3x6V3) layer - the gap at K point, the overall dispersion, the two
localized states near K, and the C core level shifts.
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Fig. 9. Calculated k-projected surface bands (convoluted with a decaying exponential to
account for the photoelectron escape depth) for the Hs7 structure along I'-K for (a) equal
contributions of both variants, and (b) top and (c) hollow variants separately. Arrows mark
the localized states at K and the lines in (b) and (c) indicate ey. Vacuum-weighted bands
along I'“M-K for (d) top and (e) hollow variants.

3.5 1% layer graphene

Calculations further indicate that the 1st layer graphene resumes the perfect honeycomb
lattice with an interlayer spacing of 3.2 A relative to the warped interface layer (Fig. 10(a)).
The k-projected band structure for the interface + 1st layer graphene (Fig. 10(b)) shows
almost perfect graphene bands, with the Dirac point below Er. The bottom of the o(r)-band
at I is shifted upwards by about 1.3 (3.5) eV compared to the interface (Fig. 9), qualitatively
consistent with the ARPES data (Emtsev et al., 2008; Seyller et al., 2008).

The downward shift of Ep = -0.4 eV indicates that the layer is n-doped, also consistent with
experiment (Bostwick et al., 2007a; Zhou et al., 2007). Comparison of Figs. 10(d,e) reveals
subtle, but distinct differences in the dispersions, especially above the Dirac point, as a
direct consequence of the different interactions between the 1st graphene layer and the two
Hsg7 variants. From inspection of the calculated eigenvalues and wave functions, the
splitting of the Dirac states is only 33 meV. This is in good agreement with the estimated
maximum value of 60 meV in one ARPES study (Bostwick et al., 2007b). Closely related is
the misalignment of the bands above and below Ep, illustrated by the dotted lines in Figs.
10(c)-(e): the projections of the 7 states below Ep do not pass through the n* states above Ep,
an observation previously attributed to electron-phonon or electron-plasmon interactions
(Bostwick et al., 2007 (a,b)). Our results indicate that interactions of the n states with the
Hse; defects contribute significantly to the observed dispersion at the Dirac point.
Furthermore, the interactions also cause deviation from the linear dispersion of 1st graphene
layer, leading to parabolic dispersion above the gap, and an apparent gap of ~0.25 eV
(marked by the arrows in Fig. 10(c)), closely matched to the 0.26 eV gap assigned in separate
ARPES studies (Zhou et al., 2007; Zhou et al., 2008; Rotenberg et al., 2008).
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Fig. 10. (a) Ball-and-stick model, and (b) calculated k-projected surface bands of 1stlayer
graphene + the warped interface on SiC(0001). (c) Close-up view of bands around the Dirac
point with equal contributions from (d) top and (e) hollow variants. The arrow at ~-0.4 eV
marks the (split) Dirac point and dotted lines are guides for the linear dispersion.

3.6 Ridges on multilayer graphene

The morphology of the graphene grown at 1400 °C is shown in Fig. 11(a). The original SiC
steps are no longer discernible. Instead, terraces with width varying from tens to hundreds
of nanometers are present. On the terrace, a closed-pack lattice with a periodicity of
0.25+0.01 nm (Fig. 11(b)) is observed, indicating that multilayer graphene film is developed
at this stage (Hass et al., 2008b; Lauffer et al., 2008). In addition, bright stripes along step
edges and across terraces are clearly visible, with a typical size of ~1.5 nm in height and ~6
nm in width. Some of these features can terminate on a terrace, as the one circled in Fig.
11(a). Their initial density is estimated to be ~10/pm?2, though it may vary due to the
creation of new ones during STM imaging (see discussion below). These features are
consistent with the ridges and wrinkles reported in earlier studies (Biedermann et al., 2009;
Derycke et al., 2002; Luxmi et al., 2009).

Figure 11(c) is an atomic resolution STM image of the tip of a ridge. A closed-pack lattice,
same as those on the terraces, is clearly evident on top of the ridge. More importantly, no
discontinuity is observed between the graphene film and the ridge both at its tip and at the
boundary along either sides of the ridge. The closed-pack structure on the ridge suggests
that the ridge consists of at least two graphene layers with AB stacking. However, the lattice
constant on the ridge is measured to be 0.28+0.01 nm, slight larger than the graphene lattice
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Fig. 11. (a) Topography of epitaxial graphene on 6H-SiC(0001) grown at 1400 °C taken with a
W tip (Ix1 pm?2, Vg =-2.0V, Iy = 0.5 nA). The pit marked is 10 bilayers deep. (b) Atomic
resolution image of the structure on the terrace (4.5x4.5 nm?, Vi=-1.1V, [;=1.0 nA). (b)
Atomic resolution image of the tip of a ridge in 3D view. (5x5 nm2, V,=-0.02 V, ,=0.02 nA).

of 0.25+0.01 nm on the terrace, indicating that the lattice of the ridge is deformed due to
bending. These findings clearly indicate that the ridges are neither CNTs nor domain
boundaries as suggested previously (Derycke et al., 2002; Luxmi et al., 2009). They are in fact
bulged regions of the graphene film, likely as a result of strain (Biedermann et al., 2009).
Raman studies have indeed shown that the films are under compressive strain, which can be
controlled by annealing time, reaching a theoretical limit of 0.8% (Ferralis et al., 2008; Ni et
al., 2008).

In addition, we have found that their structure (e.g., length and orientation) can be
manipulated by tip-surface interaction during STM imaging. In some cases, even new ridges
can be created by such interactions. Shown in Fig. 12 are STM images taken sequentially at
the same location, displaying the morphological evolution of the ridges. Several dramatic
differences are seen. First, the ridge at location A grew much longer and now ran straight
down across the whole terrace. Second, the ridge at B on the same terrace changed its
direction from pointing-up to pointing-down. Third, the ridge at C along the step edge on
the up terrace shrunk and became shorter. Fourth, a new ridge is formed on the up terrace at
location D. Lastly, a new ridge is formed at E across two terraces. Manipulation of ridges
using atomic force microscopy has also been reported previously (Derycke et al., 2002),
where the growth of new ridges was attributed to subsurface segments of CNTs being
moved to the surface. However, since our results clearly indicate that the ridges are bulged
regions of graphene film, and not CNTs, it would also rule out this particular mechanism.
Through the close examination of many STM images, it is also found that the density of the
ridges varies with the size of the terrace, where fewer ridges are found on smaller terraces.
The question arises then if ridge-free graphene film can be grown on a surface consists of
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Fig. 12. STM images taken sequentially at the same location with a W tip. (a) Vs=-1.7 V,
[=0.5 nA. (b) Vs=-2.2 V, 1;=0.5 nA. Image sizes are 1x1 pm? for both.

sufficiently small terraces, such as those of vicinal substrates. Shown in Fig. 13 is an STM
image of epitaxial graphene film grown on a vicinal SiC substrate. As a result of step
bunching, an average terrace width of ~80 nm is observed. Clearly, the density of ridges
decreased significantly on this surface: only very few small ones are found on wider
terraces, while the majority is found along the step edges. These observations indicate that
the compressive strain in epitaxial graphene film is not sufficient to induce ridges on small
terrace, but can still cause bending at step edges. From these results, we have estimated that
a lower limit of the terrace size for ridge formation is ~80 nm.

Fig. 13. STM image of epitaxial graphene film grown on vicinal 6H-SiC(0001) substrate (3.5°
miscut angle), taken with a W tip (Ix1 um?2, V,=-1.0 V, I;=0.5 nA).
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The picture that emerges from these results is that ridges are formed during cooling of the
sample to room temperature to relieve the strain in the epitaxial graphene. On larger
terraces, residual compressive strain still exists. Perturbation by the tip-surface interaction
during STM imaging is clearly sufficient to initiate the creation of new ridges, as well as the
growth of existing ones. Previous studies have shown that tip-surface interaction during
STM imaging can exert a pressure of 5 MPa, which induces motion of subsurface
dislocations on graphite (Snyder et al., 1993). The imaging conditions used in our studies are
similar to those reported in these earlier studies, indicating that the pressure exerted can be
of similar magnitude, sufficient to modify the ridge morphology.

4. Conclusions

In summary, using functionalized Fe(Cr) coated W tips, which facilitate the imaging of the
graphene/SiC(0001) 63 interface layer, we have found that it is a warped graphene layer
resulted from the periodic inclusion of Hsgy defects in the honeycomb lattice. The
subsequent layer assumes the perfect honeycomb structure, though its interaction with the
warped layer leads to deviations from the linear dispersion at the Dirac point. The presence
of this interfacial layer alleviates the mismatch between the graphene and the SiC substrate,
but also significantly modifies its electronic properties. This model provides a consistent and
comprehensive explanation for the existing experimental data on the defining properties of
the (6V3x673) layer: the gap at K point, the overall dispersion, the two localized states near
K, and the C core level shifts, resolving a long-standing controversy regarding the interfacial
structure of epitaxial graphene on SiC(0001).

On multilayer graphene films, we have found that ridges and wrinkles are in fact bulged
regions of the graphene sheet, formed to relieve the compressive strain due to its mismatch
with the SiC substrate. We can also manipulate these ridges and create new ones through
tip-surface interactions during STM imaging. By minimizing this strain with decreased
terrace size, nearly ridge-free graphene has been grown on vicinal SiC substrates.
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1. Introduction

In a two-dimensional carbon system for graphene (GP), three carbon electrons in four
hybridized bonding electrons (2s12p,!12py'2p,!) form strong in-plane sp2 bonds consisting of
a honeycomb structure, and a fourth electron spreads out over the top or bottom of the layer
as a 1 electron. The m electrons play an important role in the coupling interactions of
multilayered GPs. A two-dimensionally spread C=C resonance structure and the hybridized
electrons confined in GP are directly related to graphene’s unique characteristics, such as its
ballistic electron conduction, high thermal conduction, and high mechanical strength (Geim
& Novoselov, 2007; Lee et al., 2008). These fundamental properties have been well studied
using high-quality graphene produced by the “top-down” physical exfoliation (McAllister
et al., 2007) and solvation-assisted exfoliation of graphite (Lotya et al., 2009) and GP thin
films produced using chemical vapor deposition (Kim et al., 2009; Obraztsov, 2009).
Meanwhile, thermally reduced GP from graphene oxide (GO) (Gao et al., 2009; Jeong et al.,
2009), produced from graphite using various chemical oxidation routes (Brodie, 1859;
Hummers & Offerman, 1958; Hirata et al., 2004), has attracted considerable attention as a
potential material for use in various industrial applications such as photovoltaic cells,
capacitors, sensors, and transparent electrodes (Geim & Novoselov, 2007; Stoller et al., 2008;
Wang et al., 2008; Liu et al., 2009). This is because of not only its potential in significantly
lowering the cost of mass-produced graphene but also the simple, nonchemical, thermal
conversion of GO powder or film to GP powder or film, respectively (Titelman et al., 2005;
(a) Jeong et al., 2009; (b)). However, the thermal reduction of GO is a very complex
phenomenon because of the thermal-energy-induced multistep removal processes of
intercalated H>O molecules and oxide groups of ~-COOH (carboxyl group), -OH (hydroxyl
group), and >O (epoxy group). It should be noted that in chemical reduction, individual GO
sheets in the solution phase are chemically reduced by the strong chemical base (Titelman et
al., 2005; Ju et al., 2010). Therefore, the thermal reduction of GO and resultant GP needs to
be studied in great detail.

In this research, X-ray diffraction (XRD) was used to probe the temperature-dependent
evolution of the interlayer distance (doo2) of GO/GP films and powders within temperature
ranges of room temperature (RT) to 1000°C and RT to 2000°C, respectively. XRD results
show a detailed thermal reduction of GO with the removal of intercalated H,O molecules
and oxide groups, defect formation, lattice contraction and exfoliation mechanisms of the
GO/GP sheets, the folding and unfolding of the GO/GP layers, and a bottom-up layer
stacking toward bulk graphite.
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2. Experimental

Graphene oxide was prepared using a modified Hummers” method (Hirata et al., 2004).
First, 5 g of natural graphite (99.995%, Alfa), 3.75 g of NaNOs (99%, Aldrich), and 310.5 g of
H2S04 (96%) were mixed in a 10-L pyrex reactor with a water cooling system; this mixture
was then stirred for 30 min. Next, 22.5 g of KMnOy (99%, Aldrich) was carefully added to
this mixture for 1 h. The resultant mixture was stirred for 5 days at room temperature, after
which 5 L of a H,SO, aqueous solution (5%) was slowly added over a 1 h period. After
stirring for 2 h, 150 g of H>O» (30%, Aldrich) was added to the mixture. Upon centrifugation,
the GO slurry at the bottom was washed with a 3%-H>504/0.5%-H>O, solution and then
rewashed with deionized water (Ju et al., 2010).

The final GO was obtained as a slurry or colloidal solution, which was then spin-coated on a
flat Pt XRD holder and dried at RT. The GO thickness was approximately 300 to 500 nm. The
GO film mounted on the Pt XRD holder was measured in situ in a vacuum (~10-3 torr,
obtained with a rotary pump) at RT to 1000°C using a high-temperature XRD instrument
(RIGAKU, D/MAX-2500, % = 1.54056 A (Cu Kg)). The heating rate was 5 °C/min.

To obtain the GO powder, the GO slurry was dried in a vacuum oven at 60°C for 24 h. Dried
GO powder (the brown color in Fig. 1b) mounted on a crucible was introduced into a quartz
furnace and thermally treated at RT to 2000°C for 1 h under a flow of laminar N, gas
(99.999%). The heating rate and N> flow rate were 5 °C/min and 50 ml/min, respectively.
GO and GP were further characterized using a field-emission scanning electron microscope
(FE-SEM: JEOL, JSM 6700F), FE-transmission electron microscope (FE-TEM, JEOL, JEM-
2000EX (200 keV)), Fourier transform infrared spectroscope (FT-IR; Jasco 4100), and a Cs-
corrected FE-TEM (JEOL/CEOS) was used for measuring the in-plane carbon lattices. The
obtained products are denoted as GPiemperatures €.8., GP200 or GP1p0. The interlayer distances
(dooz) are denoted as diemperatures €.8., drr Or dagoo.

3. Results and discussion

3.1 XRD theory and concept of interlayer distances of graphene and graphene oxide
The principle of XRD for materials is based on Bragg’s law (Cullity, 1978), and it is
expressed by

nk = 2d q)sind 1

where A is the wavelength of the X-ray, 6 is the scattering angle, n is an integer representing
the order of the diffraction peak, d is the interplane distance of the lattices, and (hkl) are
Miller indices. If (002) planes of graphite or multi-layered graphene are given as in Fig. 1a,
the interlayer distance is denoted as doo2. The incoming X-rays are specularly scattered from
each GP plane. Since the angle 0 between the GP plane and the X-ray beam results in a path-
length difference that is an integer multiple n of the X-ray wavelength A, X-rays scattered
from adjacent individual GP planes will combine constructively. Therefore, the XRD peak of
the (002) facet of GP gives rise to a critical doo2 value as well as the information required for
the lattice size and quality. The GP thickness can be estimated using Sherrer’s equation
(Cullity, 1978), which is expressed by

Dgg, = KL / Beos6 VA
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where Do is the thickness of crystallite (here, GP thickness), K is a constant dependent on
the crystallite shape (0.89), A is the X-ray wavelength, B is the full width at half maximum
(FWHM), and 0 is the scattering angle. From Sherrer’s equation, the number of GP layers
(Ngp) can be obtained using the following equation (Ju et al., 2010):

Ngp = Doz / dopa ®)

(a) X-ray (A wavelength) @ e e ——

I :.:.‘ ".“: 1h dox

: 0 / I S H Ox \.___.:L_’—

N dOX .'-,.' -..‘:
i 4 dop2 Ox:-OH,>0,-COOH
LN GPlayer If nanohole is large, d, =dp;or dg, =dgp

(b)

(1) Defect or nano-hole H,0 GO layer
(2) Empty space between GP junction

Model of interlayer distance : dgq > dg, > dps > dgp > Graphite

Fig. 1. Bragg’s law for GP or graphite (002) planes (a), and models for dop2 of GO (e) and
thermally reduced GP (b-d). In this model, the order of interlayer distance becomes graphite
< dgp < dpf < dox < dco.

To understand the XRD pattern formed during the GO reduction as well as the resultant GP,
a simple, intuitive concept for various types of interlayer distances of graphene and
graphene oxide is considered, as shown in Figs. 1b through le. Because GP layers have
intrinsic nanocurvature distortions (Fig. 1b) (Fujimoto, 2003; Li et al., 2007) existing in a two-
dimensional single crystalline structure (McAllister et al., 2007; Gosselin et al., 2009), the
interlayer distance of GP (dgp) is slightly larger than that of bulk graphite. The reported dcp
and graphite are ~3.4 (Stankovich et al, 2007) and 3.348-3.360 A (Li et al, 2007),
respectively. Because GO has many defects or nanoholes, it is reasonable that thermally
reduced graphene would also have many defects and nanoholes (dpr) (Fig. 1c). Therefore,
GO and GP can have oxide groups of C—Ox with an sp® bond in their defects and nanoholes
(dox) (Fig. 1d). Graphene oxide has the largest interlayer distance (dco) because of its
intercalated H>O molecules and various oxide groups (Fig. 1e). The dgo value is in the range
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of ~5 to 9 A, depending on the number of intercalated water molecules. It is rational to
assume that the interlayer distance order is dco > dox > dp > dcp > graphite. If defects in the
layer are sufficiently large, oxide groups and H>O molecules can be considered to exist in
the empty space; thus, the order is dox = dpf or dox = dcp. On the basis of a model with
various interlayers, we expect that graphene oxide has an intermediate structure with dox
and dpf during thermal reduction, and through bottom-up layer stacking, the resultant
graphene evolves toward graphite as crystal growth with the removal of dox and dp.

3.2 Images of GO/GP film and GO/GP powder

Figure 2a shows a digital image of GO slurry. Figure 2b shows an FE-SEM image of a GO
film with a thickness of ~300 to 500 nm, and demonstrating a soft carpet-like morphology
(c). An FE-TEM image of a GO film coated on a Cu TEM grid (Fig. 2d) shows a layered AB-
stacked structure. However, GP films obtained after thermal annealing at 1000°C have
surface microcracks and a shrunken thickness, as shown in Figs. 2e and 2f, respectively.
Figure 2g shows a digital image of dried GO powder. After undergoing thermal reduction at
1000°C, the brown-tinted GO lumps turn into fine black GP powder (Fig. 1h).

(e)

Fig. 2. A digital image of GO slurry (a), dried GO powder (g), and thermally reduced GP
powder (h). FE-SEM images of GO films (b, c), thermally reduced GP films (e, f), and FE-
TEM image of GO film (d).

3.3 Temperature-dependent XRD patterns of GO and GP films

All temperature-dependent XRD patterns of GO/GP films measured within the range of RT to
1000°C are completely plotted in Fig. 3. At increasing temperatures, the (002) peak of a GO
film (left side) moves continuously toward the right with a variance of intensity and FWHM.
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Fig. 3. Total plot for measured in situ XRD patterns of GO/GP films obtained at RT to
1000°C.

The individually-represented XRD spectrum shows important information regarding the
detailed temperature-dependent evolution of (002) peaks, as shown in Fig. 4. A GO film
with an AB stacked structure (Li et al., 2007; (b) Jeong et al., 2008) shows a typical XRD
pattern with a strong and sharp (002) peak at 26 = ~11° (Fig. 4a). The GO (002) peak
gradually shifts to the right with an increase in temperature and yields three types of (002)
peak series. The first peak series (Peak I) is the main change during the thermal reduction of
graphene oxide and shows a gradual shift to the right. The dco and dio0 values for Peak I
are 8.071 (Fig. 4a) and 3.453 A (Fig. 4t), respectively. In the second peak series (Peak II), a
peak at 20 = ~24° emerges at 140°C (Fig. 4d), with a slight shift to the right within the
temperature range of 140-600°C. Importantly, all Peak II values have a larger FWHM than
those of Peak I. The di40 and dsp0 values for Peak II are 4.034 (Fig. 4d) and 3.602 A (Fig. 4n),
respectively. Significantly, Peak II is combined to Peak I at 600°C (Fig. 40). The combined
peak of GPeg is very sharp, and dsoo is 3.593 A. The combined GPgo is gradually moved to
the right with an increase in temperature, along with a broadening FWHM. However, peaks
above 700°C show a long-tailed structure because of small portions of peaks at 20 = ~23-24°,
which is denoted as a third peak series (Peak III). The centers of Peak IIl are changed
slightly, and their doo2 values are far from graphite dop2. From these results and from the fact
that the intensities of all Peak III values are much lower (less than 100 cps) than those of
Peak I and Peak I, it is assumed that Peak III is amorphous-like carbon comprising many
defects, folding structures, impurities, and spl, sp?, and sp3 hybridization structures. It
should be noted that GP1900 measured in situ at 1000°C (Fig. 4s) shows a very broad and left-
shifting structure compared to GPsy because of typical Debye-Waller effects induced by
atomic thermal vibration; thus, after the cooling of GPioo0, GPrr is obtained after an XRD
measurement at RT (Fig. 4t). The dop» and FWHM values, as well as induced errors, are
summarized for both Peaks I and II in Appendix 1.

Figures 5a and 5b show a plot of the dop» and FWHM values for both Peak I (solid blue
circles) and Peak II (hollow red circles), respectively, on the basis of the fitting (Lorentzian
function) XRD patterns shown in Fig. 4. The plots show four temperature-dependent
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tendencies: (1) RT-130°C, (2) 140-180°C, (3) 180-600°C, and (4) 600-1000°C. Within the RT-
130°C zone, only Peak I appears. The mild reduction of dop2 values and unchanging FWHM
(or a very slight increase) are attributed to a mild vaporization of intercalated H,O
molecules. Within the 140-180°C zone, both Peaks I and II appear. For Peak I, the doo2 values
are largely reduced, and the FWHM values are maximally broadened. This is because of a
drastic vaporization of intercalated H>O molecules ((a) Jeong et al., 2009; (b)). In this process,
the sizes of the GO crystals estimated using Sherrer’s equation are reduced as the crystals
are exfoliated during a drastic escaping of H»O gases from stable GO-layered lattices,
resulting in Peak II with very broad FWHM. For Peak II, the dop2 and FWHM tendencies are
similar to those of Peak I. Thus, partial H;O molecules exist in the exfoliated GO and are
then vaporized in a temperature range of 140-~180°C. Within the 180-600°C zone, the don
and FWHM values are continuously reduced for both Peak I and Peak II. This is due to the
removal of the main oxide groups of COOH. However, above 600°C, although the dop
values are continuously contracting and approaching graphite dop, the FWHM values are

gradually broadening. This is a very complex phenomenon related to lattice relaxation and
disordering, which is detailed in section 3-5.
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Fig. 4. Individual XRD plot for Fig. 3.
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3.4 Temperature-dependent XRD patterns of GO and GP powders

The XRD patterns of GO/ GP powders (Fig. 6) appear to be totally different from those of
GO/GP films with a range of RT-1000°C because there is only one peak type with a broad
FWHM. However, the peaks are very similar to Peak II of GO/GP films, as shown in the doo2
and FWHM plots of Fig. 7. As a result, GP2 and GP4yp have a fully exfoliated structure,
such as that in Peak I. Full exfoliation of GO powder at a relatively low temperature of
200°C depends on the GO drying process. To obtain a GO powder, a GO slurry is
extensively dried above 60°C in vacuum. The dop value (7.131 A) of the obtained GO
powder is smaller than digo (7.611 A) and is similar to diy (7.259 A) of a GO film (note that
Peak II emerges at 140°C in a GO film).

Therefore, extensively dried GO powder can be fully exfoliated when a large number of
intercalated H>O molecules escape at 200°C. Importantly, along with similar tendencies
compared to a GP film, the temperature-dependent XRD patterns of thermally reduced GPs
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Fig. 6. XRD patterns of GO/GP powders obtained after thermal annealing at RT to 2000°C.

from RT to 1000°C have two different zones with their boundary appearing at 600°C in
FWHM and doo2 (Figs. 7a and 7b and Figs. 7c and 7d). FWHM sharpens as GP20 — GP400 —
GP600 and then broadens as GP@UO d GPgoo d GP1000, shrinking as Gono — GP400 d GP@UO
and growing as GPsoo — GPsoo — GP1000. Above 1000°C, the quality of thermally reduced GP
powder increases because of the decreasing FWHM and dop2 approaching bulk graphite.
Furthermore, peaks above 1200°C show a long-tailed structure because of small portions of
peaks at 20 = ~23-26°, which is considered to be a similar structure as Peak III in GP films.
The measured dop; and FWHM values, along with induced errors, are summarized in
Appendix 1.

3.5 FT-IR, Raman, and FE-TEM results for GO and GP powder

From the FT-IR spectra of GO and GP powder (Fig. 8), typical peaks of intercalated free H;O
molecules are seen at ~3250 cm-1, and those of bound H>O molecules are observed at ~1612
cm? and ~1383 ecml; peaks corresponding to COOH, OH, and epoxide groups and in-plane



Thermal Reduction of Graphene Oxide

81

6 (a) FWHM (powder) (¢) FWHM (powder/film) L6
N\ 3
—_ - =l .
< 4l ye ' o / i
E 4 .\ /. '\. ISOOC.\ &+ 4
&
= N’ 1000°C | /
3 M * 'y
= 2] ' ] L / -2
° e A H
600°C o~ [ .t ey
&
3.8 4, powder) (@4, . 8
. o i ® (Powder/film) ‘o \.
\ : - %“o \'
— 10000(: 1 o "’3.._ N, |
Sad e ) e
600°C l .
L ] ‘. 0 300 600 200
l -/ \.—. ..\
3_4.Grfphite o ~e—n—g _;:&: -4
ﬂc}éﬁﬁifﬂ‘:%’r“.‘_“_‘ﬁ'ﬁ.m‘ﬁ. .
0 500 1000 1500 2000 0 500 1000 1500 2000

Temperature (°C)

Fig. 7. FWHM (a) and doo2 (b) plots, and FWHM (c) and doo2 (d) co-plots for GO/GP films
and powders. The inset shows a magnified image of (d).

C=C bonds are also observed at ~1730, ~1200, ~1040, and ~1510 cm, respectively. FT-IR
spectra indicate five types of GO and GP thermochemical reactions: (i) vaporization of
intercalated water molecules at RT to 200°C, (ii) removal of most carboxyl groups (-COOH)
at ~200-600°C, (iii) removal of residual carboxyl and partial hydroxyl groups (C-OH and
O-H) at ~800°C, (iv) near removal of residual hydroxyl groups and partial removal of the
epoxide group (>O) at ~1000°C, and (5) the removal (cracking) of aromatic C=C bonds at
1000°C.

Meanwhile, the Raman spectra (Fig. 9) show three different regimes of the D/G ratio
(disorder/order carbon), with their boundaries between 800 and 1000°C (Fig. 10). This ratio
remains at RT to 800°C and then drastically increases as GO/ GP200_s00 (~1.5) — GP1g00 (~2.1),
which implies that the disordering portion of the two-dimensional carbon backbone is
increased in this temperature range. The XRD patterns and Raman spectra taken together
indicate that a change from GPapo_00 to GPsop with a decrease in dop2 and an increase in
FWHM is not related to the number of defects, whereas a change from GPggo to GP1000 with
an increase in dop2 and an increase in FWHM is largely affected by an increase in the number
of disordered carbons.

Although GPso has a partial carboxyl group and numerous hydroxyl and epoxide groups,
as shown in the FT-IR spectra, it has high-quality crystallinity with depo = 3.392 A, which is
closest to a typical GP (doo2 = 3.4 A). This means that most of the residual oxide groups exist
on the edge or interlayer empty space of GPego; therefore, the oxide groups are not largely
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Fig. 8. FT-IR spectra fOI' GO, Gono, GP400, GPeoo, GPsoo, and GPmoo samples.

affected by the layered stacking structure. GPgo has poorer crystallinity than GPego (see the
dooz and FWHM values). However, Raman data shows that both GPg and GPsp have a
similar D/G ratio as well as a similar Raman pattern. The combined XRD and Raman data
in the range of 600-800°C are very abstruse. To solve this problem, two combination effects
are supposed: a lattice relaxation mechanism and the detachment of disordered carbon. At
600-800°C, residual carboxyl groups and a partial hydroxyl group are detached.

Although the carboxyl groups do not require an additional carbon source to decompose into
CO,, the hydroxyl groups need a carbon source to yield CO gas (Figueiredo et al., 1999). If
the carbon in CO gas comes from an ordered aromatic C=C structure, the D/G ratio will
increase. If the carbon in CO gas comes from a disordered C-C structure, the D/G ratio will
be unchanged. Many disordered carbons already exist in GO and GP200_600 as shown in the
Raman spectra (D/G = ~1.5). Therefore, the probable explanation for the unchanging
Raman spectra of GPsoo and GPg is that the carbon in CO gas is produced from disordered
carbon located at the edges and boundaries of nanoholes and empty spaces. The reason for
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degradation of crystalline quality as GPsoo—GPsoo is explained by the lattice relaxation
mechanism of GPgp0; CO2 and CO gases produced from the removal of residual carboxyl and
partial hydroxyl groups, respectively, have high vibration and kinetic energy and pass
through stable layers of GPso. However, GPgy is considered to be a relatively good GP
species because it has the smallest amount of oxide under an unchanging number of defects.
As shown in a representative image of a Cs-corrected FE-TEM, a six-layered structure is
observed at the edge of GPsgo (Fig. 11a), and in-plane ordered lattice structures in the flat
zone between the microfolding areas are also observed (Fig. 11b).

GP1o00 has the largest amount of disordered carbon as shown in the Raman spectra. This is
explained by the cracking of two bonds of >O, which causes the simultaneous destruction of
adjacent C=C aromaticity, as shown in the FT-IR spectrum. Furthermore, broad D and G
Raman peaks sharpen above 1000°C because of the thermal annealing effect. Between 1000
and 2000°C, the D/G ratio is continuously decreased, and it then approaches raw graphite
material, which is in accord with XRD data on the basis of the fact that the crystalline quality
increases and the crystal growth of GP layers is very effective owing to the thermal
annealing effect, implying an accompaniment with the removal of dox and Dpx (Fig. 1).
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Based on equation 3, if the defects are offset for GP200-s00,1400-2000, the numbers of layers of
GPago, GP400, GPs00, GPs00, GP1400, GP1600, GP1800, and GPaoo are estimated to be 4.1, 5.5, 8.3,
6.1, 9.3, 12.3, 14.0, and 16.3, respectively. In this estimation, GP1000 and GP1200 are exceptions
because of the existence of disordered carbon in an amount larger than the base GO powder.
Further, we supposed that residual oxide groups do not exist in a well-developed interlayer
space, but rather at the edges or nanoholes. This supposition is reasonable given that the
maximum gap of 0.3 A between dao0-8001400-2000 = 3.390-3.747, and dgraphite = 3.348 A is too
small to contain the ~1.25-A minimum epoxy group (Giordano et al., 1988; Mkhoyan et al.,
2009) or the ~2.75-A of H,O molecules (Graziano, 1998). However, various interlayer
distances are explained by the contribution of dpf and doy, as shown in Fig. 1. Furthermore,
because the estimated number of layers in GP1400_2000 is very large, they are considered to
have intermediate properties between typical graphene (less than 10 layers) and graphite.

3.6 Folding and unfolding processes of GO and GP powders

It is noteworthy that from the FE-SEM (left) and FE-TEM images (right) (Fig. 12), we
observed both folding and unfolding graphene: (1) GP2p0_600 With severely wrinkled or
folded structures in both macroscopic and microscopic views (Figs. 12a-12c) and (2) GPspo
with slightly unfolded structures (Fig. 12d) and GP1000 with a considerably unfolded and flat
structure except for microwrinkling (Fig. 12e).

GPaoo_s00 have crater-like macropores surrounding the thick folded sheets owing to the
vaporization of intercalated H>O molecules, as shown in Figs. 12a—12c. It is possible that
during the drastic exfoliation of AB-stacked GO, individually exfoliated GO sheets are
unstable owing to a large number of defects (D/G = ~1.5), surface/edge dangling bonds,
high surface-to-volume ratio, and thermodynamic instability as intrinsic properties of two-
dimensional crystal; subsequently, for better stability, they tend to be coupled with each
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Fig. 11. Cs-corrected, high-resolution FE-TEM images for thermally reduced GPsp powder:
six-layered structures located at the edge (a) and in-plane ordered carbon structure (b).

other through a van der Waals interaction. In this layer-coupling process, interlayer partial
chemical or hydrogen bonds may be formed because of a large number of defects, dangling
bonds, and O/H atoms, which are the driving force behind microscopic and macroscopic
folding (Figs. 12a-12c). It should be noted that microscopic folding is an intrinsic
characteristic of GP layer produced via chemical reduction and top-down physical
exfoliation. Severely macrofolded GPau_g00 With porous structures are partially unfolded
during the formation of GPsy (Fig. 12d) and largely unfolded at 1000°C. The unfolding
process of GPjooo may be attributed to the coincident detachment of interlayer chemical and
hydrogen bonds owing to both the effects of thermal annealing and the removal of C/O
species. A schematic of the folding and unfolding processes during the thermal reduction of
GO is summarized in Fig. 13.



86 Physics and Applications of Graphene - Experiments

600°C

Fig. 12. FE-SEM (left) and FE-TEM images (right) for GPaqo (a), GP400 (b), GPsoo (c), GPsoo (d),
and GPmoo (e)
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Fig. 13. Schematic diagram of folding and unfolding processes of GP200_s00, GPsoo, and GP1o0.

3.7 Proposed model for thermal reduction of GO film and powder

From the XRD, FT-IR, Raman, FE-SEM, and FE-TEM results for GO/GP films and powders,
a thermal reduction process for GO using five critical temperatures of 140, 180, 600, 800, and
1000°C is proposed, as shown in the schematic diagram of Fig. 14. In this model, the dop
value of large-sized GO crystal is gradually contracted within the range of RT-130°C during
mild vaporization of intercalated H>O molecules (S; state). However, the dopz value is
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greatly reduced within 140-180°C owing to a drastic vaporization of intercalated water
molecules (S2), along with a partial exfoliation of GO sheets (S7). The GO (S2) and exfoliated
GO (Sy) gradually reduce their lattices in the range 180-600°C because of the removal of the
main carboxyl groups (S3). Within 600-800°C, a partial lattice relaxation with a broadening
FWHM occurs owing to out-gassing formed from residual carboxyl and partial hydroxyl
groups (S4). Within 800-1000°C, a large number of defects are produced during the removal
of the epoxide group, along with in-plane C=C cracking (S5). Within 1000-2000°C, bottom-
up layer stacking as crystal growth occurs with a decreasing number of defects (S6).
However, the thermal reduction processes for the GO films and powders always yield small
amounts of amorphous-like structures around 26 = ~23-25° within 140-2000°C, which is
explained by the complex folding structures, defects, impurities, and sp!, sp? and sp3
hybridization. Furthermore, folding and unfolding processes occur between GP2g_s00 and
GPso0-1000 depending on the presence of interlayer partial chemical and hydrogen bonds.

Sy Sy
) —
RT-130°C 140-200°C

~,
o \\
140 Cls_, \\
.
GO crystal . S -
. e
——— /-\.—0’
Exfoliation % Cmmmmmmmm s o ~—~a—3
=" N [ e o]
Amorphous s
Thermal reduction processes of GO \\ 100020000(:186
~,
Sl RT-130°C | graduallatticecontraction of GO, mild vaporization of H,O \\
~
Sz 140-180°C | Drasticlattice contraction of GO, drastic vaporization of H,O S
S3 180—600°C | graduallattice contraction, removal of main oxide group
S4 600-800°C | latticerelaxation, removal ofresidual oxide group
Ss 800-1000°C | latticerelaxation, defect formation, partial C-C cracking

Sﬁ 1000—-2000°C]| lattice contraction,layer-by-layer grain growth, reducing the defects Thick GP

S7 140-600°C | exfoliation of GO due to dractic vaporization of H20, removal of residual oxide group
Sg |140-2000°C | Poor quality of reduced GO and GP due to folding, defect, lattice dismatch, impurity, etc

Fig. 14. Schematic diagram of thermal reduction process of GO in the range of RT to 2000°C.

3.8 Application of partially reduced GO film for dye-sensitized solar cell

Graphene oxide cannot be used as a catalytic film in a dye-sensitized solar cell (DSSC),
because it is hydrophilic and water-soluble. A pure hydrophobic GP film is also not a good
candidate for a catalytic film in a DSSC, because it is easily destroyed during the forced
electric-field-induced penetration of iodide (I) ions. However, partially reduced GO shows a
relatively good catalytic property. Figure 15a shows an XRD pattern for a partially reduced
GO film with a partially reduced GP structure, which is produced by careful heating on a
hot plate at ~250-300°C for a short duration of around 2 min in air. The partially reduced
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GO film has an intermediate contact angle of o = 59° (water droplet film) (Fig. 15b) between
GO of a = 7° (Fig. 15c) and GPeg of o = 85° (Fig. 15d). Although this film maintains the
hydrophilic property caused by a partial GO structure, it is water-insoluble owing to
sections of reduced GP. We obtained a solar power conversion efficiency (77) of more than
2%. Although 7 is relatively lower than that of a DSSC with a platinum catalytic thin film
(6.0%) under the conditions of this experiment, it is higher than that of a DSSC without a
catalysis (0.74%) and those of other reported types of DSSC (0.84%) (Liu et al., 2009) and
organic solar cell (1.1%) with conductive graphene electrode (Wang et al.,, 2008). The
catalytic effect is explained by the effect of the ion channel through the sections of
hydrophilic GO. This result implies that as an alternative to an expensive Pt catalyst,
partially reduced GOs have the potential for use in a DSSC as a cheap catalytic thin film.

(©) GP;s59
a=59°

Intensity (Arb. Unit)

- - [ S— s‘ ! "'

Fig. 15. XRD pattern of partially reduced GO film (a) used as a catalytic film of a DSSC
(inset). Digital images of contact angles between water droplets and GO film (b), partially
reduced GO (c), and GP (d).

4. Conclusion

Using XRD, Raman, FT-IR, FE-SEM, and FE-TEM results, a thermal reduction process of
graphene oxide within a temperature range of RT to 2000°C was investigated in detail. The
thermal reduction process has six important temperature zones, RT-130°C, 140-180°C, 180—
600°C, 600-800°C, 800-1000°C, and 1000-2000°C. Within a temperature range of RT-130°C,
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continuous lattice contraction of GO crystal occurs extensively owing to a mild vaporization
of intercalated H,O molecules. Within the range of 140-180°C, GO crystals are partially
exfoliated because of the drastic vaporization of intercalated H O molecules. Within the
180-600°C temperature range, the interlayers for all GO and GP types are contracted with
the removal of the main carboxyl groups. Within 600-800°C, a lattice relaxation of GP occurs
owing to out-gassing generated from the residual carboxyl and partial hydroxyl groups,
along with a broadening in FWHM. Within the 800-1000°C range, a large number of defects
are generated owing to in-plane C=C cracking during the removal of the residual hydroxyl
and partial epoxide groups. Within 1000-2000°C, a bottom-up layer stacking of GP as a
crystal growth is observed with a decrease in the number of defects. The folding and
unfolding processes of GO and GP are also observed at the boundaries of 140-600° and 800-
1000°C, respectively. Furthermore, a partially reduced GO thin film can be applied as a
catalytic thin film for a DSSC. These experimental results will be useful for the fundamental
understanding of GO and GP, including the thickness control of GP and bottom-up layer
stacking toward bulk graphite.

Appendix 1
XRD data for the GO/GP films and GO/GP powders
GO and IiI;lt(l';ln films Peak 11 Go and GP powders
In situ ad902 bFWHM Cd902 dFWHM Annealing T(OC) ed°002 fFFWHM
measuring T(°C) (A) ©) (A) ©) (RT measuring) | (A) ©)
25 8.071 1.16 60 7.131 1.03
50 7.864 1.20 200 3.747 | 5.30
100 7.611 1.22 400 3.605 | 4.05
140 7.259 1.35 | 4.034 49 600 3.392 | 2.68
150 6.920 1.51 3.999 | 5.96 800 3.432 | 3.89
160 6.576 1.78 |3.945| 5.08 1000 3.498 | 4.60
170 6.053 232 3903 | 5.16 1200 3434 | 3.37
180 5.254 255 |3.886| 5.19 1400 3.427 | 1.65
190 4.990 193 |3.829| 5.17 1600 3.396 | 1.25
200 4.851 158 |3.828 | 5.16 1800 3393 | 1.10
250 4.553 149 |3791| 5.05 2000 3.390 | 0.95
300 4.326 148 |3.752| 493
400 4.029 1.41 3.666 | 4.62
500 3.782 1.32 | 3.602 41
600 3.593 1.2
700 3.485 1.28
800 3.433 1.55
900 3.415 1.95
1000 3.453 2.53
25 after cooling | 3.385 2.35

error: a(£0.005), b(x0.2), <(+0.05), 4(£0.3), ¢(x0.01), and (0.5).



90 Physics and Applications of Graphene - Experiments

5. Acknowledgements

This work was supported by a Korea Institute of Ceramic Engineering and Technology
(KICET) project (09-224c0001).

6. References

Brodie, B. C. (1859). Phil. Trans. R. Soc. A. 149, 249-259.

Cullity, B. D. (1978). Elements of X-ray diffraction, 2nd Ed. Addison-Wesley.

Figueiredo, J. L.; Pereira, M. F. R.; Freitas, M. M. A. & Orfao, J.J. M. (1999). Carbon 37, 1379—
1389.

Fujimoto, H. (2003). Carbon 41, 1585-1592.

Gao, W.; Alemany, L. B,; Ci, L. & Ajayan, P. M. (2009). Nature Chemistry 1, 403-408.

Geim, A. K. & Novoselov, K. S. (2007). Nature Materials 6, 183-191.

Giordano, F; Graziano, M. L. & Lesce, M. R. (1988). J. Chem. Soc. Perkin Trans II 5, 773-775.

Gosselin, P.; Bérard, A.; Mohrbach, H. & Ghosh, S. (2009). Eur. Phys. ]. C 59, 883-889.

Graziano, G. (1998). J. Chem. Soc. Faraday Trans 94, 3345-3352.

Hirata, M.; Gotou, T.; Horiuchi, S.; Fujiwara, M. & Ohba, M. (2004). Carbon 42, 2929-2937.

Hummers, W. S. & Offerman, R. E. (1958). J. Am. Chem. Soc. 80, 1339-1339.

(@) Jeong, H. K; Lee, Y. P.; Jin, M. H.; Kim, E. S;; Bae, J. J. & Lee, Y. H. (2009). Chem. Phys.
Lett. 470, 255-258.

(b) Jeong, H. K; Lee, Y. P.; Lahaye, R.J. W. E,; Park, M. H,; An, K. H,; Kim, I. J; Yang, C. W,;

Park, C. Y,; Ruoff, R. S. & Lee, Y. H. (2008). ] Am Chem Soc 130, 1362-1366.

Ju, H. M.; Huh, S. H.; Choi, S. H. & Lee, H. L. (2010). Mater. Lett. 64, 357-360.

Kim, K. S.; Zhao, Y.; Jang, H; Lee, S. Y.; Kim, J. M.; Kim, K. S.; Ahn, J.-H.; Kim, P.; Choi, J.-Y.
& Hong, B. H. (2009). Nature 457, 706-710

Lee, C.; Wei X. D.; Kysar, ]. W. & Hone, J. (2008). Science 321, 385-388.

Li, Z.Q.; Lu, C.]; Xia, Z. P.; Zhou, Y. & Luo, Z. (2007). Carbon 45, 1686-1695.

Liu, Q. Liu, Z.; Zhang, X,; Yang, L.; Zhang, N.; Pzn, G.; Yin, S.; Chen, Y. & Wei, ]. (2009).
Adv. Funct. Mater. 19, 894-904.

Lotya, M; Hernandez, Y.; King, P. J.; Smith, R. J.; Nicolosi, V.; Karlsson, L. S.; Blighe, F. M.;
Zhiming Wang, S. D.; McGovern, L. T.; Duesberg, G. S. & Coleman, J. N. (2009). |.
Am. Chem. Soc. 131, 3611-3620.

McAllister, M. J.; Li, J-L.; Adamson, D. H.; Schniepp, H. C.; Abdala, A. A.; Liu, ]J.; Herrera-
Alonso, M.; Milius, D. L.; Car, R.; Prud’homme, R. K. & Aksay, 1. A. (2007). Chem.
Mater. 19, 4396-4404.

Mkhoyan, K. A.; Contryman, A. W.; Silcox, J.; Stewart, D. A.; Eda, G.; Mattevi, C. ; Miller, S.
& Chhowalla, M.(2009). Nano Letters 9, 1058-1063.

Obraztsov, A. N. (2009). Nature Nanotechnology 4, 212-213.

Stankovich, S.; Dikin, D. A.; Piner, R. D.; Kohlhaas, K. A.; Kleinhammes, A; Jia, Y.; Wu, Y.;
Nguyen, S. T. & Ruoff, R. S. (2007). Carbon 45, 1558-1565.

Stoller, M. D.; Park, S. J.; Zhu,Y.; An, J. H. & Ruoff, R. S. (2008). Nano Lett. 8, 3498-3502.

Titelman, G. I; Gelman, V.; Bron, S.; Khalfin, R. L.; Cohen, Y. & Bianco-Peled ,H. (2005)
Carbon, 43, 641-649.

Wang, X.; Zhi, L. & Mullen, K. (2008). Nano Lett 8, 323-327.



6

Graphene Etching on Well-Defined
Solid Surfaces

Toshio Ogino and Takahiro Tsukamoto
Yokohama National University,

Japan

1. Introduction

Graphene is a two-dimensional material with hexagonal carbon network, and multilayer of
graphene has been well-known as graphite. In 2004, it was reported that single-layer
graphene can be exfoliated from graphite and observed using an optical microscope when a
graphene sheet is attached on a 300 nm-thick SiO,/Si wafer (Novoselov et al., 2004).
Graphene exhibits an extremely high mobility, 200,000 cm?2/Vs, which is 200 times as fast as
that of Si. This high mobility was theoretically expected and then a mobility of 230,000
cm?/Vs was experimentally observed in a suspended graphene sheet (Bolotin et al., 2008).
Since the sp? bonding of carbon is very strong, a mechanically and chemically stable two-
dimensional network with few defects is realized in spite of an expectation that an atomic
layer would be intrinsically unstable (Stolyarova et al., 2007). Owing to the small weight of
carbon atom and the strong bonding between the atoms, thermal conductivity of graphene
is in the highest group in the materials (Balandin et al., 2008). These features are effectively
utilized when graphene is applied to electronic devices. Up to now, many reports have
shown that graphene electronics is very promising for post-Si devices, but serious problems
are also pointed out. For example, compatibility of high-quality graphene and wafer-scale
processing is a big challenge. Although high-quality graphene can be obtained by
exfoliation of graphene flakes from graphite, its size is small and the position control is
almost impossible. Wafer-scale preparation of graphene sheets and their processing can be
realized by epitaxial graphene on SiC (Berger, et al., 2004), chemical vapour deposition of
graphene on a metal substrate (Sutter et al., 2008; Bae et al., 2010; Li et al., 2009), or coating
of graphene oxide (Eda et al., 2008; Li et al., 2008). However, the quality of those graphene is
not sufficient for high-performance devices.

In this article, we show our recent results about substrate engineering toward graphene
integrated devices. We first describe properties and features of graphene on solid surfaces
and then show strategy about etching of graphene, where “etching” is used for cutting of
graphene sheets through chemical reactions. Based on this background, we show our
experimental results about tight attachment of graphene onto oxide substrates, such as
sapphire and titania, and characterize the interface properties between the graphene sheet
and the substrate surface. Finally, we show processing of graphene sheets attached on the
sapphire surfaces using the atomic structures on the substrate surface as templates. Here, we
would like to emphasize that the interface properties between the graphene sheet and the
substrate is particularly important and that etching and local properties of the graphene
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sheets can be controlled by utilizing the atomic structure of the substrate surface because
graphene consists of a single-atomic layer and, therefore, their shape and properties are
strongly influenced by the substrate structure and properties.

2. Substrate strategy in graphene devices

Silicon integration technology has been exponentially developed according to the well-
known Moore's law (Moore, 1998), but it is now expected that such trend will be saturated
in the near future. To keep the present trend, there are two approaches: one is improvement
of the conventional technology by introducing new materials and processing, and the other
employment of completely different concept of device architecture. The former category
called "more Moore" is based on down-scaling of the device processing. Silicon on insulator
(SOI) (Yoshimi, 2002) has a long history and started with silicon on sapphire (SOS), in which
a silicon thin layer is epitaxially grown on a sapphire surface. After the proposal of SOS,
SIMOX (separation by implanted oxygen) and direct wafer bonding techniques have been
developed. The SOI devices exhibit small parasitic capacitance and facile availability of full-
depletion operation mode in MOSFET (metal-oxide-semiconductor field effect transistor).
Therefore, device performance using SOI is almost equal to that of down-scaled devices
fabricated by the next generation processing. On the other hand, concept of the latter class
called "more than Moore" has not been established, but nanocarbon is one of the promising
candidates of the materials for future electronic devices. Carbon nanotubes (CNTs) (lijima,
1991) have been attracting great interest as alternative materials of Si because of its high
electron mobility, thermal stability, high durability against a high electric current density.
Though CNT-FETs have been developed for last 15 years and their high potential
performance has been reported (Tan et al., 1998; Collins et al., 2001), reliable handling and
position control are still difficult towards integrated devices. Moreover, separation of
semiconducting CNTs from metallic ones is required. Therefore, industrialization of CNT
FETs in the near future is thought to be questionable.

Graphene possesses compatibility with the planar technique that has been playing a
principal role in the Si integration technology. It means that we can utilize the sophisticated
technology, such as lithography, in fabrication of graphene devices, though the concrete
image of the graphene device is still ambiguous at this moment. Since there is no structural
variation in graphene, electronic structure is uniquely controlled within the two-
dimensional plane (Stolyarova et al., 2007). As can be seen in graphene separated from
natural graphite, atomic network of graphene is almost defect-free. We can conclude that
graphene is a suitable material for integrated electronic devices. Graphene is flexible and
deformed by a small external force though the bonding between individual atoms is
extremely strong. Moreover, the electronic properties of graphene strongly depend on its
shape, size, and deformation (Geim, 2009; Ertler et al., 2009). Therefore, graphene should be
tightly fixed on the substrate in device applications that require a high reliability. For
example, electrical conductivity of epitaxial graphene on SiC single crystal depends on the
direction with respect to the atomic steps on the SiC surfaces (Yakes et al., 2010; Odaka et al.,
2010). In the actual devices, graphene should be attached on an insulating substrate, which
we call graphene on insulator, GOI. Requirements to GOlIs are atomically defined surfaces to
obtain a flat graphene without deformation and tight attachment between the graphene
sheet and the substrate, so that variety of device processing can be utilized. In addition to
the compatibility with the conventional technology, a new processing with atomic level
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resolution is desired to effectively utilize the mono-atomic scale of graphene. Finally, wafer-
scale GOls are required in the industrialization stage. A wafer-scale integration of graphene
devices has already been proposed (Lee et al., 2010). Though this requirement is
indispensable, we focus on the interface control in small-size GIOs and etching to obtain
various patterns of graphene sheets in this article.

Concerning adhesivity between graphene sheets and solid surfaces, it is well-known that
apparent height of graphene attached on the SiO,/Si substrate is much greater than the
interlayer spacing of graphite, 0.34 nm, in air (Stolyarova et al., 2007; Ishigami et al., 2007;
Geringer et al., 2009). Since chemical bond is not formed between graphene and SiO,
atomic-scale roughness on the SiO, surface seems to prevent tight attachment at the
interface. To form a device-level interface with non-covalent bonding, atomically flat
substrate surface is required. Under this condition, Van der Waals force effectively works
and adhesivity similar to that in epitaxial growth can be obtained, as appears in graphite.
This requirement can be realized by using single crystals with atomically flat terraces and
regularly ordered atomic steps. Techniques to well-ordered atomic steps have been
developed in semiconductor technology, such as Si and GaAs.

Fig. 1 shows our substrate strategy towards GOI devices. From the above discussion, it can
be concluded that the materials for GOI substrate should be highly insulating, and their
surfaces are covered with flat terraces accompanied with well-ordered step arrangement.
Some metal oxides satisfy these requirements, such as sapphire (Al,03), titania (TiO3), quarts
(SiOy). In particular, sapphire is highly insulating and chemically stable. On sapphire
surfaces, step arrangement can be well-controlled, which means that atomically flat terraces
can be obtained on the entire substrate surface. Since sapphire is an oxide crystal, no further
oxidation occurs and, therefore, terraces can be kept atomically flat through processing in
air and in solution. Another important advantage of sapphire is that production technique
of high-quality large-scaled wafers has been established in SOS using Si and light-emitting
devices using nitride semiconductors. In this article, we use sapphire as the most suitable
substrate for GOIs and briefly show results of graphene attachment on titania and quartz
surfaces.

(a) (b)
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Fig. 1. Substrate strategy towards graphene-on-insulator devices. (a) Cross-sectional views
of the interfaces and (b) GOI using substrates that exhibit well-ordered step/terrace
structure.
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3. Processing strategy in graphene devices

Si-MOSFETs have been developed with down-scaling that includes reduction of channel
depth and the gate oxide thickness. Graphene is originally single-atomic layer and has no
room for further reduction. In other word, reduction of lateral size to atomic level is
required to make full use of the features of graphene. Because conventional lithography uses
thick polymer resist masks, etching of graphene using such masks cannot be applied to
atomic-scale processing. The processing strategy based on the substrate engineering may be
divided into two methods. One consists of incorporation of strain distribution into the
graphene sheet by locally bending the sheet using substrate patterns and modulation of the
electrical, mechanical and chemical properties of the graphene sheet. The other is cutting
graphene to separate individual device areas without thick resist masks. The former strategy
has recently been proposed, where topographic patterns on the substrate is used to locally
deform the graphene sheets (Pereira & Neto, 2009). This strategy is promising because
graphene can be easily deformed owing to its flexibility and the properties can be controlled
by the deformation. In other techniques for functionalization of graphene sheets, cutting
accompanied with bond breaking or chemical termination accompanied with defect
formation is used. The former strategy based on deformation of graphene also has
advantage that the whole process can be done only by patterning of the substrate without
handling graphene itself. However, the isolation between individual devices, which is one
of the important elements in the integrated devices to avoid crosstalk, is not perfect. In the
etching, a couple of technique has been proposed. One is crystallographic etching where
metal nanoparticles, such as Fe, Co, and Ni, placed on a graphene surface are used as
catalyst (Datta et al., 2008). The graphene sheet is located in H> or Hz-containing flow at
elevated temperatures. Carbon of graphene is reacted with hydrogen gas and CH, gas forms
by the following reaction:

C + 2H,-> CH, . 1)

Since CH4 gas is quickly released to the vapour phase, graphene etching proceeds. The
notable feature of this etching mode is that the etching occurs along the zigzag edge of
graphene because the energy required for removal of the carbon atoms along the zigzag
edge is much larger than that along the armchair edge (Ci et al, 2008). As a result,
crystallographic etching occurs and atomically straight trenches directed to one of three
zigzag edges form. The movement of the metal nanoparticles is sensitive to deformation of
graphene (Campos et al., 2009). For example, when a metal nanoparticle approaches a
trench formed in advance, its movement direction is changed because graphene lattice near
the pre-existing trench is deformed owing to instability of graphene edges. This is a
remarkable feature because graphene nanoribbon, which is one of the methods to open
bandgap in graphene electronic structure (Han et al., 2007), can be self-assembled.
Moreover, since the etching begins from the graphene edge, etching patterns can be
controlled by the arrangement of the nanoparticles (Ci et al., 2009). Another proposal to cut
graphene is oxidation of graphene in O, atmosphere at elevated temperatures using Ag
nanoparticle as catalyst by the following reaction (Severin et al., 2009):

C + 0,—-> CO,. @)
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In this technique, crystallographic etching does not occur and irregular trench forms.
However, this technique has an advantage that the reaction temperature is lower than that
in the hydrogenation reaction shown in the reaction (1).

Fig. 2 shows our processing strategy for graphene devices. First, we employ etching mode
based on the reaction expressed by eq. (1) and Fe nanoparticles are used as catalyst. In the
application of graphene to electronic devices, graphene should be tightly attached on the
substrate surface. Since the etching of graphene is strongly influenced by the externally
introduced deformation, we can use the deformation patterns introduced by the topography of
the substrate surface. In this strategy, atomic structures, even a single-atomic step, can produce
an abrupt deformation in graphene when the graphene film is tightly attached to the terraces
on both side areas of the atomic step. As shown later, we have developed etching of few-layer-
graphene (FLG) utilizing deformation introduced into graphene from atomic structure of the
substrate surface. Another factor of the etching based on atomic structure of the substrate
surface is interaction between the metal nanoparticles and specific structure on the substrate
surface. Directional control of the etching is also shown in section 6.

(a) (b)

Single layer graphene on a sapphire surface

Alomic row

Fe nanoparticle

"Substrate-directed cutting

Fig. 2. Processing strategy of graphene -on-insulator. (a) Atomic structure control on
substrate surface and (b) etching controlled by the substrate.

4. Graphene on single crystalline oxides

We show morphology and interface characterization of FLG or graphene on single
crystalline sapphire surfaces (Tsukamoto & Ogino, 2009). In this study, we used (0001) and
(1-102) surfaces, and atomic step arrangement is controlled in advance of the attachment
process. Fig. 3 shows AFM iamges of typical step arrangement on a sapphire (0001) surface.
Just after polishing and chemical etching, the atomic steps are randomly distributed, as
shown in Fig. 3(a). After annealing in air at 1000 °C, regularly ordered atomic steps are
obtained, as shown in Fig 3(b). In the equilibrium state, single height atomic steps are
separated by terraces with similar width that is uniquely determined by the macroscopic
miscut angle of the substrate. Upon annealing at 1400 °C, a couple of atomic steps are
gathered and form step bunches, as shown in Fig. 3(c). This is one of the powerful tool to
control deformation in the attached graphene sheets because the number of steps in step-
bunches, which is controlled by the annealing temperature, directly determines the
magnitude of deformation introduced into the attached graphene sheet. Similarly, step
arrangement can be controlled also on sapphire (1-102) surface.
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Fig. 3. AFM images of typical step arrangement on sapphire surfaces. (a) Randomly
distributed steps, (b) uniformly distributed single-atom steps, and (c) bunched steps.

Fig. 4 shows atomic force microscopy (AFM) images of graphene on a sapphire (1-102)
surface, where graphene flakes were mechanically exfoliated from highly oriented pyrolysis
graphite (HOPG) and attached on the sapphire surface. Fig. 4(a) shows topography and Fig.
4(b) frictional force image. Before graphene attachment, the sapphire surface was annealed
at 1000 °C in air and atomically flat terraces separated by ordered step arrays were formed.
Just before the attachment, sapphire surface was cleaned using a H>SO4-H>O; solution.
Height of the graphene flake in Fig. 4(a) is 0.35 - 0.38 nm, which is similar to the layer
spacing in HOPG. As previously reported, when graphene flakes were attached on
amorphous SiO; layer prepared by thermal oxidation of Si, heights of 0.6 - 0.8 nm were
observed (Stolyarova et al., 2007; Ishigami et al., 2007; Geringer et al., 2009). This means that
atomically uniform contact is not obtained in the graphene/SiO; system. Since integrated
electronic devices are fabricated through hundreds of processing including wet cleaning,
thermal process and etching, atomically uniform contact is required. Our experimental
results show that single crystalline insulating substrate is much more suitable than
amorphous substrates, though generally SiO; is an ideal insulator. Frictional force image
shown in Fig. 4(b) was taken simultaneously with topographic image, where the brightness
corresponds to magnitude of the frictional force. In this operation mode, the cantilever of
AFM is laterally scanned, and topographic and frictional force images are taken from the
vertical bending and the lateral torsion of the cantilever, respectively. Figure 5(a) shows
origin of the frictional force in AFM observation in air. The frictional force on solid surfaces
exposed to air is usually determined by the resistance to the cantilever movement induced
by the meniscus formed between the cantilever tip and the surface. Therefore, the observed
frictional force is larger when the surface is more hydrophilic. In our experiment, the
cantilever tip is made by Si3Ny, which is hydrophilic. Since the sapphire surface used in our
experiment was treated by acid, it is terminated with OH group generated by the acid
treatment. Both the sapphire and the cantilever surfaces are hydrophilic, and a large
meniscus forms. Therefore, the bserved frictional force on sapphire surface is relatively
large, as shown in Fig. 5(b). Graphene, on the other hand, is an extremely hydrophobic
material and, therefore, exhibit a low frictional force, as shown in Fig. 5(b). Thus, we can
easily distinguish the graphene surface from the substrate. This is a useful tool particularly
in graphene etching, because we can directly determine whether the bottom of the trench is
sapphire surface or remaining graphene layer surface. Moreover, the spatial resolution of
hydrophilic areas inside a large hydrophobic area is higher than the topographic image
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Fig. 4. Atomic force microscopy (AFM) images of graphene attached on a sapphire surface.
(a) Topography and (b) frictional force image.
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Fig. 5. Origin of the frictional force in AFM observation. (a) General explanation and (b)
sapphire surface partially covered with graphene.

because frictional force is generated even on an area smaller than radius of the tip apex.
From the above discussion, we can conclude that the top-right area in Fig. 4, which exhibits
a larger frictional force, is a sapphire surface and the bottom-left a graphene flake one.

In Fig. 4(a), the step/terrace structure on the substrate surface is almost exactly reproduced
on the graphene surface. This means that, owing to atomically uniform contact of graphene
on single-crystalline sapphire surfaces, atomic-level topography can be precisely transferred
to the graphene surface. Topographic control of the suspended graphene surface is almost
impossible owing to its large flexibility. On the other hand, atomic-level control on solid
surfaces has been highly developed mainly in semiconductor surfaces. On Si surfaces,
formation mechanism of atomic-step arrangement was intensively studied (Ogino et al.,
1999a) and artificial positioning of steps is realized. One example is a wafer-scale control of
atomic steps on Si(111) surface where position of atomic-steps or step bunches can be
uniquely determined (Ogino et al., 1995). When small hole arrays are pre-patterned on
Si(111) surfaces, atomic steps on the surface are rearranged according to the hole pattern
during high-temperature annealing. By utilizing these techniques, arrangement of self-
assembled nanostructures, such as Ge quantum dots, is also controlled because nucleation of
nanostructures is often initiated at the steps (Ogino et al., 1999b). In GOI, however, Si
substrate is not suitable because Si itself is semiconducting. Although thermally grown SiO»
layer on Si is a good insulator, it is amorphous and does not possess well-defined atomic
structures. On the other hand, sapphire is an insulating oxide and exhibits well-ordered
atomic steps. Wafer-scale control of atomic step arrangement was also demonstrated, as
shown in Fig. 6. Atomic structure on sapphire surfaces is preserved in air or in water as well
as in vacuum because no further oxidation occurs. We, therefore, can transfer topography of
well-controlled sapphire surface to graphene surface attached on insulating substrate.
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Fig. 6. Artificial control of step arrangement on sapphire surface using small hole arrays on
the substrate. (a) Step rearrangement during annealing and (b) final step arrangement.

As previously described, sapphire is the best candidate for GOI substrate. However, some
other oxides are possibly useful for specific applications. We attached graphene on titania
(TiOy) or quarts (SiOy) single-crystal surfaces and observed the surface morphology. Fig. 7
shows topography of graphene flakes attached on (a) a TiO(001) surface and (b) a SiO2(100)
surface. On both surfaces, buried atomic-steps appear on the graphene flake surfaces. TiO is
well known as a catalytic material of photochemical reaction. It was reported that graphene
oxide can be effectively reduced on TiO, particle surfaces (Williams et al., 2008) and it
suggests that graphene on TiO; single crystal has potential applications in functional devices
equipped with photochemical reactivity. Quarts is also a good material for radio frequency
oscillator and graphene modification of quarts surface may have potential applications to
specific oscillation functionality. Mica is a layered crystalline material similar to graphite
and a large area of atomic-level flatness is obtained. Using mica, flat graphene surfaces can
be obtained (Lui et al., 2009).

*

Bk

Graphene

Fig. 7. AFM images of topography on graphene flakes on single crystalline (a) TiO2(001) and
(b) SiO2(100) surfaces.
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We have described physical properties of graphene-substrate interfaces. Another important
factor is chemical properties of the interface. Here, we demonstrate a chemical effect of the
sapphire substrate on graphene bonding using phase- separated sapphire (0001) surface
(Isono et al., 2010). Generally, atomic steps originating from miscut of the surface exist even
when the surface is carefully flattened. When a sapphire (0001) surface is annealed at high
temperatures above 1300 °C, steps on the surface are gathered and form step bunches. If the
miscut direction is rotated from the direction that would generate crystallographically
straight steps, step arrangement consists of straight step bunches and crossing steps that is
required to keep the macroscopic miscut direction, as shown in Fig. 8(a). We call this type of
surface a cross-stepped surface. In the case of sapphire (0001) surface, the most stable
crystallographic step direction is that perpendicular to [1-100] and the second that to [1-102].
Fig. 8(b) shows an AFM image of cross-stepped sapphire surface in air. On this surface,
ellipsoidal domains, which we call domain A, are observed inside terraces surrounded by
step bunches and crossing steps. Fig. 8(c) shows frictional force image of the same area as
that shown in Fig. 8(b), where domain A exhibits lower frictional force than the other terrace
areas, which we call domain B. This means that domain A is more hydrophobic than
domain B. According to previously published papers, sapphire (0001) surface is terminated
with Al atoms (Hass et al., 1998) and those Al atoms are terminated with OH groups after
the acid treatment, which we used to clean the surface. Therefore, sapphire surface after the
acid treatment is generally hydrophilic, as experimentally observed. However, the chemical
properties of domain A are much different. We think that domain A is, at least partially,
terminated with epoxy groups, and OH group termination, which makes the surface
hydrophilic, is suppressed. Domain A grows upon high temperature annealing and the
growth is saturated owing to increase in the peripheral stress energy. This kind of phase
separation on a solid surface has been reported on other systems (Jones et al., 1996; Komeda
& Nishioka, 1997), and it is widely accepted that this occurs to minimize the surface energy.

« " 1 o -
Fig. 8. Cross-stepped sapphire (0001) surface. (a) Schematic view, (b) AFM topographic
image, and (c) frictional force image.

Fig. 9(a) shows surface topography of an as-deposited FLG flake on a phase-separated
sapphire (0001) surface. On the domain A, flat FLG surface is observed whereas roughness
at atomic-level height appears on domain B. Fig. 9(b) is a model for the surface topography.
Although domain A is relatively hydrophobic, low-density of water molecules still exist.
Since graphene is strongly hydrophobic, graphene and domain A are bonded by a
hydrophobic interaction. Therefore, residual water molecules at the interface are swept out
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and move to the interface between graphene and relatively hydrophilic domain B.
Therefore, the amount of interface water in domain B, which is originally larger than that in
domain A, further increases. In a recent paper, observation of single- or few-layer of water
molecules was reported between graphene and mica surfaces (Xu et al., 2010). In our case,
water layer thickness is probably larger than monolayer of water molecule, and water
droplets are also observed. It is known that graphene is impermeable even for He gas
(Bunch et al., 2008). In Fig. 9(a), a hydrophobic domain is surrounded by hydrophilic
domains. If also opposite domain pattern is obtained, we can confine any species of atom or
molecule beneath a graphene flake and directly observe single molecule behaviour because
graphene deforms even on a single molecule, as shown in Fig. 9(a). Therefore, graphene on a
phase-separated sapphire surface is a good stage to observe single atom or molecule
dynamics using a scanning probe. In the case of GOI, confinement of any molecules at the
interface should be avoided.

Water molecule

Hydrophilicity F

Sapphire surface

Fig. 9. Graphene on phase-separated sapphire (0001) surface. (a) AFM topographic image,
and (b) interface model.

5. Etching of graphene on sapphire substrate

In this section, we show our experimental results about graphene or FLG etching using the
reaction expressed by eq. (1) (Tsukamoto & Ogino, 2010). First, sapphire (1-102) substrates
were thermally annealed above 1000 °C to obtain well-defined step-terrace structure, and
then graphene or FLG exfoliated from HOPG was attached on the substrate. Fe
nanoparticles as catalyst were prepared from isopropanol solution of Fe(NOs)3/9HO. The
solution was spin-coated on the graphene-attached substrate and then inserted in a furnace
after drying. Fe oxide nanoparticles were formed during raising temperature and then
reduced to metal nanoparticles by H» gas at the initial stage of etching. Graphene etching
was performed at 900°C for 10 or 45 min, and the surface morphology was observed by
AFM.

Fig. 10(a) shows AFM image on a 30 nm thick FLG surface after etching, where a wide
trench (trench A) and a narrow one with a turning point (trench B) are observed. From the
cross sectional profiles, etching depth was found to be only monolayer of graphene. A
nanoparticle, probably a Fe nanoparticle, is observed at the etching front of the trench A.
The trench A clearly demonstrates that the etching proceeds with movement of the metal
nanoparticles, and initial position and movement direction of the metal nanoparticles are
essential for designing etching patterns. Since the FLG shown in Fig. 10(a) is enough thick,
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the buried step-terrace structure is hidden under the FLG surface. Therefore, the substrate
surface exhibits almost no effect on the etching mode, and crystallographic etching, which
has already been reported, dominantly occurs. However, the trench B changes its etching
direction by 120 degree around the deformation of the surface layer indicated by a white
broken circle. This suggests that the etching direction, therefore the movement of the
catalytic nanoparticles, is strongly affected even by small deformation of the top graphene
layer. Fig. 10(b) shows an AFM image on which triangular graphene islands are regularly
ordered. In this case, the FLG is enough thick for crystallographic etching to occur. First, a
graphene belt was formed by parallel crystallographic etching and another Fe nanoparticle
moved inside the belt. The Fe nanoparticle is reflected by 60 degree when it reaches the
trench. Therefore, multiple reflection occurs and triangle islands are sequentially formed.
The present etching mode is useful to fabricate regular patterns though the shape and
direction are limited to triangle and three crystallographic directions, respectively.

—  Trench A

{ o i

Trench B
S

O,

-
Fe nanoparticle 400nm

Fig. 10. (a) Etching processes of few-layer-graphene (FLG) along the crystallographic
directions, (b) example of regular pattern formation.

Fig. 11(a) shows an AFM image of etching features on 6 nm thick FLG on a sapphire surface,
where the etching conditions were same as those for Fig. 10. In this image, etching directions
are roughly determined by the crystallographic orientations, but the formed trenches are not
straight but fluctuated. This suggests that the etching mode in Fig. 11 was affected by two
factors: crystallographic orientations of graphene and atomic roughness on the substrate
surface. Fig. 11(b) shows an etching pattern of 3 nm thick FLG on a sapphire surface on
which step/terrace structure appears. On this surface, trenches along crystallographic
orientation are observed. The whole etching pattern was formed by reflection of Fe
nanoparticles at both a pre-existing trench edge indicated by white arrows A and buried
steps indicated by white arrows B. Since FLG is tightly attached on the sapphire surface
with regularly ordered steps, large strain is locally introduced just above the atomic steps.
The observed fluctuation in Fig. 11(a) is attributed to the strain induced by the roughness of
the substrate surface and its major contribution is atomic steps. In Fig. 11(a), we observe
some characteristic etching patterns. The Fe nanoparticles turn their moving direction at a
pre-existing trench, as indicated by (A) in Fig 11(a), and never cross the trench. When there
is no catalytic particle inside a triangular island surrounded by trenches, no further etching
occurs, as indicated by (B). On the other hand, if catalytic nanoparticles remain inside the
triangular island, they continue to divide the triangular island and, in some cases, triangular
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Fig. 11. Etching mode of a FLG, in which crystallographic etching is modified by atomic
structure on the substrate surface. (a) Various patters in this etching mode and (b) reflection
of Fe nanoparticles at buried steps.

voids are finally formed, as indicated by (C) in Fig. 11(a). These results show that initial
arrangement of catalytic nanoparticles is the key factor to design the FLG island patterns.
Fig. 12(a) shows another AFM image of etching pattern on 6 nm thick FLG attached on a
sapphire surface. On this surface, two trenches are observed. The relatively wide trench
indicated by A is confined in an area above single buried terrace and consequently the
macroscopic direction is parallel to the steps. However, the local direction of the trench A is
fluctuated according to the crystallographic orientations inside the terrace. In Fig. 12(a), trench
B with relatively narrow width is also observed. This is almost completely straight, which
means trench B follows one of the crystallographic orientations though the FLG thickness is
same as trench A. This suggests that influence of buried atomic steps on the etching shape is
larger for larger Fe nanoparticles than for a smaller one, or that movement of a smaller
nanoparticle is more strongly subject to crystallographic orientation. Fig. 12(b) shows an AFM
image on another area on the same sample, where an almost straight trench along a single step
is observed. From the above experimental results, we can conclude that the FLG etching is
controlled by two factors; crystallographic orientations of the FLG and atomic structure on the
substrate surface. As previously mentioned, we have a variety of techniques to artificially
design atomic structures, in particular step arrangement, which has been developed in
semiconductor surfaces. Therefore, the patterning technique of FLG based on substrate
engineering is promising for future integration of graphene or FLG devices.

Fig. 12. Graphene etching subject to buried steps. (a) Etching confined in an area above
single terrace, (b) etching along a single step.



Graphene Etching on Well-Defined Solid Surfaces 103

In the etching of FLG, only the topmost layer of FLG flake is etched and the trench depth is a
single layer of graphene. This is because etching is always initiated from graphene edge and
never on the FLG terrace, at least within our experiment. Next, we describe etching mode of
single layer of graphene on sapphire (1-102) surfaces that exhibits wide terraces. Upon
annealing at 1000 °C for 3 h in air, a comb-shaped pattern appeared on the terraces, as
shown Fig. 13(a), where the sample was cleaned using H»SO4 and H,O; mixed acid. From
the cross-sectional profile of this pattern, we found that the boundaries between bright
(high) and dark (low) areas are not atomic steps, but the height difference is smaller than the
unit step height. In the frictional force image, difference in the hydrophilicity is clearly
observed. This means that the stripe domains exhibit different surface chemistry from each
other. This is similar to the phase separation that we previously found on sapphire (0001)
surfaces shown in Fig. 8, where there are two chemically different domains (Isono et al,,
2010). Because the surface was treated with acid, it is more or less hydroxylated. The
observed difference in hydrophilicity is attributed to a difference in OH group density. This
means that the atomic structures, or bonding configurations of surface termination, on these
domains are different and therefore exhibit different reactivity for acid. Generally, surface
reconstruction induces surface strain. If two possible bonding configurations that exhibit
different surface strain, phase separation occurs to reduce the strain energy. On a Si(001)
surface, stripe domain structure similar to the comb-shaped pattern shown in Fig. 13(a) is
observed (Jones et al., 1996, Komeda & Nishioka, 1997). Therefore, the comb-shaped pattern
is attributed to a difference in atomic structure on the surface. Fig. 13(b) shows an AFM
image of an etching pattern of single layer of graphene attached on the phase-separated
sapphire surface, where the etching procedure using Fe nanoparticles was same as the
previously-described experiments. On this surface, etching mode controlled by the
crystallographic orientations or step of the substrate is not observed. However, a new
etching mode appears, where the etching direction is almost perpendicular to the steps.
There are two possible explanations for this etching mode. Since the graphene is a single-
atomic layer, Fe nanoparticles move directly on the sapphire surface and the movement is
possibly controlled by the interaction between the Fe nanoparticles and the substrate
surface. In this explanation, Fe nanoparticles interact with the sapphire surface through
comb-shaped domain pattern itself or atomic structure along the comb-shape. Another
explanation is based on the strain induced into the graphene layer from the comb-shaped
surface. In this case, etching direction is determined by the strain distribution on the
graphene layer. We speculate that the comb-shaped pattern is directed to a particular
crystallographic orientation and the movement of the Fe nanoparticles is controlled by the
atomic structure along the same direction as comb-shaped pattern. This is similar to
directional growth of carbon nanotubes (CNTs) on the sapphire surface, where CNTs
recognize the atomic structure on the sapphire surface and grow along specific directions
(Han et al., 2005; Ago et al., 2006).

In Fig. 13(b), two trenches parallel to each other are observed in the bottom area as well as
an isolated trench in the top area. In the application of graphene to electronic devices,
bandgap opening is thought to be crucial, and nanoribbon formation is one of the most
promising approaches for it. Moreover, functional devices utilizing graphene edges have
been proposed (Barone et al., 2006; Yan et al., 2007). The directional etching observed in Fig.
13(b) can be applied to formation of graphene nanoribbons. In this application, site and
density control of catalytic nanoparticles again plays an important role.



104 Physics and Applications of Graphene - Experiments

b ~ y C—
Fig. 13. AFM images of (a) phase separation on sapphire surface and (b) etching pattern of
graphene attached on the phase-separated surface.

6. Summary

Graphene possesses tremendous potential for electronic devices owing to its high carrier
mobility, high thermal conductivity, and large mechanical strength in spite of a single
atomic layer material. In the application of graphene to reliable devices, graphene, which is
too flexible for its devices to keep the stable performance, should be tightly fixed on a solid
surface. Since such graphene sheet is single or few atomic layer, atomic-level structure and
chemistry on the substrate surface directly influences the properties of the attached
graphene sheets. Therefore, the selection of substrate is one of the important issues in
graphene devices. We proposed sapphire as a substrate for integrated graphene devices
because of its excellent insulating properties, high quality developed in the production of
various devices using nitride semiconductors, and atomic level controllability of the surface.
We have demonstrated that graphene or FLG can be tightly attached on the sapphire
surface. Similar results have been obtained also on other single-crystalline oxides, such as
quarts and titania surfaces, thought their application targets are probably different from
integrated electronic devices. Graphene on these well-defined surfaces exhibits buried
step/terrace structures. Modulation of graphene shape using atomic structures on the
substrate surface is promising as an alternative approach to functionalize the graphene
layers. Development of graphene processing is also required for realization of the
integration. We have demonstrated that etching using catalytic nanoparticles is powerful
tool for graphene tightly attached on the well-defined substrates. In this technique, we can
utilize etching mode using surface structures of the substrate in addition to crystallographic
etching, which has been already proposed. Before concluding this chapter, we have to refer
to large-scale formation of graphene layer on an insulating substrate, which is believed to be
a critical issue toward wafer-scale processing of graphene. Since large-scale high-quality
graphene sheet formation is a challenge, we also have to search another approach in the
integration strategy. One possible approach is self-arrangement of well-shaped graphene
flake on specific sites on the substrate. Since the expected scale of graphene devices is 10 nm
or smaller, large area will not be required for individual device areas. The important factor
is precise arrangement of the graphene, and surface design of the substrates will be a key
technique in this alternative approach.
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1. Introduction

The research interest in graphene based materials, especially for high quality graphene
emerged due to its unique electronic and mechanical properties. Some exceptional properties
are the high charge carrier mobility at room temperature of 2.5x105cm?2V-1s?, the thermal
conductivity of 5000 WK-Im-! and the mechanical stiffness of 1 TPa. Moreover, in electronic
devices graphene will open up the possibility for a post silicon age. These properties are valid
for graphene with a defect-free structure. For large-scale preparation of graphene a processible
and versatile precursor called graphene oxide is utilized. (Compton & Nguyen, 2010).

In this article, a historical overview will be given to elucidate the development of graphene
and especially the precursor graphene oxide, its structure in the oxidized and reduced state.
Moreover the synthetic methods for graphene preparation will be contemplated. One
discipline in graphene research is the preparation of transparent and electrically conductive
coatings for the substitution of commonly used transparent conductors as indium tin oxide
(ITO), which is currently used for touch screen applications and transparent electrodes. One
essential disadvantage of ITO is its brittleness that excludes applications in flexible or
wearable electronics.

Furthermore, the performance of such potentially flexible transparent and conductive
coatings in dependants of its preparation method will be reviewed using graphene as the
reference material. Besides, graphene based transparent coatings will be compared with
other suitable transparent coatings.

2. Historical overview — the development to graphene

2.1 The first expansion of graphite

When did the story begin that resulted in the tremendous interest in the study of the
properties and the rich chemistry of graphene? Certainly, it was the group of Geim in
Manchester that succeeded to promote the outstanding properties and the research in the
field of graphene. Their groundbreaking experiments were honoured 2010 with the
nobelprize in physics. So this beginning was in 2004 (Novoselov et al., 2004).

Graphite itself is known for a long time and the name originates from the greek graphein
what means to draw or write and was named by A. G. Werner in 1789. At this time the
chemical structure of graphite was unknown and it took almost 130 years to clarify that
structure. It was K. E. von Schafhaeutl in the 19th century who was a universal scholar and a
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professional in physics, geology, chemistry and music. In 1840 he described an experiment
where he observed the exfoliation of graphite. He placed graphite in hot sulphuric acid and
added nitric acid that decomposed by the dropwise addition. After the complete
decomposition he observed an increased volume of graphite by its expansion or exfoliation
to assumedly few layer graphite. Moreover, he repeated that procedure four times until the
acid became clear, possibly due to oxidative decomposition of graphite. With the description
of these experiments he became a pioneer for modern chemistry on graphite, its intercalated
compounds and finally exfoliated graphite (Schafhaeutl, 1840).

2.2 The synthesis of graphite oxide — from Brodie to Staudenmaier

A key for the rich chemistry especially on graphene oxide today is the earning of Brodie
who discovered the oxidation of graphite to a stable solid product for the first time (Brodie,
1855). Before his discovery of now called graphite oxide, only the impact of sulphuric acid
on graphite was studied (Marchand, 1845) and it was known that graphite can be
completely oxidized to CO; by potassium dichromate in sulphuric acid (Rogers & Rogers,
1850). Brodie used potassium chlorate in nitric acid for the oxidation of graphite and found
after repeated treatments a yellow dispersion of transparent particles that he termed
graphitic acid. Gottschalk studied the synthesis and properties of that new substance in
1865. He described the stages of oxidation after each oxidation procedure and described the
colour change from black over greens to yellow within five repeated oxidation procedures
using Brodies method. Moreover, he recognized the darkening of yellow graphite oxide by
the exposure of sunlight what can be ascribed to partial reduction of graphite oxide
(Gottschalk, 1865).

At the end of the 19th century, Staudenmaier essentially enhanced the preparation procedure
to graphite oxide. The advantage was not only a faster procedure but also a much saver one.
The problem that caused unpredictable explosions was the formation of accumulative
amounts of chlorine dioxide (ClO,) that decompose at a temperature of about 60 °C when a
certain concentration is reached. That danger was much lower for the two-step procedure
developed by Staidenmaier. In the first step graphite is treated with a mixture of sulphuric
and nitric acid and potassium chlorate at ambient conditions. In the second step graphite
oxide is yielded by a final oxidation with potassium permanganate (Staudenmaier, 1898).
Moreover, it is interesting to note that he described a small-scale lecture experiment for the
preparation of graphite oxide (Staudenmaier, 1899). So, the Staudenmaier method rendered
possible the preparation of graphite oxide on large scale minimizing the danger of
explosions. Further, the preparation time was much lower compared to Brodies method.
Instead of several weeks only several days were necessary.

Within the first 50 years of oxidizing graphite to graphite oxide the method could be
dramatically enhanced and Staidenmaier pointed out that graphite oxide is not a uniform
substance as others thought before, according to elemental analysis. As a consequence no
chemical formula can be given for graphite oxide, as others tried before (Staudenmaier,
1899). Nevertheless, the oxygen content of yellow graphite oxide is about 40 % and a simple
average formula might be given as Csn(OH)s, without a valid claim.

2.3 From oxidized graphite to its structure
In the following years the aim was to identify the structure of graphite. For this purpose the
reaction products of oxidized graphite were analyzed. Mellitic acid (benzene-1,2,3,4,5,6-
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hexacarboxylic acid) was identified as one oxidation product of graphite, if the degree of
oxidized graphite is higher than graphite oxide but lower than CO, (Dimroth & Kerkovius,
1913).

So, it was assumed that Cs is the building block of graphite. Then, in 1917 Debye and
Scherrer used x-ray methods to clarify the structure of graphite and diamond and they
brought their experiments in the context of chemical oxidation results (Debye & Scherrer,
1917). Now, the structure of graphite is well-known and common knowledge. The C-C bond
length is 1.42 A and the structure consists of graphene layers that are stacked in an AB
sequence. The sheet distance between two layers is 3.35 A (Chung, 2002).

Fig. 1. A) Cg-structure motive - a first hint for the structure of graphite as a result of
oxidizing graphite (Dimroth & Kerkovius, 1913); B) reproduced and simplified crystal
structure of graphite; C-C bond length is 1.42 A; AB stacking of graphene sheets (Chung,
2002).

2.4 Adsorption properties of graphite oxide

After the structure of graphite was known the development on the chemistry of graphite
and graphite oxide was much faster. Researchers determined the chemical properties of
graphite oxide in the following decades. E.g. Thiele analysed amongst other things the base
exchange with graphite oxide (Thiele, 1937). It was recognized that a dispersion of graphite
oxide changes its pH from neutral to acid upon the addition of ions, as Na*, K*, Ba2*, NH4*
and others accompanied with an increase in the sheet distance of the graphene oxide sheets
in graphite oxide. Generalized the data say, that one mol of graphite oxide with the
generalized formula Cs(OH)s can adsorb about 1-2 equivalents. A curiosity was the usage of
graphite oxide as a model substance for humic acid and lignin because of a similar basic
structure, even if graphite oxide exhibits a sheet structure contrary to the others. So, Hamdi
generated a tremendous work with the detailed analysis of the adsorption behaviour of
graphite oxide. E.g. amino acids, as leucine was determined to be adsorbed to graphite
oxide at pH=6, better than valine, alanine or NHy*. Moreover it is interesting to note that he
could not find any toxicity of graphite oxide towards the fungi Oospora lactis (Hamdji,
1942).

2.5 Modern preparation procedures of graphite oxide
It was in 1957 when Hummers published a patent for the preparation of graphite oxide.
There he claimed a simple scalable and innocuous synthetic procedure. He used sulphuric
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acid and sodium nitrate to disperse graphite and potassium permanganate was used as the
oxidant. The temperature was kept below 45 °C and the reaction time was only one hour.
This procedure is now called Hummers method. Basically, besides a pre-treatment step of
graphite, the procedure did not change any more and the aqueous work-up procedure
followed by the addition of hydrogen peroxide to make metal salts removable is easy as
well (Hummers, 1957).

Before, it was already known since 1909 that potassium permanganate in sulphuric acid can
oxidize graphite at ambient temperature and it was determined that CO, is formed at a
temperature higher than 45 °C (Charpy, 1909). Nevertheless, it was also described that it is
difficult to separate metal salts from the oxidation mixture (Ruess, 1947).

These days, Hummers method or the modified Hummers method is the most commonly
used procedure for the synthesis of graphite oxide. Modifications were done by
Kovtyukhova et al. using phosphorus pentoxide and potassium peroxydisulfate in
sulphuric acid to pre-oxidize graphite to make the subsequent oxidation of graphite
according to Hummers method complete (Kovtyukhova et al., 1999). Another method is to
use elongated reaction times up to about five days as described by Hirata et al. (Hirata et al.,
2004).

2.6 The chemical structure of graphite oxide

Even if the structure of graphite oxide was not known for a long time chemical
modifications and modern analytical methods elucidated the structure of graphite oxide.
According to the latest analytical results the Lerf-Klinowski model describes best the
structure of graphite oxide (Lerf et al., 1998; Casabianca et al., 2010).

The structure of graphite-oxide according to the Lerf-Klinowski model can be described as a
CHO macromolecule with aromatic and aliphatic regions. The first ones are untouched and
not oxidized. The latter consist mainly of epoxy- and hydroxyl-groups. The amount of these
regions depends on the oxidative treatment method. So, on the one hand there are almost
flat regions that consist of annulated aromatics, double bonds and epoxy groups. On the
other hand there are hydroxyl-groups that cause wrinkles. There are also carboxylic acid
groups at the edges of the sheets that can introduce charge in the graphite plane in their
deprotonated state. Moreover, this model describes the low reactivity of epoxy-groups that
was discussed in former times. Due to the negatively charged sheets and the oxygen
functionalities on both sides of the sheets, a reaction with nucleophiles is almost not
possible.

/L\ N VAN

Fig. 2. A) Lerf-Klinowski structure model of graphite oxide; this model is supported by
current investigations, reproduced (Lerf et al., 1998). B) Semiempirical AM1-optimized 3D-
Lerf-Klinowski model.
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2.7 The way to graphene oxide, reduced graphene oxide and graphene

When one considers the development of oxidized graphite, the question is at what time the
transition from graphite oxide to graphene oxide and finally to isolated graphene happened.
It was noted that solvent molecules can intercalate graphite oxide which leads to an
expansion of the layers. Thereby the sheet distance can increase up to 15 A for dioxane
intercalated graphite oxide. Moreover, water at basic pH can further increase the sheet
distance and it was supposed that graphite oxide exfoliates to single sheets, now called
graphene oxide, a two dimensional macromolecule (Ruess, 1947).

The next step to graphene sheets was the thermal decomposition of graphite oxide at a rapid
temperature increase to 300 °C. A volume increase by a factor of 500 was described and that
material was further cocked to yield a carbon material of more than 99 % purity. It was
concluded from electron microscopy that the yielded material consists of few layers only
(Ruess & Vogt, 1948). Such a material is now named reduced graphene oxide.

Then, it were Boehm, Clauss, Fischer and Hofmann who did experiments with graphite
oxide, that was exfoliated in diluted alkaline solution. Such conditions lead to graphene
oxide, and they used hydrazine hydrate as reducing agent to yield reduced graphene oxide
that consisted of 2-3 layers in average according to their analysis. This does not exclude
single layers and single reduced graphene oxide was very likely observed by electron
microscopy. Further their preparation method is now known to yield single sheets of
reduced graphene oxide. But reduced graphene oxide is graphene with a variety of defects
and only graphene free from defects exhibits exceptional physics (Boehm et al., 1962).

The next step was made by the group of Ruoff in 1999, who manipulated graphite islands by
atomic force microscopy and they dangled the isolation of graphene (Lu et al., 1999). In 2003
it were Gan et al. in Beijing who exfoliated the single layer graphene from graphite by STM
and verified it (Gan et al., 2003). In 2004 few layer graphene, about three layers, was grown
from SiC and the beginning was laid for the application of graphene and few layer graphene
in electronic devices (Berger et al., 2004).

The simplest method for preparing high quality graphene and the breakthrough for the
discovery of the properties of graphene was published in 2004 by the Group of Geim in
Manchester. They used adhesive tape to exfoliate graphene from graphite (Novoselov et al.,
2004). Now it is possible to identify single sheets even by optical methods using e.g. 300 nm
SiO; dielectric on Si substrates (Casiraghi et al., 2007; Roddaro et al., 2007).

3. Preparation methods for graphene

In the literature, it is not strictly separated between graphene, few layer graphene, reduced
graphene oxide, graphene with a certain amount of defects and perfect graphene. The term
graphene is generally used for one layer of carbon with a high carbon content, generally
higher than 90 %.

3.1 Mechanical cleavage

One of the best qualities of isolated graphene is yielded by mechanical exfoliation using
adhesive tape to overcome the van der Waals interaction energy for exfoliation. This
exfoliation process must be repeated several times to obtain few layered graphene sheets
that can be transferred on the desired substrate by gently pressing the tape. This method
suffers from scaling problems and only pm?2 pieces can be prepared but this method is
essential for fundamental studies. Besides, the obtained graphene is contaminated by the
glue and must be removed before usage.



114 Physics and Applications of Graphene - Experiments

3.2 Decomposition of silicon carbide

A high temperature process is described using silicon carbide wafer in high vacuum. At
about 1300 °C silicon sublimates and graphitization of the remaining carbon can take place
to form graphene. At higher temperatures of about 1650 °C the decomposition takes also
place in an argon atmosphere and graphene can be obtained. The quality is slightly worse
than for mechanically processed material as it was judged from charge carrier mobility
(Soldano et al., 2010).

3.3 Graphitization of small molecules

Another method is the growth of graphene on metal surfaces from small molecules. Mostly
used molecules are methane and acetylene. Platinum, ruthenium, iridium, nickel or copper are
suitable substrates. This method also needs high temperatures in the range of 900-1100 °C.
There is also a strong interaction between graphene and the metal surface, making an etching
process necessary to remove the metal and make it possible to transfer graphene to another
substrate (Soldano et al., 2010). In a recent approach copper with large grain was used as the
substrate and a 30-inch graphene sheet was prepared (Bae et al., 2010). A methane/hydrogen
mixture was used to grow graphene at 1000 °C. Several transfer steps were necessary to isolate
graphene. First, a transfer tape was applied on graphene and then copper was etched away.
Second, graphene was transferred to a PET substrate at elevated temperatures. This process
can be repeated to prepare few layer graphene on arbitrary substrates.

In the group of Muellen graphenes are prepared in a bottom-up approach by chemical total
synthesis. These nano-graphenes are processible, e.g. hexadodecyl-substituted super-
phenalene Cos-C12. In a second step, annealing at 1100 °C is necessary for graphitization to
gain an electrically conductive material (Wang et al., 2008b).

3.4 Exfoliation of graphite

In another approach graphite is the starting material and in the first step an intercalation
compound is prepared. Commonly, nitric or sulphuric acid are suitable for the intercalation
of graphite. As a consequence, the sheet distance increases and it becomes easier to
intercalate other reagents that make the exfoliation possible. A thermal shock, heating to
800-1100 °C, causes the decomposition of the intercalated acid and the exfoliation takes
place. Such materials can be dispersed as single layers in suitable solvents, as N-methyl-2-
pyrrolidon, dimethylformamide, 1,2-dichloroethane or chloroform. Some examples are
available were polymeric stabilizer or surfactants (e.g. sodium dodecylbenzenesulfonate)
were used to increase the concentration of dispersed graphene. In almost all examples the
dispersions are sonicated to increase single layer yield or to prevent aggregation (Compton
& Nguyen, 2010; Cravotto & Cintas, 2010; Soldano et al., 2010).

Besides, potassium intercalated graphite KCs is a prominent stage-1 intercalation compound
that readily exfoliates in N-methyl-2-pyrrolidon without sonication to form stable
dispersions (Vallés et al., 2008). Sonication is also not necessary if graphite is treated with
chlorosulfonic acid for several days. That solvent turned out to be a suitable solvent that
causes spontaneous exfoliation to graphene sheets (Behabtu et al., 2010).

3.5 Reduction of graphene oxide
Another precursor compound of graphene is graphene oxide. The oxidation of graphite to
graphene oxide provides the possibility of applying a rich chemistry to that class of material
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that is not possible in other methods. Another advantage is the possibility for processing
graphene oxide or chemically functionalized graphene oxide dispersions from solution to
match common coating techniques. In addition, using graphene oxide makes large-scale
production of electroactive materials possible. Graphene oxide itself is not electrically
conductive and a further processing step is necessary to recover the conductivity. A broad set
of reductive agents is available for the reduction or deoxygenatation of graphene oxide
derivatives. Examples are hydrazine, hydrazine monohydrate, dimethylhydrazine, sodium
boron hydride, sodium hydride, hydrochinone, p-phenylene diamine, strongly alkaline
solution, supercritical water, Ho-plasma, electrochemical reduction, photocatalytic reduction
and others (Eda & Chhowalla, 2010). In addition, it is possible to reduce graphene oxide in
solution, e.g. water. Since reduced graphene oxide aggregates in aqueous solution a stabilizer
is necessary to form reduced graphene dispersions. That can be achieved by adding
surfactants, e.g. sodium 4-styrenesulfonate or ionic liquids (Zhang et al., 2010). The addition of
base to deprotonate carboxylic acids of graphene oxide causes electrostatic repulsion and thus
stabilization during reduction. Non-covalent interactions of aromatic molecules can also be
used to stabilize reduced graphene oxide, e.g. pyrene-1-sulfonic acid. Furthermore, graphene
oxides functional groups can react with a variety of reagents to form covalent bonds to amines,
alcohols and others. These new functional groups remain stable during reduction and help
stabilizing dispersions (Compton & Nguyen, 2010; Loh et al., 2010).

3.6 The structure of reduced graphene oxide

The oxidation/reduction process of graphene oxide is not a reversible one and the
honeycomb lattice is not recovered. Amongst other properties, the electrical conductivity of
reduced graphene oxide lags behind graphene prepared by mechanical cleavage or chemical
vapour deposition (CVD). The reason for this is the defective structure of reduced graphene
oxide. Gémez-Navarro et al. utilized high-resolution transmission electron microscopy at
80 keV to visualize the structure of reduced graphene oxide at atomic resolution. In this case
hydrogen plasma was used for the reduction followed by annealing.

W | ’E :
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Fig. 3. A) Structure of reduced graphene oxide; grey: preserved structure, dark grey:
contaminated area, yellow: holes with edge reconstructions, blue: distorted region, red:
added or substituted atoms, green: isolated single bond rotations or dislocation cores. B)
distorted region; scale bar 1 nm (Gémez-Navarro et al., 2010). Reprinted with permission
from Gémez-Navarro et al., 2010. Copyright 2010 American Chemical Society.
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Hence, different types of defects can be distinguished. Beside holes and reorganized edges
(yellow) preserved regions of the original graphene lattice (grey) could be identified. These
regions are sometimes disturbed by adjacently defects due to isolated pentagon/heptagon
defects (green) and isolated defects caused by added or substituted atoms (red). Moreover,
there are contaminated regions (dark grey) and distorted regions (blue). Especially these
distorted regions cause strain combined with in- and out-of-plane defects. In addition, the
Bernal AB stacking is not preserved and turbostratic stacking is favoured for few layer
reduced graphene oxide (Gémez-Navarro et al., 2010).

Keeping the different preparation methods in mind, it is conceivable that the electrical
properties of the obtained graphene are different. Hence, the quality of graphene and few
layer graphene is dependent on the number and type of defects. One can image the
manifold possibilities for oxidation and reduction procedures and the involved electrical
conductivity. The described preparation methods are used for transparent and electrically
conductive thin films (TCFs). The performance of these thin films is very different with
respect to transparency and sheet resistance. Because of that, methods were developed to
characterize the electrical performance of reduced graphene oxide, graphene and other
electrically conductive and transparent materials.

4. Characterization of transparent and electrically conductive thin films

4.1 Determination of the electrical conductivity and transparency

For the characterization of electrically conductive materials it is necessary to measure
current and voltage at a given distance to determine the resistance of the sample. The two-
point probe measurement uses this method but the measured value includes e.g. the contact
resistance between the metal electrode and the sample. To eliminate such uncertainties the
four-point probe method is used (Topsoe, 1968).

N U: measured voltage
~ I: measured current
CU s: probe distance
t: thickness of the sample
S S S
1 t sample
substrate

Fig. 4. Illustration of the four-point probe measurement setup

If the four probes are equal in distance and the sheet thickness is much smaller than the
probe distance, the sheet resistance can be expressed with the following term:

z U
Ri=—— 1
* In2 I @
R;: sheet resistance; U: voltage; I: current.
With the help of the sheet resistance and measurement of the thickness of the sample it is
possible to calculate the electrical conductivity. It is the reciprocal of the product of the sheet
resistance and the thickness of the sample given in S/cm.
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o: electrical conductivity; Rs: sheet resistance; t: thickness of the sample.

For characterizing electrically conductive and transparent materials it is certainly necessary
to determine the transparency what is accomplished by UV-Visible spectroscopy. For optical
applications it is reasonable to measure the transparency in the visible region. Hence, it is
best measured at the wavelength where the human eye is most sensitive, at 550 nm.

4.2 Comparing the performance of transparent and conductive materials

On the one hand the sheet resistance is measured in Q or in Q/sq to illustrate the given
surface resistance. On the other hand the transparency is given in % or %T. It is obvious to
combine both independent parameters to get one value for comparison. In 1972 Fraser &
Cook prepared ITO coatings and introduced a figure of merit (FOM) to compare the
performance of differently prepared coatings (Fraser & Cook, 1972).

FOM, = Rl ®)

The disadvantage of this definition is that the performance is the same for a coating of
95 %T/95 Q and 85 %T/85 Q. The determined FOM; is 1 in both cases but certainly it is not.
Spath et al. described a further improvement in 2006. The advantage is using the logarithm
of the transparency for the determination of the figure of merit (Spath et al., 2006).
Budhadipta et al. described a similar method in 2009. In this case the sheet resistance and
the logarithm of the transmission are multiplied.

FOM, = —ln(i] ‘R, = pe “)
Iy

&: extinction coefficient; p: material resistivity.

This FOM is the product of the material resistivity and the extinction coefficient of the

material and both of them are generally not known.

For the example above this means a FOM;=4.87 for 95 %T/95Q and a FOM»=13.8 for

85 %T/85 Q. In this case the smaller the value of the FOM the higher is the performance and

the better performance of the first example becomes evident.

The “conductivity of transparency” or “transparence conductance” was defined in 2009, a

similar approach compared to Budhadipta et al. but utilizing the transparency of a reference

material to determine an ideal thickness of the sample (Eigler, 2009).

In 2008, Nair et al. published the transparency of single and few layer graphene. Each layer

absorbs 2.3 % of white light and the Lambert-Beer law is fulfilled, even if it is defined for

low concentrations where molecules do not interact with each other. According to equation

2 and using graphene as the ideal reference material the conductivity of transparency can be

defined as the reciprocal of the sheet resistance and the ideal thickness of the sample.

1
P ©)
87 R .t

s Videal
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o conductivity of transparency based on graphene at 550 nm; Rg: sheet resistance of a
transparent conductive sample; tigear: thickness of the sample based on the transparency of
the sample and the ideal sheet distance in graphite.

The ideal thickness is that one that corresponds to the transparency of graphene.

Differently prepared coatings consisting of different qualities of graphene should become
comparable, even if the thickness of the sample is unknown. First of all, the absorption
coefficient is calculated using the Bouguer-Lambert law that is given by:

lg (Ii] = SCt,' g*c = ggr'uphene (6)
0

g*: extinction coefficient; c: concentration; t: pathway of the light; €graphene: absorption

coefficient of graphene; I: transmission in %; Ip: transmission (100%: no absorption).

The absorption coefficient is dependent on the intensity change of the light, the length of the
pathway, and the concentration. For graphene the concentration is constant. In this case
there is no dependence on the concentration because the perfect graphene structure has no
variable concentration. Further, the sheet distance of graphite is well known to be 335 pm.
From these data it is possible to calculate the absorption coefficient of graphene to

301655 cm! by Eq. (7):
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- -1
_\4 100%

graphene — = -8
Lyaphie 335107 cm

—301655cm™ )

Even if the examined transparent sample is not perfect an ideal thickness can be calculated

from Eq. (8):
I
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It corresponds to the thickness of ideal graphene sheets and in the case of several sheets they
are also packed perfectly. Finally, the conductivity of transparency of a transparent sample
can be calculated by the combination of equation 6 and 9:

& -1
o, graphene _ 301655cm

gt = I - I (9)
“lo| = |- -1 ‘R,
lg[IO] Rs 8(100%) S

It should be noted that oy differs from the conductivity o due to imperfections, e.g.
interlayer distance, defects, intercalation of impurities or doping that can generally influence
optical and electrical properties. Nevertheless, from a practically point of view, the real
thickness of a transparent coating is not so important. For the example above this means
0yt =1.4x105 S/ cm for 95 %T/95 Q and oy =5.0x104S/cm for 85%T/85 Q.

For comparing different electrically conductive and transparent thin films the figure of merit
approach using the logarithm of the transparency is sufficient. In our example it is clear that
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the performance of the first one is almost three times higher compared to the second one.
The advantage of using graphene as the reference material is to get a conductivity value that
can be compared with graphene.

Blake et al. specify the sheet resistance of undoped graphene to about 6000 Q, which results
from one conductivity quantum per species of charge carrier (Blake et al., 2008). Moreover
one sheet absorbs 2.3 % of white light. From these values oy can be calculated to 5000 S/cm.
The oy is not limited to this value, e.g. if any coating absorbs 2.3 % of light but the sheet
resistance is 500 Q a oy of 6.0x10*S/cm is obtained, which means that the conductivity of
that coating is 12 times higher than that of a single graphene sheet. Because of that, the
conductivity of transparency based on graphene is not limited to carbon materials. It can be
extended to all transparent and conductive materials. As a consequence their conductivity is
based on the conductivity and transparency of graphene and that is true at least for carbon-
based materials that derive from graphene. Now it is possible to obtain not only a figure of
merit but also a conductivity that can be compared with the bulk conductivity of other
materials with knowing the transparency of the sample and without knowing the thickness.
In the following, this concept is applied to several recently published examples dealing with
graphene and other transparent materials.

4.3 Correlation between the bulk conductivity and the conductivity of transparency
for chemically derived graphene

In Table 1 typical values of oy are summarized that result from 80, 90, and 98 %T at different
sheet resistances to illustrate oy values. E.g. a oy of about 3000 S/cm is necessary to prepare
coatings with a sheet resistance of 1000 Q with 80 %T.

R (Q) 10 100 500 103 104 105 106 | 107
% (S/em) | 31,005 | 31x104 | 62x108 | 3.1x10° | 3.1x102 31 31 | 031
at 80 %T
% (S/em) | 6105 | 6.6x104 | 13x10¢ | 6.6x10° | 6.6x102 66 61 | 0.61
at 90 %T
% (S/em) | 34100 | 3.4x105 | 6.9x10% | 3.4x10¢ | 3.4x10° | 34x102 | 34 | 34
at 98 %T

Table 1. oy at a transparency at 80, 90 and 98 %T in dependence of R;.

Becerril et al. published a study of differently treated graphene oxide (Table 2). Graphene
oxide itself is highly transparent and oy =5.7x10-> S/cm that is about one order of magnitude
higher than the bulk conductivity 0,=3.7x10¢ S/cm. If graphene oxide is reduced with
hydrazine, the conductivity increases by four orders of magnitude and oy increases about
three orders of magnitude. After treatment with hydrazine at 400 °C the conductivity and
oy differ by a factor of about 3. After heating GO in vacuum at 1100 °C the conductivity
increases to 1.7x102 S/cm and the oy is 6.5 times higher. In general the oy values are higher
than the o values, possibly due to an increased transparency caused by, e.g. residual
functional groups or possibly doping (Becerril et al., 2008).

According to investigations from Mattevi et al. the transparency of graphene oxide changed
from 87 to 84 % during annealing between 200 and 1000 °C, a change of about 4 % (Mattevi
et al.,, 2009). Assumedly, the difference between the bulk conductivity and the conductivity
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of transparency for few layer coatings of reduced graphene oxide is attributed to the non-
ideal sheet distance. It is well known that the sheet distance for reduced graphene oxide is
higher, about 0.8 nm, due to residual functional groups or impurities, compared to few layer
graphene (0.34 nm). So, the difference in the sheet distance should correlate well to the
difference between bulk conductivity and the conductivity of transparency.

GO treated not reduced hydrazine hydrazine 400 °C | vacuum 1100 °C
t (nm) 9 5 3 8

%T (550 nm) 96 92 93 92

Rs (Q) 3.0x101 1.4x108 2.6x105 7400
o(S/cm) 3.7x10-6 1.4x102 13 170

oyt (S/cm) 5.7x105 5.9x10-2 37 1100

Table 2. Comparison of the thickness, transparency, sheet resistance, conductivity and
conductivity of transparency of differently treated graphene oxide (Becerril et al., 2008).

5. The performance of chemically derived graphene

Since 2008 the interest in conductive and transparent materials based on graphene increased
and several preparation methods were developed. In many cases reduced graphene oxide
was used. Moreover, chemical vapour deposition techniques and dispersed graphene are
described and graphene was prepared from small molecules. Besides, graphene material
was combined with several other materials to enhance the conductivity of transparency. In
this chapter the performance of coatings derived from these materials will be compared
with other materials as poly(3,4-ethylenedioxythiophene)/poly(4-styrenesulfonate)
(PEDOT/PSS), single wall carbon nanotubes (SWCNTs), multi wall carbon nanotubes
(MWCNTSs), silver nanowires (AgNWs) and indium tin oxide (ITO).

5.1 The performance of reduced and low temperature annealed graphene oxide
Graphene oxide is a long known material and the preparation is well controlled. The great
advantage of graphene oxide over other materials is its versatility that is reflected in more
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Fig. 5. Comparison: conductivity of transparency for reduced and annealed graphene oxide
below 550 °C.
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than thousand publications since 2009 from many disciplines. One discipline is its
possibility of processing graphene oxide in thin films with a thickness from one layer to few
layers that remain transparent upon reduction.

Thin films of graphene oxide can be deposited on transparent substrates, as glass by
common techniques, e.g. by spin- or bar-coating, drop-casting, dipping, filtration and
transfer printing,.

In 2008 Cote et al. prepared Langmuir-Blodgett monolayer films from graphene oxide.
Moreover they succeeded in preparing an overpacked film to provide a conduction pathway
and reduced it by hydrazine vapour to yield a conductive film with a transparency of more
than 95 % (Cote et al., 2009).

Reference %T (550 nm) R () oyt (S/cm)
Cote et al. 95 1.9x107 1

Li et al. 96 2.0x107 1
Becerril et al. 93 2.6x105 37
Eda et al. 87 1.0x105 50
Eda et al. 65 1.4x104 120
Shin et al. 83 2300 1600
Shin et al. 83 5200 720
Zhu et al. 96 3.2x104 540
Pham et al. 84 2200 1800

Table 4. Comparison: transparency, sheet resistance and conductivity of transparency for
reduced and annealed graphene oxide below 550 °C.

The conductivity of transparency was about 1 S/cm. Li et al. who reduced graphene oxide
in an alkaline dispersion achieved a similar performance and spray coated reduced
graphene oxide on glass (Li et al., 2008a). Becerril et al. deposited graphene oxide on glass
slides and used hydrazine vapour for the reduction and annealed at 400 °C. As a
consequence, the conductivity of transparency increased to 37 S/cm (Becerril et al., 2008).
Eda et al. also used the combination of hydrazine reduction and thermal annealing and
achieved 50 S/cm. A subsequent SOCl, p-type doping procedure increased the performance
to 120 S/cm (Eda et al., 2008a; Eda et al., 2008b). Shin et al. utilized sodium boron hydride as
reducing agent. They dipped coated glass in a solution of the reducing agent for several
days and they achieved a oy of 720 S/cm, which could be improved to 1600 S/cm by adding
a layer of AuCl; as dopant (Shin et al., 2009a; Shin et al., 2009b). An assumedly highly
ordered film was obtained by Zhu et al. who utilized the air-liquid interface to isolate few
layer hydrazine reduced graphene oxide from the liquid surface and transferred it on glass.
Despite the low temperature process the conductivity of transparency is about 500 S/cm
(Zhu et al., 2009). An even better performance was achieved in 2010 by Pham et al. who
described a spray-coating procedure for the coating of preheated glass. Hence, glass slides
were heated to 240 °C and a hydrazine treated graphene oxide dispersion diluted in
water/ethanol was sprayed on it. The conductivity of transparency can be calculated to
1800 S/cm, one of the highest values for reduced graphene oxide treated at a moderate
temperature (Pham et al., 2010).

These examples demonstrate the increasing performance of reduced graphene oxide as
transparent and conductive coatings. This development just started a few years ago and
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there is currently tremendous research done. But even if the performance increase from 1 to
almost 2000 S/cm is impressive it becomes evident that the chemical distortions caused by
the oxidation and reduction procedure limits the performance. Moreover the charge
transport is certainly another one compared to graphene obtained by mechanical cleavage.
Using such coatings e.g. for touch screen application the minimum demands are 3000 S/cm
or even more. To further improve the quality of graphene derived from graphene oxide a
high temperature-annealing step is often desired.

5.2 The performance of reduced and annealed graphene oxide

To enhance the properties of reduced graphene oxide a high temperature-annealing step is
often involved in the preparation of transparent and conductive coatings. In most cases
quartz glass is necessary to apply temperatures within the range of 700-1100 °C.

Reduced/Annealed Graphene Oxide (700-1100 °C)
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Fig. 6. Comparison: conductivity of transparency for reduced and annealed graphene oxide
between 700 and 1100 °C.

Reference %T (550 nm) Rs (Q) oyt (S/cm)
Wang et al. 63 1800 840
Xu et al. 69 1.8x104 100
Mattevi et al. 84 6000 660
Yamaguchi et al. 81 2400 1400
Yamaguchi et al. 70 1000 1900
Wu et al. 82 800 4400
Wang et al. 80 2000 1600
Su et al. 70 2000 970
Su et al. 68 1100 1600
Geng & Jung 80 5000 620

Table 4. Comparison: transparency, sheet resistance and conductivity of transparency for
reduced and annealed graphene oxide between 700 and 1100 °C.
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In 2007/2008 Wang et al. published a transparent and conductive electrode with the scope
of using it for solar cells. Therefore graphene oxide was annealed at 1100 °C (Wang et al.,
2008a) and the conductivity increased five times during heating from 700 to 1100 °C and a
final conductivity of transparency of 840 S/cm was obtained. However Xu et al. annealed
hydrazine reduced graphene oxide at 700 °C and a moderate oy of 100 S/cm was obtained
(Xu et al., 2010). In 2009 Mattevi et al. annealed graphene oxide coatings at 1100 °C in a
reducing atmosphere (H»/Ar) and achieved 660S/cm (Mattevi et al., 2009). A better
performance was obtained in 2010 from Yamaguchi et al. for spin-coated graphene oxide on
300 mm wafers followed by either hydrazine reduction and thermal annealing or thermal
annealing only. It was stated that a similar performance is obtained and the conductivity of
transparency can be calculated to 1400 and 1900 S/cm, respectively for different samples. A
much higher performance of 4400 S/cm was achieved by Wu et al. after annealing graphene
oxide three hours at 1100 °C. It seems that a certain amount of defects could be repaired
during that elongated thermal annealing procedure (Wu et al., 2010). Next, Wang et al. first
reduced graphene oxide in alkaline solution by hydrazine and prepared thin films by
filtration followed by transferring them on quartz glass and subsequent annealing at 1100 °C
for 30 minutes. In this case the conductivity of transparency was 1600 S/cm (Wang et al.,
2010). Another approach was to reduce a mixture of graphene oxide and pyrene-1-sulfonic
acid sodium salt prior to hydrazine reduction followed by thermal annealing of thin films at
1000 °C. The anionic pyrene derivative acts first as a stabilizing agent and during thermal
annealing as a nonographene material that can be graphitized. Indeed an increased
performance from 970 to 1600 S/cm is found due to the addition of a nanographene
derivative (Su et al., 2009). A similar approach is described by Geng & Jung who used the
tetrasulfonated porphrin (TPPS) as stabilizing agent. Their transparent films were annealed
at 800 °C resulting in a conductivity of transparency of 620 S/cm (Geng & Jung, 2010).

In every case slightly different preparation conditions for graphene oxide are described and
there are many parameters altered from example to example. Some of the approaches
exhibit advantages in terms of processing others benefit from an increased performance.
Evident is the high performance from Wu et al. who annealed for three hours and yielded a
performance close to pristine undoped graphene. The performance of the other examples is
similar to reduced graphene oxide that was processed at a much lower temperature.

5.3 The performance of graphene obtained from graphite

The processing of graphene oxide is a versatile method, but due to imperfections occuring
during oxidation and reduction the performance lags behind prisitine graphene. Hence,
researcher try to avoid oxidation of graphite and prefer direct processing. One essential
challenge is the solubilization and exfoliation of graphite to single layers.

Blake et al. did not solubilize graphite and their approch is not a chemical one, but they used
mechanical exfoliation to obtain graphene directly from graphite. For undoped graphene oy;
of about 5000S/cm was found and they demonstrated a dramatically increased
performance to 8.6x10¢ S/cm due to doping by polyvinyl alcohol (Blake et al., 2008). These
promising results make it attractive to utilize graphite without oxidation. The drawback is
the insolubility of graphite in water and common organic solvents that has to be overcome.
In 2008 Hernandez et al. demonstrated the dispersibility of graphite in N-methyl-2-
pyrrolidone (NMP) upon sonication and they yielded graphene and few layer graphene.
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Graphene from Graphite
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Fig. 7. Comparison: conductivity of transparency for transparent coatings derived from
exfoliated graphite.

Reference %T (550 nm) R (Q) oyt (S/cm)
Blake et al. 98 6000 5000
Blake et al. 98 400 8.6x104
Hernandez et al. 42 7100 110
Hernandez et al. 42 5100 160
Lee et al. 79 8500 340
De et al. 68 3.0x104 60

De et al. 76 4000 630
Lietal. 85 2.0x104 210
Behabtu et al. 80 1000 3100

Table 5. Comparison: transparency, sheet resistance and conductivity of transparency of
transparent coatings derived from exfoliated graphite.

Despite the concentration of graphene in NMP was 0.01 mg/ml only, it was possible to
prepare films. After annealing these films at 300 °C or in a reductive atmosphere at 250 °C
the performances were 110 and 160 S/cm, respectively. Even if the quality of the deposited
graphene and few layer graphene was high the performance was expected to be better and
NMP trapped between the sheets was likely the reason for it (Hernandez et al., 2008). In
2010 Lee et al. described a procedure to exfoliate graphite by thermal shock at 700 °C from
CIF; intercalated graphite. In a second step that material could be dispersed in NMP and
thin films were formed by filtration and a subsequent transfer process yielded thin films on
the transparent substrate. In this case a conductivity of transparency of about 300 S/cm can
be calculated (Lee et al., 2010). Sodium cholate was used by De et al. as a surfactant for
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graphite and after sonication stabilized graphene and few layer graphene were obtained.
Transparent and conductive films were obtained by a filtration method as well. The
conductivity of transparency for as prepared films was 60 S/cm and the performance could
be enhanced to 630 S/cm by thermal treatment at 500 °C due to assumedly reorganization
(De et al., 2009b). A more sophisticated approach was done by Li et al. who used thermal
shock exfoliated graphite and intercalated it with oleum. After removal of the acid the
pretreated graphite was reinercalated with terabutyl ammonium ions (TBA*) in DMF with
the aid of sonication. Predominantly single layers were finally obtained by sonication with a
pegylated phospholipid. Transparent films were obtained with the help of Langmuir-
Blodgett techniques, providing a oy of 210 S/cm (Li et al., 2008b). Behabtu et al. describe the
best performance for transparent and electrically conductive coatings in 2010. They used
chlorosulphonic acid as the solvent and observed intercalation and spontaneous exfoliation
of graphite. Moreover they succeeded in preparing transparent coatings by a filtration
method and the conductivity of transparency is 3100 S/cm, at least five times better
compared to the other examples (Behabtu et al., 2010).

It can be seen from these examples, even if graphite is not oxidized the performance in
transparent and conductive films is not much better, or even worse compared to films
obtained by processing graphene oxide.

5.4 The performance of graphene from small molecules and hybrid materials

As described before, graphene can be obtained from graphene oxide by high temperature
processes as decomposition product. Not only graphene oxide can be used as precursor
compound but also other small molecules. Moreover, the combination of graphene with
carbon nanotubes provides materials of very high performance.

Graphene from Small Molecules and in Hybrid
Materials
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Fig. 8. Comparison: conductivity of transparency for transparent coatings derived from
small molecules or hybrid materials.
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Reference %T (550 nm) R (Q) oyt (S/cm)
Choi et al. 92 43 1.9x10°
Wang et al. 56 1600 750
Hong et al. 84 8000 500
Tung et al. 86 240 1.9x104
Tung et al. 88 636 8500
King et al. 80 300 1.0x104
King et al. 80 100 3.1x104

Table 6. Comparison: transparency, sheet resistance and conductivity of transparency of
transparent coatings derived from small molecules or hybrid materials.

One exceptional example was described in 2009 by Choi et al. who used Langmuir-Blodgett
techniques to prepare thin films of oleic acid. These films were deposited on substrates
coated with a nickel catalyst for graphitization. The thin oleic acid films were graphitized at
500 °C and a coating with a sheet resistance of 43 Q at a transparency of 92 % was obtained,
what corresponds to 65=1.9x10°> S/cm (Choi et al., 2009). The performance of that coating is
up to 40 times better compared to undoped graphene and more than two times better
compared to doped graphene flakes described by Blake et al. earlier. Wang et al. used the
processible nanographenemolecule hexadodecyl-substituted superphenalene Cos-Ci2 as
precursor molecule for thin coatings. They prepared an electrode for solar cells by annealing
at 1100 °C with a conductivity of transparency of 750 S/cm (Wang et al., 2008b).

Another approach is to use a combination of several transparent and conductive materials.
Thus, Hong et al. combined multi wall carbon nanotubes (MWCNTs) with reduced
graphene oxide. They used layer-by-layer assembly to make sheets from cationic
functionalized MWCNTs and negatively charged graphene sheets with 65=500 S/cm (Hong
et al., 2010). Instead of MWCNTs Tung et al. used single wall carbon nanotubes (SWCNTs)
in combination with hydrazine reduced graphene oxide and they prepared coating with a
performance of 8500 S/cm and 1.9x10¢ S/cm, respectively for doped coatings (Tung et al.,
2009). King et al. used SWCNTs in combination with 3 % graphene obtained from sodium
cholate exfoliated graphite. They prepared transparent films with a performance of about
1.0x104 and 3.1x10* S/cm for acid treated films, respectively (King et al., 2010).

5.5 The performance of graphene from chemical vapour deposition

As shown before, it is possible to use several types of precursor molecules for graphene, as
graphene oxide, nanographenes or oleic acid. CVD utilizes even smaller molecules, mostly a
mixture of methane and hydrogen. Additionally, a catalyst is necessary and nickel or copper
turned out to work well between 900 and 1000 °C. The advantage of CVD is the preparation
of continuous graphene and few layer graphene films instead of graphene flakes as it is the
case for other methods.

The CVD method is not compatible with temperature sensitive substrates, so the prepared
graphene film is transferred on the desired substrate. In some cases the graphene films are
not perfect and additional cracks are formed during procesing. Juang et al. described a roll-
to-roll process and finally a randomly stacked graphene structure is obtained with a
conductivity of transparency of only 390 S/cm (Juang et al., 2010). Park et al. describe a
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procedure that yields contineous inhomogeneous films with a flake structure and
04=5000S/cm (Park et al., 2010b). Similar results are described by Reina et al. with a
conductivity of transparency of 7800 S/cm. Kim et al. and Choi et al. describe a better
performance of 1.1x104 and 1.2x104 S/ cm, respectively (Kim et al., 2009; Choi et al., 2010).

Graphene from CVD
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Fig. 9. Comparison: conductivity of transparency for transparent coatings from chemical
vapour deposition.

These examples demonstrate the performance of the method. Even better results are
obtained by switching from nickel to copper substrates. Li et al. demonstrate the crack free
transfer of grown graphene films from copper to PMMA and from PMMA to the desired
transparent substrate. These films with an area of 20 cm? are highly uniform and the
conductivity of transparency is 1.9x104 S/cm (Li et al., 2009). Bae et al. described the largest
30-inch uniform nitric acid doped graphene films with a performance of 2.1 and
2.2x105 S/ cm, about one order of magnitude better compared to previously described results
(Bae et al., 2010).

Reference %T (550 nm) Rs () oyt (S/cm)
Juang et al. 53 2800 390
Park et al. 84 800 5000
Reina et al. 88 700 7800
Kim et al. 80 280 1.1x104
Choi et al. 75 200 1.2x104
Li et al. 90 350 1.9x104
Bae et al. 90 30 2.2x105
Bae et al. 97 125 2.1x105

Table 7. Comparison: transparency, sheet resistance and conductivity of transparency of
transparent coatings derived from chemical vapour deposition.
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5.6 The conductivity of transparency of competing materials

Several groups already demonstrated the superior conductivity of transparency of graphene
thin films. But graphene thin films are in competition with other materials, as electrically
conductive polymers derived from PEDOT, MWCNTs, SWCNTs and AgNWs.
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Fig. 10. Comparison: conductivity of transparency of with graphene competing transparent
and conductive materials.

MWCNTs lag behind other transparent and conductive materials. Park et al. demonstrated
their performance. The conductivity of transparency is 78 S/cm (Park et al., 2010a). Even if
these nanotubes are coated by Au (10 nm), the performance doubles to only 160 S/cm.
PEDOT/PSS is a bluish coloured conductive polymer and manifold used e.g. for
electrostatic coatings, OLEDs or other devices. For very thin coatings the polymer appears
almost colourless and transparent with a high conductivity of transparency of 2.5x10* S/cm
(Yan et al.,, 2009). A well-competing material are SWCNTSs those quality varies due to the
synthetic preparation method. Zhang et al. demonstrated coatings with c4=1.3x10*S/cm
and 3.1x10¢ S/cm for doped SWCNT coatings (Zhang et al., 2006). An even higher
performance of 9.3x10¢ S/cm was already demonstrated in 2004 (Wu et al., 2004). A notable
approach was described by Feng et al. who built touch-screens from superaligned carbon
nanotubes. They enhanced the transparency by laser-trimming and applied thin metal
layers of typically nickel as wetting layer and gold as additional conductive layer. The
performance of coatings with about 90 % transparency still provide oy values of
3.2x10¢S/cm and can be improved up to impressive 1.6x105S/cm (Feng et al., 2010).
Another suitable class of materials for transparent and conductive coatings are AgNWs.
Silver nanowire have a typical length of 7 pm and a diameter of about 100 nm and they can
form a conductive mesh. The performance was demonstrated to be 2.9x105 and 3.3x105S/cm
(Lee et al., 2008; De et al., 2009a). These values are extremely high but one must keep in
mind that AgNWs form mesh-electrodes and not a uniform hole-free coating. Nevertheless,
the performance is comparable to commercially available indium tin oxide (ITO) with a
conductivity of transparency of 4.3x105S/cm (Sigma-Aldrich® catalog no. 576360).
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Reference %T (550 nm) Rs () oyt (S/cm)
Park et al. 80 4.0x104 78
Park et al. 80 1.9x104 160
Yan et al. 89 240 2.5x104
Zang et al. 87 380 1.3x104
Zang et al. 87 160 3.1x104
Wu et al. 78 30 9.3x104
Feng et al. 90 210 3.2x104
Feng et al. 83 24 1.6x10°
Lee et al. 86 16 2.9x105
De et al. 85 13 3.3x105
Sigma-Aldrich®

0 5 660 85 10 4.3x105

Table 8. Comparison: transparency, sheet resistance and conductivity of transparency of
transparent coatings with graphene competing transparent and conductive materials.

6. Summary and outlook

It has been demonstrated that the definition of oy provides helpful values to compare
transparent and conductive coatings on the basis of graphene as a reference material.
Moreover, the common preparation methods for graphene were summarized and the
performance of graphene in transparent and electrically coatings was compared. Graphene
oxide is available on a large scale and the coating procedures are versatile. The modification
methods for that material are manifold and upon reduction a conductive graphene based
material is yielded. Anyhow, the performance lags behind graphene prepared by other
preparation methods if graphene oxide is processed at temperatures compatible with plastic
substrates. State of the art performance is below 2000 S/cm (conductivity of transparency).
A thermal annealing step up to 1100 °C can increase the performance that is comparable to
undoped graphene (about 4500 S/cm). Another approach, the dispersion of graphene
obtained from graphite flakes can provide a conductivity of transparency up to about
3000 S/cm. Further, graphene or reduced graphene oxide were combined with other
potential materials as carbon nanotubes and promising results up to 3x10¢S/cm are
described. A lot of research was already done for doped carbon nanotubes and in
dependence of their quality conductivities of transparency of 3x104 to 9x104 S/cm are
possible. The best quality to date was obtained by graphitization of molecular films, as oleic
acid with a quality equal to films prepared by chemical vapour deposition. As a
consequence doped graphene films with a conductivity of transparency of 2x105S/cm are
possible, about three orders of magnitude better than for reduced graphene oxide. The
quality is high enough to compete with commonly used indium tin oxide with a
performance of 4x105S/cm. But other materials are also promising, as single wall carbon
nanotubes especially combined with thin gold film and silver nanowires are mentioned with
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2-3x105S/cm. Besides touch screen applications that will come to marked within the next
few years, graphene can be used as transparent electrode for solar cells or thin film
transistors. One must keep in mind the research on graphene just started and we will see
which applications will become economically worthwhile but it is conceivable that graphene
based technology will become an invisible part in our daily life.
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1. Introduction

Since the historical observation of single layer graphene by Germ and his co-workers in
2004, this atomically thin carbon film has received ever-increasing attention and become a
rapidly rising star on the horizon of materials science and condensed-matter physics
(Novoselov et al., 2004). Graphene exhibits many unusual and useful properties such as a
large theoretical specific surface area (2630 m2 g?) (Stoller et al., 2008), high values of
Young's modulus (~1.1 Tpa), excellent thermal conductivity (~5000 W m- s-1) (Park & Ruoff,
2009), and amazing intrinsic mobility (200 000 cm? v s1). Moreover, the extraordinary
transport phenomena of graphene have also been well documented, including massless
Dirac fermions (Novoselov et al.,, 2005), ambipolar field effect (Novoselov et al., 2004 ),
room-temperature quantum Hall effect (Zhang et al., 2005), etc. These fascinating
performances have attracted extensive concern in recent years with ever-increasing scientific
and technological impetus. Among the numerous methods for harnessing these peculiar
properties, one possible route would be to incorporate graphene sheets into composite
materials (Stankovich et al., 2006). The easy synthesis, low cost and non-toxicity of graphene
make this material a promising candidate for many technological applications (Geim &
Novoselov, 2007; Allen et al., 2010). For example, graphene sheets are excellent nanoscale
substrates for the formation of silver-nanoparticle films. These silver-nanoparticle films
assembled on the single-layer sheets are flexible and can form stable suspensions in aqueous
solutions (Xu et al., 2009). They can be processed facilely into paper-like materials and
flexible electronic materials to satisfy different requirements for many products, such as
membranes, anisotropic conductors, biological sensors and optoelectronic nano-devices, etc.
Graphene sheets and exfoliated graphene oxide possess large surface areas and thus may be
excellent support materials to disperse and stabilize inorganic nanoparticles, such as Pt,
C0304, CuO, MnO,, MnOOH, Co(OH),, etc., effectively inhibiting the aggregation in post-
synthesis and thereby giving a relatively higher utilization of the active material. Decoration
of graphene sheets with nanoparticles has been demonstrated to reveal special features in
new hybrids that can be widely utilized in catalysts, supercapacitors, Li-ion batteries, etc. It
was found that the introduction of less amount of graphene oxide into PANI could induce a
synergistic effect, greatly enhancing the electrochemical performance of PANI as a
supercapacitor electrode material (Wang et al., 2009a).

The intent of this chapter is to provide a basic overview of graphene-based nanocomposites.
The emphasis is primarily on the different synthetic strategies that have been pursued so far
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for the preparation of graphene supported inorganic nanoparticles and graphene-doped
polymers, as well as the concerted effect of the properties of the individual components in
the new hybrid materials that will present special features for catalysts, electrochemical
materials and nanotechnology. Additionally, the prospective applications of these graphene-
based materials will also be presented.

2. Graphene-based nanocomposites

2.1 A general method for preparing graphene-based nanocomposites

As a basic building block for graphitic materials of all other dimensionalities (Geim &
Novoselov, 2007), graphene has suffered from a problem that was in the early days of
nanotube and fullerene research. A prerequisite for exploiting most proposed applications
for graphene is the availability of processable graphene sheets in large quantities. Until
recently, two main routes are fully exploited: large-scale growth and large-scale exfoliation.
Some techniques, such as liquid-phase exfoliation of graphite (Hernandez et al., 2008; Lotya
et al., 2009), chemical vapour deposition (Lo’pez et al., 2010; Park et al., 2010), helium arc-
discharge (Wu et al., 2010), large growth or self-assembly approach (Weixia et al., 2009; Li et
al., 2009) and chemical reduction of GO (Li et al., 2008; Williams et al., 2008), have taken us a
step closer to real-world applications of this intriguing material.
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Fig. 1. A schematic route for anchoring nanoparticles onto graphene sheets. (1) Oxidation of
graphite (black lines) to GO (gray lines) with greater interlayer distance. (2) Exfoliation of
GO to graphene oxide sheets by sonication in water solution. (3) Attachment of metal
particles on the graphene oxide sheets. (4) Formation of graphene-supported metal particles
composites by reduction of the graphene oxide sheets. The distorted carbon sheets are
simplified to an idealized planar model (Xu et al., 2008a).

Among above-mentioned strategies for manufacturing graphene-based nanocomposites,
which requires not only that graphene sheets be made on a large scale but that they should
be homogeneously distributed, chemical reduction of GO seems to be a much more
efficient, low-cost, and bulk production pathway to incorporate graphene sheets into
hybrids. As shown in Figure 1, the current main interests in preparing graphene-based
nanocomposites are concentrated on exfoliating graphene through a combination of
oxidation and sonication procedures, followed by reduction through chemical methods (Xu
et al,, 2008a). The GO is heavily oxygenated graphene bearing carbonyl, hydroxyl, and



Graphene-Based Nanocomposites 137

epoxy groups on the basal planes as well as carboxylic groups on the edges of the carbon
sheets (Boukhvalov & Katsnelson, 2008). The functional groups on GO can serve as anchor
sites and consequently make the in situ formed nanoparticles attach on the surfaces and
edges of GO sheets. It should be mentioned that GO is gradually lost its excellent electrical
properties and eventually becomes electrically insulated owning to the transformation of
carbon atoms from a planar sp2-hybridized geometry to a distorted sp3-hybridized geometry
(Stankovich et al., 2006). To recover electrical conductivity, eliminating most of the oxygen-
containing functional groups of GO to restore the aromatic graphene networks is necessary.

2.2 Flexible metal-nanoparticle films

Flexible paper-shaped materials are of great importance in our technological society. Their
typical utilizations include chemical filters, adhesive layers, molecular storage, and batteries
and supercapacitors films (Dikin et al., 2007). In the past several years, metal nanoparticles,
in particular noble metal nanoparticles (e.g., Au and Ag) have generated extensive interest
due to their unique electronic, optical, and catalytic properties. Alignment of metal
nanoparticles into thin films is of great importance for diversified applications The substrate
is a necessary to prepare nanoparticle films, for example, metal foils, glass plate, polymer
films, silicon wafers, and so on have been widely used as substrates for nanoparticle
assembling. Unfortunately, most of these substrates are bulk materials with rigid
morphology, making the post-processing of as-synthesized nanoparticle films remain an
insurmountable challenge. It is desirable to explore a flexible nanoscale substrate for
assembling nanoparticles, thereby forming the flexible nanoparticle films.

Graphene sheets are attractive recently as excellent nanoscale building blocks for producing
new composites. GO is heavily oxygenated graphene that is readily exfoliated in water to
yield stable dispersions consisting mostly of single-layer sheets. In view of the pliable nature
of graphene and GO, the preparation of graphene oxide paper and graphene sheets films
have been reported, which have shown a combination of both macroscopic flexibility and
stiffness, and has found use in many fields (Dikin et al., 2007; Li et al., 2008). Commonly, the
silver mirror reaction has been used as an efficient method for preparing silver nanoparticles
films using GO as substrates (Xu & Wang, 2009). It is known that silver-nanoparticle films
are easily coated on bulk substrates by simply dipping these substrates in the reaction
solutions. Because the hydrophilic GO can be exfoliated in water to form stable single-layer
sheets, which can be regarded as immersed substrates, accordingly, it is possible that silver-
nanoparticle films may form on the nanoscale 2D carbon sheets when dipping these
exfoliated GO sheets, instead of bulk substrates, in the reaction solution. Therefore, an idea
of using graphene oxide sheets as the nanoscale substrates for the formation of silver-
nanoparticle films is examined.

Fig. 2 displays the typical TEM and FESEM images of silver nanoparticles on graphene
oxide sheets. In Fig. 2a, the almost transparent 2D carbon sheets were thickly decorated by
the silver particles. The monolayer carbon nanosheets were so thin that it was difficult to
distinguish them with the carbon-supported films on the copper grid. However, the edges
and crumpled silk waves of these carbon sheets lead us to believe that these nanoparticles
are indeed deposited on supports. Moreover, as shown in Figure 2c and d, it can be clearly
observed that these as-synthesized silver nanoparticle films can restack and large amounts
of silver nanoparticles assembled on the 2D substrates. Commonly, the graphene oxide
bears functional groups on the basal planes and edges. These negative charged functional
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Fig. 2. TEM (a, b) and FESEM (c, d) images of silver nanoparticles on graphene oxide sheets
(Xu & Wang, 2009).

groups can be used as anchors to adsorb polar materials and inorganic nanoparticles.
Accordingly, Ag(NH3)2*, as a positive ion, can easily interact with these negative graphene
sheets through electrostatic forces. The in situ reduction of these ions by glucose allows
these silver nanoparticles to anchor onto the graphene oxide sheets. Some of the
nanoparticles deposited onto the surface of the graphene oxide sheets, and some anchored
onto the edges.

It has been well documented that the stable graphene-based sheets aqueous solution can be
readily processed into films and paper-like materials (Stankovich et al., 2006; Li et al., 2008).
When drying on a substrate, the silver-coated graphene oxide sheets have also easily
assembled to form a macroscopic film with a shiny metallic luster that exhibited mirror-like
properties (Figure 3). Nevertheless, the film consisting of individual graphene oxide sheets
was dim and possessed poor reflectivity. It is believed that the silver-mirror films are
usually originating from the assembly of silver nanoparticles on bulk substrates. In this
system, the macroscopic mirror-like films obtained can be attributable to the restacking of
silver nanoparticle films (Fig. 2c).
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Fig. 3. Photos of graphene oxide and Ag-GO composite in water solution and dried. (a) A
vial containing a suspension (0.25 mg mL-) of graphene oxide in water; (b) the graphene
oxide film obtained by drying 60 mL of the dispersion on glass; (c) after coating by silver
nanoparticles, the Ag-GO composite can form a stable suspension in a water solution with
0.25 mg mL! of graphene oxide; (d) The mirror-like film obtained by drying the suspensions
of composite on glass (Xu & Wang, 2009).

Traditionally, the substrates for particle films are bulk materials. Free-standing films
without any supports have also been prepared, but further processing of these films meets
difficulties. Therefore, the nanoscopic substrates with flexible properties are beneficial for
the use of particle films in practical technologies. The idea of using pliable graphene oxide
sheets as substrates to prepare nanoparticle films can also be extended to other materials,
such as metal and semiconductor particles. These flexible and adjustable nanoparticle films
may show promising application in optics, sensors, catalysis, etc., broadening the horizon
for the vast use of particle films.

2.3 Catalysis

Catalysis, an integral part in our daily life, has extensively utilized in a variety of technological
fields. Recent studies continuously concentrate on the preparation and applications of
nanoscale particles of metal or metal oxides, owning to their large specific surface area and
high activity in most catalytic processes. Ammonium perchlorate (AP) is one of the main
oxidizing agents that is widely used in various propellants (Boldyrev, 2006). The burning
behaviour of propellants is highly relevant to the thermal decomposition of AP. Development
of novel catalysts with high decomposition efficiency to produce large amount of energy as far
as possible and to decrease the burning temperature for easy operation and control is of great
significance for its practical applications. Generally, the thermal decomposition of AP takes
place in three steps: the endothermic phase transition at around 240 °C, the low-temperature
decomposition at around 316 °C (LTD) and the high-temperature decomposition at around 460
°C (HTD). To increase the exothermic heat and bring down the temperatures of decomposition
are very important. It is demonstrated that metal oxide and hydroxide nanoparticles, like
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Co304, CuO, and MnOOH, could promote the heterogeneous decomposition of deprotonized
HCIO; gas on the solid surface in the high-temperature decomposition, which will reduce the
HTD and increase exothermic quantity in the decomposition process. However, in the post-
synthesis of these materials, aggregation occurs when they were dried in air, resulting in a
decrement of the catalytic capability. Considering the large specific area of graphene sheets or
GO, which is desirable to disperse and stabilize the inorganic nanoparticle, the combination of
graphene or GO with nanoparticles may effectively inhibit the aggregation and consequently
give a higher catalytic performance.

Fig. 4 shows the TEM, FESEM, and DSC characterization of as-prepared GO-Co304
nanocomposites (Xu et al., 2008b). From Fig. 4a-c, it is clearly seen that the exfoliated GO
sheet was decorated randomly by uniform spherical particles of about 100 nm in size. These
in situ formed particles could result in exfoliating the layered GO. In Fig. 4c of the dark
field TEM images of GO-Co30O4 nanocomposites, it is interesting that some of the Co3O4
nanoparticles are brighter than the ones which seem to be enveloped by a thin film. This
may be attributed to the fact that the functional groups, especially hydroxyl and epoxy
groups appear on both sides of the graphene oxide sheet, and thereby in situ formed Co3O4
could on anchor on both sides of the supports.

T

216 g

AP+2%GO 316°C 457°C

514 Jig

Temperature (°C)

Fig. 4. TEM (a, c), FESEM (b) images of GO-Co030, nanocomposites; (d) DSC curves for the
decomposition of AP, AP with 2% GO, AP with 2% Co0304 and AP with 2% C0304-GO
nanocomposite (Xu et al., 2008b).
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To explore the catalytic effect of this nanocomposite on thermal decomposition of AP, DSC
measurement is conducted. Figure 4d displays that when individual GO was added, two
exothermic peaks of AP became apparent, along with a new exothermic peak centred at
around 360 °C, and the exothermic heat of the two steps was larger than that of AP. This
may be due to the catalytic effect of GO in the system. The introduction of Co3O4 and GO-
C030; reduced temperature of both LTD and HTD and made the two steps blend almost
into one process. The decomposition temperature of AP with 2% Co304 (296 °C) was close to
that of AP with 2%GO-Co304 (303 °C); however, the former exothermic quantity (1127 J/g)
was much lower than that of the latter (1504 J/g). Therefore, owning to the concerted effect
of the individual components for the catalysis of decomposition of AP, the addition of GO-
Co0304 not only brought down the decomposition temperature, but also increased the
exothermic heat of AP, exhibiting good catalytic properties.

- '»r-f;«'-‘-l:?-wa.- a _3 e )

Fig. 5. TEM images of GO decorated CuO nanoparticles with different morphologies. (a-b)
spindle-like CuQO; (c) spherical CuO; (d) CuO nano-aggregates (Zhu et al., 2010).
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Moreover, the composite of GO support CuO nanoparticles has been synthesized for the
first time (Zhu et al., 2010). It should be mentioned that we can tune the catalytic
performances by shape-controlled synthesis of different morphological nanoparticles on GO
sheets. As displayed in Fig. 5, by varying the volume ratios of the added water and
isopropanol and mass ratios of CuO/GO, the composite of CuO nanoparticles with different
morphologies, including spindles, spheres, and nano-aggregates, on exfoliated GO sheets
have been dramatically obtained. DSC tests display discrepant catalytic effects of these
composites on AP. The HTD and exothermic quantity of AP mixed with 2% spindle-like
CuO-GO, spherical CuO-GO, and CuO nano-aggregates-GO are 330 °C (1056 ] g?), 315 oC
(1347 J g1) and 321 °C (1297 J g?), respectively. The spherical CuO nanocrystals on GO
sheets have shown the best catalytic action. In addition, the introduction of pure CuO and
the composite of spherical CuO nanocrystals on GO sheets could both decrease the
temperatures. However, the HTD and exothermic quantity of AP mixed with 2% spherical
CuO-GO composites (315 °C, 1347 ] g1) was much competitive than that of pure CuO (334
°C, 1093 J g1), suggesting the catalytic properties of the nanocomposites are enhanced by the
concerted effect between GO and CuO.
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Fig. 6. (a) Preparation procedure of graphene-MnOOH nanocomposites; (b) TEM images of
GO-MnO; and graphene-MnOOH nanocomposites; (c) DSC curves for the thermal
decomposition of AP, AP with 2% graphene, and AP with 2% graphene-MnOOH
nanocomposites (Chen et al., 2010a).

Generally, GO is insulated owning to the introduction of large amounts of functional groups,
eliminating most of the oxygen-containing functional groups of GO to restore the aromatic
graphene networks is necessary for obtaining graphene sheets. In Figure 6a, a two-step
solvothermal procedure was developed to synthesize graphene-MnOOH nanocomposites
through reducing GO-MnO; using ethylene glycol (Chen et al., 2010a). Initially, GO sheets
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were decorated randomly by the rod-like MnO, (the left image in Figure 6b), where a
significant morphological transformation is observed after solvothermal treatment with
ethylene glycol. The rod-like MnO; transfers to particulate MnOOH with diameters ranging
from 20 to 80 nm. The dissolution-crystallization mechanism is speculated to be responsible for
this process. Additionally, the catalysis of as-obtained graphene-MnOOH nanocomposite on
the decomposition of AP was displayed in Fig. 6c. With the addition of 2% graphene into the
system, the LTD and HTD decreased to 310 and 399 °C, respectively, probably due to the
catalytic action of graphene. However, when graphene-MnOOH nanocomposites were added,
the two steps (LTD and HTD) blended into one process at 334 oC with the exothermic heat
(1392 J g1) much larger than that of net AP and AP-graphene composites (590 and 540 ] g),
revealing a good catalytic effect. Although in the actual process the decomposition of AP
would involve many additional steps, the results of graphene (GO)-MnOOH (Co30;, CuO)
calculated from the DSC measurements are still believed of great significance for material
investigation.

2.4 Surface-enhanced Raman scattering

Raman spectroscopy is a powerful technique that is nondestructive, fast, and could provide
detailed information as to molecular structures. However, recent Raman researches are
limited by its low sensitivity. Raman scattering (SERS) is able to overcome this obstacle and
provide a spectral intensity often enhanced by many orders of magnitude for molecules
adsorbed on a properly fabricated metal (e.g., Ag, Au, and Pt) surface. This offers the
opportunities for SERS to facilitate the study of structural and electronic information of
molecules with high resolution (Ferrari, 2007).

It is generally accepted that two mechanisms are contributable to the SERS: the
electromagnetic and the charge transfer mechanisms (Fu et al, 2010a). Another
enhancement can also be acquired from molecular resonances, but they are only considered
in specific system. The electromagnetic enhancement usually can contribute factors of about
104-10¢ to the Raman enhancement. While the charge transfer enhancement involves the
chemisorption interaction and the metal-adsorbate charge transfer, and is usually said to
contribute factors of about 10-100 of the observed enhancement.

The typical features for graphene or GO in Raman spectra are the D band around 1360 cm-!
and the G band around 1600 cm, corresponding to the breathing mode of x-point phonons
of Aiz symmetry and the first-order scattering of the E; phonons, respectively. Absorption
of noble metallic-nanoparticles, like Ag, Au, and Pt, onto graphene or GO sheets is a feasible
way to study of graphene sheets in detail. As mentioned in chapter 3.2, silver nanoparticles
can form flexible film on GO sheets. On the contrary, we can also regard these one-atom-
thick 2D nanostructures as monolayer molecules adsorbed on silver-nanoparticle films (Xu
& Wang, 2009). The energy-dispersive X-ray spectrometry (EDS) analysis in Figure 7d
indicated that the surface of the film was almost completely covered by elemental silver,
which consequently enabled such macroscopic films to display a metallic luster (Figure 7c).
Therefore, the as-synthesized silver-nanoparticle films in this system may also display SERS
activity. It is obvious in Fig. 7a that the intensities of the D and G bands of GO are enhanced
in comparison with those of the original GO. The level of enhancement factor of the Raman
scattering is calculated to be about one order of magnitude. Thus, the SERS in this sample
may originate from the chemical effect. Additionally, the degree of enhancement of Raman
spectra in the system can be controlled by adjusting the quantity of silver particles. As
shown in Fig. 7b, the intensities of D and G bands increase along with the incremental
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density of the coating silver particles and gradually become stable. This phenomenon may
be explained by the fact that the number densities of the anchor sites between the GO and
silver nanoparticles are constant. Consequently, when saturation of the charge-transfer
complexes is reached, further elevated quality of silver may have little influence on the
intensities of the D and G bands.
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Fig. 7. (a) Raman spectra of GO and SERS spectra of Ag-GO composites with 80 wt% Ag; (b)
The relationships between the intensity of the D and G bands of GO and the quality of silver
in the composites; (c) the mirror-like film obtained by drying Ag-GO suspensions on glass;
(d) FESEM images and EDS spectrum of the Ag-GO hybrid films (Xu & Wang, 2009).

To better understand the energy transfer mechanisms in graphene-based composites, which
can provide a template for creating novel nanostructured derivatives, the graphene-Au
sheets were fabricated (Xu & Wang, 2009). The composite was then removed to the surface
of Si wafer pre-cleaned with ethanol and water to give high quality SERS spectra. By
varying the excitation wavelength of lasers, the SERS excitation profile of graphene-Au was
acquired.

The morphologies of the graphene-Au nanocomposites was obtained using TEM and SEM
as shown in Fig. 7a and b. It is clearly seen that most metal nanoparticles distribute
randomly on the supports. Despite there are some large triangular gold particles on the
sheets, most are nano-spheres. In Fig. 7b, the sheets become more corrugated after the
attachment of gold nanoparticles. The upper inset EDS images show that graphene-Au
contain mainly the element Au, apart from the initial C and O. Additionally, the ratio of the
contents (O/C) is lower compared to that of GO, suggesting the deoxygenation of GO to
form graphene.
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Fig. 8. (a) TEM (b) SEM images of graphene-Au nanocomposites; the inset of (b) is EDS

images; (c) Raman spectra of G-Au at excitation wavelengths of 785, 632.8, 514.5, 488 nm; (d)

G-Au (e) GO on the Si wafer that were observed under Raman microscopy and taken for the

Raman measurements; (f) excitation profile of the D and G bands of graphene enhanced

with Au nanoparticles (Fu et al., 2010a).

Raman spectra of graphene-Au at different excitation wavelengths are shown in Fig. 8c. To
the right of the Raman spectra, Figure 8d and 8e show the images of graphene-Au and GO
on the Si wafer that were observed under Raman microscopy and taken for the Raman
measurements. The sheets of G-Au and GO seem to be one or two layers on Si wafer, and
the sheets are smaller after decorated with Au nanoparticles. Similar to the Raman spectrum
of pure GO (Fig. 6a), the G-Au Raman line at 488 nm, also contains both D and G bands
however, with an increased D/G intensity ratio. Specifically, the peak intensity ratio
(ID/IG) decreases from approximately 1.0 for GO to about 0.75 for the reduced sample.
This observation makes sense regarding to the formation of more extended networks of
conjugated sp? carbons, towards a more locally ordered graphene lattice.

In addition, Fig. 8c displays that at different wavelengths, the intensity of the D band was
enhanced ~5 times when we measured with 514.5 nm excitation wavelength compared to
that of GO, and ~27 times for 632.8 nm excitation wavelength. For the G band, enhanced
factor is 3 for 514.5 nm and 16 for 632.8 nm excitation, respectively, in comparison with that
of GO. However, the intensity decreased considerably in the case of excitation wavelength
changed to 785 nm. In Fig. 8d, we provide an excitation profile of the D and G bands. Note
that this profile indicates a resonance. A Gaussian fit to the D band profile gives a maximum
of 2.09 eV (593 nm) and a width of 0.30 eV.



146 Physics and Applications of Graphene - Experiments

Commonly, the plasmon resonance of Au is ~548 nm, at some distance from the excitation
profile maximum of about 593 nm. Aggregation of gold nanoparticles can lead to a red shift
of the plasmon resonance. Although the TEM images show a significant fraction of larger
nanoparticles, seldom shift was observed in the absorption spectrum, nor any other
significant maximum besides that at 548 nm, even at higher concentrations. It is common in
SERS to observe a difference between the plasmon resonance and the maximum of the
excitation profile. The discrepancy was mainly due to contributions from charge transfer
transitions between the molecule and metal. It should be mentioned that the work function
of Au is -5.3 eV (relative to the vacuum level) and that of graphite (presumably close to that
of the nanotubes) is -4.5 eV, therefore, a charge transfer from the graphite to the metal is
expected to occur with ease at a Raman excitation wavelengths of 514.0 nm, resulting in the
Fermi level shift.
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Fig. 9. (a) Scheme showing a proposed formation processes of Ag piece/GO/colloidal Ag
sandwiches. SEM images of (b) MPTS-GO and (c) Ag piece/ GO/ colloidal Ag sandwiches.
The inset shows the EDS image (Fu et al., 2010b).

To get a large enhancement, a structure of Ag piece/ GO/ colloidal Ag sandwiches is devised
(Fu et al., 2010b). The typical route involves self-assembly of silylated GO sheets on a silver
piece and then submerges the piece into colloidal Ag (Fig. 9a). It is seen from TEM, SEM and
EDX analyses that the lamellar structures of GO sheets and the size of Ag particles
remained, although the GO layers were exfoliated and destroyed after silylation (Fig. 9b and
¢). Remarkably, the enhanced factor of GO in this system is estimated to be about 104. The
large enhancement of the SERS spectrum of silylated GO sheets can be attributed to the
electromagnetic coupling of the colloidal Ag nanoparticles and the surface of the Ag piece,
most probably due to the interactions of the localized surface plasmon of colloidal Ag
nanoparticles and the surface plasmon polariton of the Ag piece. This research extends the
capability of SERS investigations to GO products and points to a promising future for the
fabrication of thin films with smart properties.
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2.5 Methanol fuel cells

In recent years, fuel cells have been extensively considered as very promising devices, which
convert the chemical energy of a fuel (hydrogen, natural gas, methanol, gasoline, etc.) and
an oxidant (air or oxygen) into electricity. Among them, the direct methanol fuel cell
(DMFC) has been developed for portable devices, such as mobile phones and laptops
owning to its simple design and operation. The direct oxidation of methanol is a key step
during DMFC operation and has been extensively investigated. Platinum is taken as the
most active metal for methanol oxidation. However, individual Pt particles for methanol
adsorption has subjected to low DMFC power density, low CO toleration, and short cycle
life. Therefore, on one hand, Pt-based multiple alloys have been explored, for example the
binary Pt-Ru alloy is generally accepted as the most promising candidate for improving
DMEC performance. On the other hand, to improve deposition of Pt alloys nanoparticles
onto carbon supports are demonstrated as an effective pathway. Given the cost-
effectiveness, good conductivity and large specific surface area, graphene is undoubtedly
the most intriguing nanoscale substrate.
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Fig. 10. (a) TEM images of graphene-Pt nanocomposites; (b) Cyclic voltammogram (20 mV -
1) of methanol oxidation at graphene-Pt in 2 M CHz;OH + 1 M H>SOy4 solution at room
temperature. Cls XPS spectra of GO and graphene-Pt composite; (c) The Cls XPS spectrum
of GO clearly indicates oxidation with four components that correspond to carbon atoms in
different functional groups: the sp2-hybridized C-C, the C in C-OH bonds, the epoxy C, and
the carboxylate carbon; (d) the intensities of these groups in Pt-C become weak as a result of
the deoxygenation, indicating the reduction of GO (Xu et al., 2008a).
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Fig. 10 is the TEM, XPS and CV analyses of as-prepared graphene-Pt nanocomposites. It has
been found that a water-ethylene glycol mixture is a very useful system to synthesize
carbon-noble metal particle nanocomposites. Considering the facile exfoliation nature of GO
in water, and the mild reducibility of the ethylene glycol for GO sheets, a water-ethylene
glycol system was employed (Xu et al., 2008a). It is clearly seen in Fig. 10a that the almost
transparent carbon sheets were decorated randomly by the nano-sized Pt particles. Because
the monolayer carbon nanosheets were extremely thin, it was hard to make a distinction
between them and the carbon-supported films on the copper grid. The crumpled silk waves
of these carbon sheets leads us to believe that these nanoparticles indeed deposited on the
supports. In addition, high-resolution TEM (HRTEM) images shown in the insets of Fig. 10a
suggests the anchored crystal metal particles distributed uniformly on these single carbon
sheets without obvious aggregations. The lattice fringes with interplanar distances of
approximately 0.22 nm correspond to the nearest (111) plane of Pt.

The reduction of GO in water-ethylene glycol system can be verified by XPS analyses. The
XPS spectrum of graphene-Pt composite indicates that the sample contains C, O and Pt as
the main elements. The deconvolution of the Cls peak of graphene-Pt in Fig. 10d shows
there are four types of carbon bonds: C-C (284.5 eV), C-OH (286.3 eV), C-O-C (287.5 eV), and
HO-C= O (289.1 eV), respectively. By integrating the area of the deconvolution peaks, the
following approximate percentages with respect to C-C bonds were obtained: C-C, 100; C-
OH, 19; C-O-C, 14; HO-C=0, 6. The amount of incorporated functional groups in graphene-
Pt is much lower than that of the unreduced GO as shown in Fig, 9c, where the approximate
percentages of carbon atoms with respect to C-C bonds is C-C, 100; C-OH, 28; C-O-C, 59;
HO-C=0, 11. The results of the XPS implied the decrease tendency of oxygen content in the
composite. The intensity of some oxygenated functional groups on carbon sheets in the as-
synthesized composites was obviously reduced, indicating the deoxygenation of GO.
Specifically, the epoxy groups underwent considerable deoxygenation on the carbon sheets
in these composites compared with the starting GO. The intensity of hydroxyl groups were
also reduced to some extent.

The electrochemical performance of the graphene-Pt composite was tested for methanol
oxidation, which is closely related to applications in DMFC. Figure 10b shows
representative cyclic voltammetry plots of a graphene-Pt composite in CH3;OH solution, in
which the typical methanol oxidation current peaks (I, 0.68 V) and the residual carbon
species oxidation peaks (I, 0.53 V) appeared. The ratio of I¢/I;, is high (1.35), suggesting the
good CO toleration of the catalyst. Moreover, there is seldom change of I¢/I, even after 50
cycles, indicating good stability in the electrochemical cycling process.

To further verify that graphene is a promising candidate as supports of high-loading metal
catalyst in fuel cells, a composite of highly loaded 80 wt.% Pt-Ru on graphene sheets was
prepared using colloidal method, using Vulcan XC-72R (a kind of active carbon with a
surface area of ~250 m2 g1) for comparison (Bong et al., 2010). As displays in Fig. 11a, the
TEM analyses were conducted to verify dispersion degree, particle size distribution, alloy
state and average particle size of the catalyst. It is clearly seen that the almost transparent
graphene sheets were decorated homogeneously by the nanoscale Pt-Ru alloy particles with
excellent dispersion. The size of Pt-Ru particle on graphene sheets ranges from 1 to 3.5 nm
with an average particle size of 2.5 nm (inlet of Fig. 11a). XRD data in Fig. 11b present Pt (11
1) peak observed from all alloy catalysts shifts slightly towards the higher values compared
with the pure Pt. This shift means that the alloy is formed between Pt and Ru.
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Fig. 11. (a) TEM images of Pt-Ru nanoparticles anchored on graphene sheets, and inlet graph
is particle size distribution of Pt-Ru/ graphene; (b) XRD profile of Pt-Ru/graphene catalyst;
(c) normalized linear sweep Voltammograms obtaining of graphene nanosheets and Vulcan
XC-72 supported Pt-Ru catalyst in 1 M H>SO4 and 1 M CH30OH at 25 oC at a scan rate of 20
mV s7; (d) CO,q stripping voltammograms of Pt-Ru/graphene and Pt-Ru/Vulcan XC-72
recorded in 1 M H,SOj at a scan rate of 20 mV s (Bong et al., 2010).

The electrochemically active surface area (ESA) is an effective manner to evaluate the
number of available active sites. Fig. 11d and 11e shows the CO,q stripping voltammograms
of Pt-Ru/ graphene and Pt-Ru/Vulcan recorded in 1 M HySOj at a scan rate of 20 mV s1. The
ESA was determined assuming a monolayer of linearly adsorbed CO requires 420 pC cm-2
for its oxidation interesting to note that graphene catalyst (47.9 m?2 g?) exhibits larger
electrochemical surface area than Vulcan catalyst value (28.3 m2 g-1) and it is attributable to
the size of Pt-Ru particles well anchored on graphene sheets. The difference of the ESA
values is related to the difference in the particle size in inverse proportion. The
electrocatalytic activity for methanol oxidation was evaluated by linear sweep voltammetry.
Fig. 11c represents the linear sweep voltammogram of the Pt-Ru/graphene and Pt-
Ru/Vulcan in 1M CH3;0H and 1 M H,SO, and the voltammogram displays that the Pt-
Ru/ graphene catalysts exhibit almost four times higher geometric anode peak current than
that of Pt-Ru/Vulcan. In addition, these results can be transferred into normalized current
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density (mAg m?). Considering the electrochemical surface area and those of Pt-
Ru/ graphene and Pt-Ru/Vulcan are 0.113 and 0.0812 mAg m2 at 700 mV, respectively. The
enhancement of electrochemical activity of Pt-Ru/graphene could originate from highly
dispersed particle size effect and large electrochemical surface area.

2.6 Supercapacitors

In recent years, due to environmental issues and depleting fossil fuels, interest in the
development of alternative energy storage/conversion devices with high power and energy
densities catering to the present day demands has increased to a great extent.
Supercapacitors, also named electrochemical capacitors (ECs) or ultracapacitors, is a novel,
low-cost and environmentally friendly energy storage systems. One of its advantage is that
it can store and release energy at relatively higher rates than those accessible with batteries
because its mechanisms for energy storage. In addition, they have several orders of
magnitude higher energy density than that of conventional dielectric capacitors. They can
complement or replace batteries in electrical energy storage and harvesting applications,
when high power delivery or uptake is needed. Since 1957, when the practical utilization of
electrochemical capacitors for the storage of electrical charge was demonstrated and
patented by General Electric, supercapacitors are ideal for any application having a short
load cycle and high reliability requirement, such as energy recapture sources including load
cranes, forklifts, and electric vehicles.

Commonly, a supercapacitor unit cell is composed of two porous electrodes that are isolated
from electrical contact by a separator (Fig. 12a). Current collectors of metal foil or carbon
impregnated polymers are employed to conduct electrical current from each electrode. The
separator and the electrodes are impregnated with an electrolyte, which allows ionic current to
flow between the electrodes while preventing electronic current from discharging the cell. A
packaged supercapacitor module, depending upon the desired size and voltage, is constructed
of multiple repeating unit cells (Stoller et al., 2008). To approach the real application, the coin-
shaped supercapacitors have been fabricated. An optical image of a real coin-shaped
graphene-based supercapacitor device is displayed in Figure 12c (Wang et al., 2009b).
Generally, there are two kinds of supercapacitors based on the electrode materials: (1) high
surface area, inert and conductive materials that store and release energy by nanoscopic
charge separation at the electrochemical interface between an electrode and an electrolyte; (2)
some redox active materials that use fast, reversible redox reactions at the surface of active
materials which is known as the pseudo-capacitance. The carbonaceous nanostructures (like
CNTs, active carbon and graphene) are commonly studied as electrodes for electrochemical
double layer capacitors (EDLCs); while transition metal oxides or hydroxides (such as RuO,,
MnO,, Ni(OH)y, etc,) and conducting polymers (like polyaniline), are promising material for
pseudocapacitors.

Considering that graphene sheets have high electrical conductivity and large specific surface
area (calculated value, 2630 m2 g-1), which is substantially higher than values derived from
BET surface area measurements of other carbon supports (such as activated carbons, carbon
fibers, and CNTs), these peculiar characters may beneficial for insertion/desertion between
ions of electrolyte and electrode material, giving rise to the good electrochemical
performance of the material. The utilization of individual graphene sheets as electrode
material for supercapacitors has been reported. Fig. 12b is the TEM images of graphene
sheets prepared from a solution reduction process. It is interesting that this unique structure
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Fig. 12. (a) Schematic of test cell assembly of supercapacitors (Stoller et al., 2008); (b) TEM

images of graphene sheets prepared from a solution reduction process (Stoller et al., 2008);

(c) An optical image of an industry-grade coin-shaped graphene-based supercapacitor

device (Wang et al., 2009b); (d) Scanning electron microscopy (SEM) image graphene sheets
prepared from gas-based hydrazine reduction (Wang et al., 2009b).

gives graphene a consistently good performance over a wide range of voltage scan rates in
the electrochemical testing (Stoller et al., 2008). In addition, Wang et al proposed a
procedure for preparing graphene from gas-based hydrazine reduction of GO, which could
restore the conducting carbon network without yielding much aggregation. SEM image of
as-obtained graphene sheets is shown in Figure 12b. Notably that the graphene material
exhibit excellent stability, with specific capacitance remaining ~90 % after 1200 cycles (Wang
et al., 2009b).

Despite these advantages, graphene, being a kind of carbon material and charged-
discharged mainly by EDLC, is also subjected to the problems that have emerged in other
carbon-based materials for supercapacitors. The utilization of strong alkaline electrolyte is
less eco-friendly. The specific capacitance of the pure graphene-based devices is relatively
low in comparison with that of other pseudocapacitive materials, resulting in a low energy
density. For example, the specific capacitance of graphene ranges from 100 to 200 F g,
while as a typical metal oxide, hydrate RuO,, has a specific capacitance of 720 F g1. A
notable improvement in performance may be achieved through the advances in
understanding charge storage mechanisms and the development of advanced
nanostructured materials. In view of large specific area, good conductivity and excellent
electrochemical stability of graphene, and high power density of pseudo-captive materials,
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one possible route to acquire high-performance electrochemical materials is the combination
of graphene and the pseudocapacitive materials. Moreover, it should be mentioned that due
to the low natural abundance and the requirement of highly acidic solutions in operation
(such as sulfuric acid) as electrolyte have limited wide spread usage of RuO», and therefore,
the development of novel electrode materials will accelerate the supercapacitor having an
energy density as high as a secondary battery.

2.6.1 Graphene-inorganic nanoparticles composites

Manganese dioxide (MnO,) is one of the most stable manganese oxides with excellent
physical and chemical properties under ambient conditions. Because of its rich
polymorphism and structural flexibility, this oxide has wide applications in catalysis, ion
exchange, molecular absorption, microwave absorption, biosensors, and energy storage. As
a potential excellent electrode material for the alternation of RuO; in supercapacitors, MnO»
has received considerable attention in recent years owning to its abundant availability on
the earth. Besides, MnO; shows good electrochemical performance in a neutral electrolyte
(such as NaSOy, K3SO4, and LiCl), which would be noteworthy when focused on eco-
friendly point of view. As recently demonstrated, the electrochemical performance of MnO»
critically depends on their crystallographic forms and then on their textural properties
including morphology, surface area, pore volume, pore dimension, etc (Devaraj &
Munichandraiah, 2008).

Considering the abundant functional groups of GO which can be regarded as anchor sites, a
study on using GO as nanoscale supports to stabilize MnO, particles is examined (Chen et al.,
2010d). Take the composite of CMGs (chemically synthesized GO-MnO, nanocomposites
when the feeding ratio of MnO,/GO is 3/1; the mass of MnO; is calculated by MnCl,
according to the reaction: 2KMnOy + 3MnCl, +2H,O — 5MnO; + 2KCl +4HCI) as an example.
The results of nanocomposites with other feeding ratios are similar. The heterostructure of the
composite is shown in Fig. 13. The GO sheets are multi-layers with diameters of a few
micrometers, while the nano-MnO; shows needle-like morphology with typical diameters of
20-50 nm and lengths of 200-500 nm. It can be clearly seen from Figure 13c that the GO sheets
were exfoliated and decorated randomly with the needle-like MnO,. Comparing the bright-
and dark-field TEM images in Figure 13c and d, the single layered graphene oxide sheet can be
clearly distinguished from the background. The tip of a MnO; nanoneedle is shown in Figure
13e and f. It can be clearly seen from Figure 13e that the nanoneedle is actually composed of a
few primary nanorods aggregated along the lateral faces. The nanorods of the center portions
are longer than others, giving an indication that the oriented attachment mechanism played an
important role in the formation of the nanoneedles. Additionally, the lattice fringes with
interplanar distances of approximately 0.7 nm shown in Figure 13f correspond to the (110)
plane of the tetragonal a-MnO:; structure.

To test the electrochemical properties of GO-MnO; composites, the samples were fabricated
into electrodes and characterized with CV and galvanostatic charge-discharge
measurements. CV response carried out at a scan rate of 5 mV s in 1 M Na;SO4 aqueous
electrolyte solution is shown in Figure 14. The rectangular and symmetric CV curves of
nano-MnO:; indicate the ideal pseudo-capacitive nature of the fabricated electrode, while the
lack of symmetry in CMGos, CMGs;, and CMGsgs is probably due to combined double-layer
and pseudo-capacitive contribution to the total capacitance. Interestingly, with the feeding
ratio of MnO,/GO increasing from 0.5 to 15, CV plots of CMG; .t became more close to that
of the nano-MnO,, which can be attributed to the increment of pseudo-capacitive
contribution to the overall capacitance.
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Fig. 13. (a, b) TEM images of GO and nano-MnO; (c, d) Bright and dark field images of

CMG:g; (e, f) the HRTEM images of a MnO; nanoneedle (Chen et al., 2010d).
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Fig. 15. CVs of (a) CMGO0.5, CMG3, CMG15; (b) bulk MnO2, GO, CMGI15 and nano-MnO2 at
5mV s-1in 1 M Na2504 solution; (c) Plot of average area of CV curves as a function of
different ratios of CMGratio, with the average area of CV curves of nano-MnO2, GO, and
bulk MnO2 for comparison (Chen et al., 2010d).

Galvanostatic charge-discharge measurements were carried out in 1 M NaSOjy at a current
density of 200 mA g1. As illustrated in Figure 15a, during the charging and discharging
steps, the charge curve of CMGis is almost symmetric to its corresponding discharge
counterpart with a slight curvature, indicating the pseudo-capacitive contribution along
with the double layer contribution. The Cs is calculated according to C; =1 x At / AV x m
from the discharge curves, where I is the constant discharge current, At is the discharge
time, AV is the potential drop during discharge; the Cs values of CMGis, nano-MnO,, GO
and bulk MnO; are 197.2, 211.2, 10.9, and 6.8 F g, respectively. These values are mainly
consistent with the order indicated by the CVs.

Furthermore, the electrochemical stability of CMGis and nano-MnO; is investigated in the
range of 0 to 1 V at 200 mA g in 1 M Na;SO, aqueous solution (Figure 14c). It is found that
the CMGgs electrode retained about 84.1 % (165.9 F g1) of initial capacitance after 1000
cycles, while that of the nano-MnO; retained only about 69.0 % (145.7 F g1). The discrepant
electrochemical stability between CMGis and nano-MnO, may be attributable to the
different double-layer and pseudo-capacitive contributions. As well known, the double-
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layer process only involves a charge rearrangement, while pseudo-capacitive is related to a
chemical reaction, and the double-layer capacitors have a better electrochemical stability but
lower Cs as compared with those of pseudo-capacitators. Accordingly, the as-synthesized
CMG;15, making more double-layer contribution compared to that of nano-MnO, owning to
the effect of GO, have a slightly lower C than the later; however, the electrochemical
stability is obviously enhanced.
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Fig. 16. Schematic illustration and possible reactions for the synthesis of graphene-20%
MnO; and graphene-70% MnO, composites (Yan et al., 2010).

As mentioned in chapter 3.3, the deoxygenation of GO-MnO; by reducing agent (like
ethylene glycol) only produces graphene-MnOOH composites. To prepare the hybrid of
graphene supported MnO> nanoparticles, the redox reaction between graphene sheets and
KMnO, by microwave irradiation was reported (Yan et al., 2010). The schematic illustration
and possible reactions for the synthesis of graphene-20% MnO, and graphene-70% MnO»
composites are shown in Fig. 16. It can be seen from SEM and TEM images that graphene
nanosheets can serve mainly as a highly conductive support, which can also provide a large
surface for the deposition of nanoscale MnO; particles of about 5-10 nm (not shown). The
large surface of graphene has been preserved by the products. The excellent interfacial
contact and increased contact area between MnO, and graphene can significantly promote
the electrical conductivity of the electrode due to the high electrical conductivity of
graphene. Besides, the easy surface accessibility of this composite by the electrolyte, and the
improved electrochemical utilization of MnO,, resulted from the small particle size and high
surface/area of the oxides, could provide both the high reversible pseudo-capacity and
excellent capacitive retention ratio at high charge-discharge rate. In addition, the
electrochemical tests of the as-obtained products show excellent performances. Graphene-78
wt.% MnO, composite displays the specific capacitance as high as 310 F g1 at 2 mV s7,
which is almost three times higher than that of pure graphene (104 F g-1) and birnessite-type
MnO; (103 F g1). The capacitance retention ratio is highly kept over a wide range of scan
rates (88% at 100 mV s and 74% at 500 mV s1). Moreover, the electrode material has a low
ESR of ~0.66 Q and good stability.
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To further enrich potential applications of graphene, a facile procedure to explore the
framework substitution of graphene by MnO; is investigated (Chen et al., 2010c). Single-
layer-graphene and few-layer-graphene structures have been predicted to have high specific
surface area. Recent research has focused largely on utilizing the intriguing morphology of
graphene as building blocks or substrates, keeping the structure undisturbed. Therefore, a
procedure for morphology transmission from graphene to MnO; nano-lamellas by in situ
replacement with the framework of graphene is examined. The approach involves using
graphene sheets as the starting reagent, thereby transmitting the morphology of layered
structure from graphene to as-prepared MnO; product.

The definitive evidence that almost all the carbon atoms of graphene can be replaced by
MnO; to form nano-lamellas was obtained with FESEM. It can be seen in Fig. 17 that the
lamellar structure of graphene was indeed transmitted to the products. The brinks of the
sheets can be clearly discerned; the lamellar structures of the products are fully seen. XPS
results (Fig. 17c) indicate that the product contains Mn and O as the main components,
while C and K are impurities. The binding energy of Mn 2p1/2 and Mn 2p3/2 is 642.4 and
654.2 eV, respectively. The splitting of the Mn 2p peak (11.8 eV) is very close to that of
manganese (+4), suggesting the MnO, nature of the product. Surface area measurements
indicate that the MnO; nano-lamellas have a Brunauer-Emmett-Teller (BET, nitrogen, 77 K)
surface area of 50.3 m2 g-1, with pore volume of 0.135 cm?2 g1, and BJH desorption average
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pore diameter of 14.4 nm. Remarkably, this value is much higher than the MnO, produced
by traditional co-precipitation of KMnO, and Mn2?*. A large surface area suggests wider
utilization of the as-prepared material.

The as-prepared products were fabricated to electrodes and tested using CV and
galvanostatic charge/discharge measurements in 1 M NaSO4 aqueous electrolyte (Figure
17). The rectangular and symmetric CV curves of MnO; nano-lamellas in Figure 15a indicate
the ideal pseudo-capacitive nature of the as-fabricated electrode, while the lack of symmetry
in graphene can be attributed to its double-layer capacitance in neutral electrolyte. Specific
capacitance of MnO2 calculated at 150, 200, 500, 1000 and 2000 mA g-1 from the discharge
curves is 206.2, 200.1, 191.0, 165.8 and 149.7 F g-1, respectively (Figure 18b-c). About 72.6 %
specific capacitance was retained even with the current density increasing from 150 to 2000
mA g-1. Consistently good performance of MnO; nano-lamellas over a wide range of current
densities suggests this material is promising as supercapacitor electrodes. Additionally,
when the charge-discharge was cycled at 500 mA g as shown in Figure 18d, there is only a
slight decrease in capacitance of less than 10 % even after 3000 cycles, demonstrating a great
stability.
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Fig. 18. (a) CV plots of graphene and MnO» at 5 mV s-1; (b) Galvanostatic charge/discharge
measurements of MnO; nano-lamellas at different current densities; (c) Plot of specific
capacitance (Cs) as a function of current density of MnO; lamellas; (d) Cycle life of MnO»
lamellas at 500 mA g1 (Chen et al., 2010c).
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Besides MnO, It has been demonstrated that some other metal oxides, such as SnO,, ZnO
(Lu et al., 2010) and Mn3O4 (Wang et al., 2010) etc., are also promising candidates as
electrode material for supercapacitors. Specifically, recent studies suggest transitional metal
hydroxides, such as Co(OH), or Ni(OH), have shown advanced electrochemical behaviors.
Cobalt Hydroxide (Co(OH),) is an attractive material in recent years on account of their
layered structure with large interlayer spacing and their well-defined electrochemical redox
activity. Being an important electrochemical active material, a great deal of interest has been
centered on the utilizations of Co(OH), material in alkaline batteries, fuel cells and
supercapacitors. Previous reports have shown that the film of Co(OH), material has a higher
specific capacitance than that of RuO,. Taking into account the high specific area of
graphene which be serve as excellent building blocks for nanocomposites, and the fact that
graphene is a promising supercapacitor electrode material, consistently giving good
electrochemical performance in strong alkaline electrolytes, the combination of Co(OH), and
graphene may produce synergistic results, giving the overall system enhanced
electrochemical properties.

a
GO graphene

~_

S i e HE st i H.S

+ +
OH‘ OH‘ 0.64 Grarhene Coer), CTGW

N

Co’ Co(OH).

E/V vs SCE

0.0

(I) 60’00 120')00
Time/s
Fig. 19. (a) Proposed reactions for the formation of graphene-Co(OH), nanocomposites; on
one hand deoxygenate GO by S, HS-, H5S, and OH- from hydrolyzation of NaS in aqueous
solution, on the other hand deposit Co2* by OH- (Chen et al., 2010b).

A typical procedure of depositing Co(OH)> onto graphene sheets is depicted in Fig. 19a. One
essential characteristic of this procedure is the utilization of in situ hydroxylation of NaxS
aqueous solutions (Chen et al., 2010b). Due to the strong inclination of Na)S to be
hydrolyzed in aqueous solutions, the deposition of Co2* and deoxygenation of GO occur in
one step. Specifically, the negatively charged GO sheets, which have a high capability of
absorbing dissolved Co2* ions via electrostatic interactions, were first suspended in
isopropanol. Subsequently, NasS aqueous solution was introduced rapidly into the above
system. Due to the formation of large amounts of OH- produced by the hydrolysis of NasS,
Co?* was precipitated easily in the form of Co(OH),. The exhaustion of OH- provides a
strong driving force for the further hydrolysis of NasS, which leads to the releasing of H,S in
large amounts. On the other hand, the produced H5S, along with HS-, S> and OH- provide a
great boost to the deoxygenation of GO.
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Figure 19b displays a high density of Co(OH), on graphene sheets for CHG3o (chemically
synthesized from graphene-Co(OH), nanocomposites at a feeding ratio of 30/1 for
Co(OH)2/GO; Co(OH); is calculated on the basis of the amount of CoCl, 6H;O utilized
according to the reaction: Co?* + 20H- — Co(OH),), and it looks like the particles are
enveloped by a thin film. Notably, the graphene sheets are exfoliated and serve as excellent
substrates to stabilize Co(OH)..

Figure 19c shows galvanostatic charge-discharge curves of CHG3p, Co(OH),, and graphene
at 500 mA g. The Cs of CHG3p, Co(OH)2, and graphene at 500 mA g are calculated to be
972.5, 726.1, and 137.6 F g7, respectively. The higher Cs of CHG3p than that of individual
Co(OH),, and graphene suggests an elevated electrochemical performance of the overall
system. Notably, the C; value of CHGs (972.5 F g1) is obviously higher than the typical
electrode material of supercapacitors (RuO,, 720 F g1), implying good electrochemical
capacitance behaviors of the as-prepared nanocomposite.

Additionally, as reported by Wang et al. (Wang et al., 2010a), Single-crystalline Ni(OH)»
hexagonal nanoplates directly grown on lightly oxidized, electrically conducting graphene
sheets has exhibited exhibit advanced electrochemical performances, with high specific
capacitance of ~1335 F g-1 at a charge and discharge current density of 2.8 A g1 and ~953 F g-
Lat45.7 A g with excellent cycling ability. It is highlighted the importance of direct growth
of nanomaterials on graphene to impart intimate interactions and efficient charge transport
between the active nanomaterials and the conducting graphene network. Considering the
low cost of Mn, Co and Ni in comparison with noble metals (Ru), the advancement in these
fields has stimulated significant progresses in supercapacitors.

2.6.2 Graphene-poly aniline (PANI) composites

Among the families of electrode materials for supercapacitors, conductive polymers have
been extensively studied in recent years. Owning to the pseudocapacitive behaviors in
doping and dedoping process, these materials could give large specific capacitance, high
power and energy density. The main conductive polymer materials that have been
investigated for the supercapacitor electrode are polyaniline (PANI), polypyrrole (PPy),
polythiophene (PTH) and their derivatives, and so on. Polyaniline (PANI) is a popular due
to its ease of synthesis, environmental stability, and simple acid-doping/base-dedoping
chemistry. However, the relative poor cycling life restricts its practical applications. Taking
into the good electrochemical stability of carbons (like graphene), the combination of
graphene with PANI may provide improved performances as electrode materials for
supercapacitors.

Considering the hydrophilic nature of GO, a simple in situ polymerization method in water
system was reported to synthesize the nanocomposites of GO-doped PANI (GP) which were
used as electrode materials (Wang et al., 2009a). The nanocomposites, signed as PGrao, like
PGioo:1, PGe1:1, represent the feeding ratios of PANI: GO.

SEM and TEM images in Fig. 20e and f demonstrate the fibrillar morphology of the
prepared nanocomposite PGigp.1, with the dimension of about 300 nm in diameter and 2-3
pm in length, compared with the granular aggregate structure for the pure PANI (not
shown). These fibers are in fact built from many smaller nanofibers about 30 nm in diameter
and 100-150 nm in length on the surface, and nanosheets in the backbone of the fibers.

Fig. 20a and b illustrates the cyclic voltammograms (CVs) and EIS plots of PANI, GO, PGe11
and PGigo:1 electrode. Compared with the GO and PANI electrodes, the nanocomposites
exhibit larger current density response in A g1 at 10 mV s and less estimated charge-
transfer resistances. This means that the electrochemical performances of the
nanocomposites are enhanced due to the synergistic effect between GO and PANIL
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Fig. 20. CVs (a) at 10 mV s (b) EIS of GO, PANI, PGe1.1, PGioo1; (c) galvanostatic charge-
discharge curves of PANI, PGe1.1, PGigoa1 at 200 mA g; (d) galvanostatic charge-discharge
curves of PGyop:1 at 100, 200, and 400 mA g, respectively; TEM (e) and SEM (f) images of
PGioo:1 (Wang et al., 2009a).

The specific capacitance (Cs) was calculated from the charging and discharging curves (Fig.
20c). The high C values were evaluated as 216, 284 and 531 F g1 at 200 mA g in the range
from 0 to 0.45 V, for PANI, PGes1.1 and PGigo1, respectively. Remarkably, the capacitance of
the polymeric material is critically enhanced by the GO sheets. Moreover, the
nanocomposites demonstrate good capacitive behavior and charge-discharge property at a
current density of 100-500 mA g1. Cs of PGioo.1 is higher and that of PGe11, implying that the
feeding ratio of the nanocomposite influences its electrochemical capacitance greatly.

The possible combinding mode of GO/PANI composite is investigated using Raman, FTIR,
UV-vis and XPS, which is proposed including: (a) r-ir stacking (b) electrostatic interactions,
and (c) hydrogen bonding, as presented in Fig. 21 (Wang et al., 2010b).

Because the reaction parameters exert a great influence on the electrochemical performances
of the composite, in order to get a higher specific capacitance, the effect of raw graphite
material sizes and feeding ratios on the electrochemical properties of such composites have
been systematically investigated (Wang et al., 2010b). Specifically, The GO/PANI composite
was prepared by an in situ polymerization using a mild oxidant. The composites are
synthesized under different mass ratios, using graphite as start material with two sizes: 12
500 and 500 mesh. The result shows that the morphology of the prepared composites is
influenced dramatically by the different mass ratios. The highest initial specific capacitances
of 746 F g1 (12 500 mesh) and 627 F g1 (500 mesh) corresponding to the mass ratios 1:200
and 1: 50 (GO/ aniline) are obtained, compared to PANI of 216 F g1 at 200 mA g by charge-
discharge analysis between 0.0 and 0.4 V. The improved capacitance retention of 73 % (12
500 mesh) and 64 % (500 mesh) after 500 cycles is obtained for the mass ratios 1:23 and 1:19
compared to PANI of 20%. The enhanced specific capacitance and cycling life implies a
synergistic effect between two components.
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Fig. 21. Proposed possible combinding mode of GO/PANI Composite (Wang et al., 2010b).

To prepare graphene-PANI composites, a simple three-step synthesis method was presented
by an in situ polymerization-reduction/dedoping-redoping process (Wang et al., 2010c).
This method greatly improves the specific capacitance, retention time, energy density, and
power density of the composite as electrode material for supercapacitors.

The formation process of the GEP composite is depicted in Fig. 22. The multilayer GO is
extensively exfoliated into GEO nanosheets with abundant oxygen containing groups on
both face and edges under ultrasonication in ethylene glycol. Such GEO nanosheets facilitate
the uniform adsorption of aniline molecules under stirring. When APS and hydrochloric
acid are added into the suspension under ice bath, the aniline molecules absorbed on the
sheets are initiated to polymerize just from the absorbed sites on the surface, and then the
structure of PANI covering nano-sheet slowly forms. This structure of the hybrid material
maintains unaltered when GEO sheets are reduced and PANI are dedoped by sodium
hydroxide at the temperature of 90 °C for 5 h, and it keeps steady even when PANI
nanoparticles are redoped in hydrochloric acid solution. In addition, the morphology of the
prepared hybrid material is quite uniform and no individual graphene or PANI
agglomerates can be observed, suggesting that graphene sheets are covered by
nanostructured PANI granules completely and successfully. It is noteworthy that the hybrid
nanosheets can be convoluted freely without being splitting into pieces (Fig. 22, see blue
lines in GEOP-1 and GEP-3 in the TEM images), further indicating the flexibility of the
composites. The perfect coverage of PANI on graphene makes full use of the large specific
area of graphene and could be favorable for the enhancement of electrochemical properties
of the composite materials.
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Fig. 22. A scheme illustrating the preparation process of GEP hybrid materials (Wang et al.,
2010c).

The electrochemical performance of the electrode materials was analyzed using CV and
galvanostatic charge-discharge. Fig. 23a shows the CV curves of the pristine graphene,
PANI, GEOP-1, GEP-2 and GEP-3 at a scan rate of 1 mV s in 1 M H;50; electrolyte in the
potential range from -0.2 to 0.6 V. Both PANI and the composite electrodes show a pair of
redox peaks. The peak positions of individual components are very close to each other and
nearly merge into one peak. The specific capacitance was calculated. The pristine graphene
electrode exhibits an approximated rectangular shape that is characteristic of an electric
double layer capacitance (EDLC) with a specific capacitance of 316 F g-1. The PANI electrode
shows a pair of redox peak that is characteristic of pseudo-capacitance with the specific
capacitance 777 F g1. On the other hand, the CV curves of GEOP-1, GEP-2 and GEP-3
electrodes show a behavior of a combination of both EDLC and redox capacitance with the
specific capacitance of 827, 1126 and 1079 F g, respectively. The specific capacitance
changes with different samples were illustrated in Fig. 23b. The GEOP-1 electrode exhibits a
sharply increased electrochemical capacitance compared to the graphene electrode. After
treating with sodium hydroxide, the specific capacitance of GEP-2 electrode goes as high as
1126 F g1. Although the redoping process leads to a little decrease of the capacitance, the
specific capacitance of 1079 F g-1 for GEP-3 is still higher than GEOP-1 and much better than
each component of the hybrid material.

The cycling performance is shown in Fig. 23c and d. Fig. 23c gives a non-linear galvanostatic
charge-discharge curve of GEP-2 for the first 1-5 cycles, which presents an evident pseudo-
capacitance character. After 1000 cycles the bending extent of the curve becomes weak and
the curve tends to linear, but still non-linear. This indicates the contribution of pseudo-
capacitance in GEP hybrid materials decreases, and the EDLC effect becomes evident. The
CV curves before charge-discharge test and after 1000 cycles are shown in Fig. 23d (inset). A
large and wide area of the CV curve with a pair of evident redox peaks can be seen before
charge-discharge test, indicating both EDLC and pseudo-capacitance performance of the



Graphene-Based Nanocomposites 163

A 20F  __Graphene ‘_Ab [
> 150 —PANI 1200}
< — GEOP-1 <
= 10} —GEP2 §1000'
B — GEP3 S sl
S 05t =
o & 600
€ 00} Q
@ 8 400}
5 054 &
(&) 5 200+
10t . . . N [ -S
02 00 02 04 06 ? Graphene GEOP-1  GEP-2 GEP-3
C Potential / \/ d
08r — 1-5h oydes {_‘)1200&
— 996-1000th cydes
06 L 1000 | e
— i e
> 8 8ot ~F
= = o | —1stode
© 3 600k 51 — after 1000
— o > 0r
c ] 3
o a L 5
5 8 400 g4
L 200t £
?‘5 34}
(;J-)_ 0— 02 OV(I)Q:(qu?a/\(/M 06
0 5000 10000 15000 20000 0 200 400 600 800 1000
Time/s Cyde nunber

Fig. 23. (a) CV curves of graphene, PANI, GEOP-1, GEP-2 and GEP-3 at1mV s1in1M
HSO; in the potential range from -0.2 to 0.6 V; (b) specific capacitance changes with
different samples; (c) comparison of galvanostatic charge-discharge curves of GEP-2
between 1-5th and 996-1000th cycles at 200 mA g in 1 M H,SO, in the potential range from
-0.2 to 0.6 V; (d) specific capacitance as a function of cycle number. (Inset: comparison of the
CV curves before charge-discharge test and after 1000 cycles for charge-discharge test)
(Wang et al., 2010c).

electrode. After 1000th cycles, the redox peaks become weak and nearly disappear. This
results from the reduced pseudo-capacitance of PANI. The specific capacitance as a function
of cycle number is shown in Fig. 23d. It is interesting that the specific capacitance sharply
decreases first for the 1-100 cycles and increases rapidly for 100-200 cycles and then
maintain approximately steady after 200 cycles around 900 F g-1. The specific capacitance for
GEP-2 after 1000 cycles still maintains 946 F g1, corresponding to 84% of the initial cycle.
This result is better than that reported for the composites of graphene and PANI with
capacitance retention of 84% after only 40 cycles; when the capacitance retention of GEOP-1
after 1000 cycles is 59%. The enhanced retention life for GEP-2 is mainly due to the change
from GEO to graphene in the hybrid material, leading to the improvement of mechanical
properties of the composite.
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2.7 Other potential applications

The integration of graphene with other materials has also exhibited additional peculiar
properties. For example, a composite of graphene-cuprous oxide has found to be an anode
material in lithium ion batteries, giving a high capacity of ca.1100 mAh g in the first
charge-discharge cycle (Xu et al., 2009); the graphene-CdS quantum dot nanocomposite has
shown promising optoelectronic performance and may be a potential material in novel
semiconductor hybrid system (Cao et al). Moreover, single-layer graphene can be
modulated with various aromatic molecules to be an n- and p-doped type for tailoring its
transistor devices (X.Dong et al., 2009); metal particles (Au, Au-Pt alloy, etc.) decorated
graphene nanosheets can be used as immobilization matrix for amperometric glucose
biosensor (Baby et al., 2010). In addition, Kuc et al. pointed out that the composite of
fullerene intercalated graphene sheets has promising applications in hydrogen sieving and
storage (Kuc et al., 2006).

3. Conclusion and perspectives

During the past few years, significant efforts have been directed toward the preparation of
graphene-based nanocomposites, and the highly unique properties of these materials have
been demonstrated for a variety of catalysts, supercapacitors and fuel cell batteries. It is
indubitable that utilizing graphene-based nanocomposites in either of these technologies is a
new endeavor, indicating that future research efforts will be abundant. One of the future
challenges is to maintain the excellent physical properties of graphene in the process for
synthesizing nanocomposites. It should be pointed out that GO sheets are indisputably
effective precursors for bulk production of hybrid materials currently and the major
shortcoming of this approach is the loss of conductivity. A seemingly obvious prediction is
that a more straightforward route can be developed via direct oxidation of pristine graphene
in soft manners, so that relatively low amount of functional groups is produced as the
anchor sites to decorate graphene with nanoparticles. One feature of such process is that
there is no need to reduce the composites because of the low oxidation degree, leading to
lower defected frameworks of graphene. Notable is the progress in the area of graphene-
based nanocomposites and hybrids. However, much more remains to be done, especially
when considering the practical application of these materials in catalysts and
electrochemical devices. The opportunities and challenges that rest on these targets should
attract the efforts of many scientists and engineers in this important and fantastic field.
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1. Introduction

Materials science continues to occupy a central place in our lives primarily through the
design and creation of new materials, and our quality of life has improved over time thanks
to the discovery of new materials. Major milestones in the advancement of our society are
intimately associated with materials throughout history: the stone age, bronze age, iron age,
steel age (industrial revolution), silicon age and silica age (telecom revolution) all reflect the
important impact materials have in our civilization, and our daily life in the 21st century
depends on an unlimited variety of materials of varying degrees of sophistication. Also,
since our world is dominated by a consumer market, the demands to improve our lifestyle
are without limit. Materials are fundamental to the technology that adds convenience to our
lives, examples being laptop computers, digital cell phones, touch screens, and so on.
Therefore, the challenge of creating new, more useful and diverse materials grows with the
needs of society, and the limitations for covering needs such as sustainable energy,
affordable health care, personal protection, etc., are closely related to constraints in the
properties of materials.

One critical aspect for achieving materials with new improved properties is imaginative
molecular design, synthesis and preparation of new materials. Materials chemistry focuses
on understanding the relationships between the arrangement of atoms, ions or molecules
comprising a material and its overall bulk structural/physical properties. Thus, it consists in
the study of the structure and properties of existing materials, the synthesis and
characterization of new or improved materials, and the use of advanced computational
techniques to predict structures and properties of materials that have not yet been made.
Since our demands are renewed continuously and new needs emerge daily, for further
progress to meet present and future requirements a thorough understanding of existing
materials and the tailor-making of new functional materials must be continued with
increasing vigour.

Nowadays, in the frontiers of materials technology the concept of combining various types
of materials through synergy is one of the most successful approaches to achieve specific
goals with the greatest efficiency in properties and cost effectiveness. In this respect,
polymers are one of the most successfully exploited classes of materials due to the incredible
variety of chemical structures available and their subsequent compendium of properties,
along with their relatively low cost, facile processing, and their possible recyclability and
applicability as sustainable materials. The area of polymer nanocomposites (PNCs) has
grown to represent one of the largest classes within the scope of materials science, becoming
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a key area in nanoscience and nanotechnology offering significant potential in the
development of advanced materials in numerous and diverse application areas (Ajayan et
al. 2000, Thostenson et al. 2001, Ray and Okamoto 2003). Polymer nanocomposites are
commonly defined as the combination of a polymer matrix and additives that have at least
one dimension in the nanometre range. The additives can be one-dimensional, such as
nanotubes and fibres, two-dimensional, which include layered clay minerals or graphene
sheets, or three-dimensional, including spherical particles.

PNCs attract considerable interest due to the outstanding mechanical, optical, electrical, and
thermal properties encountered with only a small quantity of nanofiller incorporated to the
polymer matrix. This is caused by the large surface area to volume ratio of fillers when
compared to micro- and macro-scale additives. The field of polymeric nanocomposites has
evolved significantly from the earliest clay reinforced thermosetting resin Bakelite (Baekland
1909) developed at the beginning of the 20th century. New nanoscale materials are employed
to reinforce polymers almost as soon as they have been discovered or developed, and
continuing interest in the most widely used successful examples of nanofillers such as
layered silicate clay-based nanocomposites and carbon nanotube-based nanocomposites
have evolved more recently towards graphene-based nanocomposites.

The specific development of polymeric nanocomposites based on conventional polymers
and conductive carbonaceous materials has drawn much attention as a route to obtain new
materials with new structural and functional properties superior to those of the pure
components and of previous nanocomposite systems with other fillers. Control of the size,
shape and surface chemistry of the reinforcement materials are essential in the development
of materials that can be used to produce devices, sensors and actuators based on the
modulation of functional properties. At present, nanocomposites employing carbon-based
reinforcement materials are dominated by carbon nanotubes (CNTs). However, the
development of CNT-reinforced composites has been impeded by both their difficult
dispersion in the polymer matrix and their high cost. A detailed analysis of CNTs-reinforced
nanocomposites is beyond the scope of this chapter and several excellent books and reviews
have been published (Ajayan et al 2000, Thostenson et al. 2001, Krueger 2010).

The discovery of graphene (Novoselov, et al 2004) and the subsequent development of
graphene-based polymer nanocomposites is an important addition in the area of
nanoscience, poised to play a key role in modern science and technology. Compared to
carbon nanotubes, as well as its high aspect ratio and low density graphene has attracted
considerable attention because of its unique and outstanding mechanical, electrical and
electronic properties, which result in it being one of the most popular candidates for the
development of functional and structural graphene-reinforced composites. Indeed,
graphene-based PNCs is a rapidly growing area of nanoengineered materials, providing
lighter weight alternatives to CNTs-based nanocomposites with additional functionality
associated with nanoscale specific, value-added properties.

As clearly explained in previous chapters, graphene is an atomically thick, two-dimensional
(2-D) sheet composed of sp? carbon atoms arranged in a honeycomb structure, viewed as the
building block of all other graphitic carbon allotropes of different dimensionality, such as
graphite, CNTs and fullerene (Geim and Novoselov, 2007). Graphene sheets have higher
surface-to-volume ratios than CNTs owing to the inaccessibility of the inside surface of the
nanotubes to the polymer molecules. This makes graphene sheets potentially more
favourable for altering all matrix properties—such as the mechanical, rheological and
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permeability properties, and thermal stability. Further, graphene is obtained from naturally
occurring graphite implying that lighter nanocomposites can be produced at lower costs.
Tailor-made graphene-based nanocomposites which exploit the superlative properties of
both graphene filler and polymer host can show enhanced performance in a large number of
applications ranging from flexible packaging, semi-conductive sheets in transistors, memory
devices, hydrogen storage, printable electronics, etc.

As occurred with other nanofillers, the maximum improvements in final properties can be
achieved when the graphene is homogeneously dispersed in the matrix and the external load
is efficiently transferred through strong filler/polymer interfacial interactions. However the
nature of graphene makes it hard to disperse within the majority of polymers since it can only
interact efficiently with a limited group of polymers typically containing aromatic rings. In
addition, the low solubility of pristine graphene also limits its applications. In order to make
graphene dispersible in - or compatible with - a variety of polymer matrices, as well as to
maximize the interfacial interactions, chemical modification is generally required, introducing
functional moieties that confer other properties to the pristine material.

This chapter will focus on functionalized graphene derivatives that have been employed in
polymer nanocomposites obtained by solution intercalation. Although two more general
methods for graphene dispersion in polymers exist, such as in-situ intercalative
polymerization and melt intercalation, the area is overwhelmingly dominated by those
prepared in solution. Some examples dealing with in-situ intercalative polymerization will
be given, however, only a few examples of melt intercalation can be found. Whilst melt
processing is one of the most important and widespread processing techniques in polymer
materials production, it is generally not recommended because high-temperature
mechanically driven processing can fragment the graphene sheets significantly decreasing
the aspect ratio.

In spite of the fact that graphene is the youngest carbon allotrope, the exploration of its
chemistry is rapidly advancing (Loh et al. 2010) and this chapter represents an updated
panorama of the developments in the field of graphene based PNCs.

2. Discussion

2.1 Graphite oxide (GO) and Reduced graphite oxide (r-GO)

Graphite oxide (GO) is chemist’s principal tool to modify graphene. It is obtained from the
exhaustive oxidation of graphite, and contains a range of oxygen functional groups with
specific chemistry, rendering it a good candidate for further functionalization (Dreyer et al.
2010). In addition currently the most promising methods for large scale production of
graphene are based on exfoliation that generates graphene oxide, and its subsequent
reduction.

Today there is no unambiguous model to describe the exact structure of graphite oxide
because authors from different laboratories use different preparative methods and there is
no single definitive analytical technique available to characterize the material. Even though
there is some controversy and debate about the structure of GO, there seems to be consensus
that the carboxylic groups are mainly located at the edge, while the rest of functional groups
(hydroxyl, epoxide, etc.) are located in the basal planes of the graphitic layers. For better
understanding and a deeper view on the chemical structure of GO the reader can visit other
chapters in this book and an interesting review by the group of Prof. R. Ruoff (Dreyer et al.
2010).
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The dispersability of GO depends on the extent of surface oxygenated groups as well as on
the chosen solvent. However, it can be dispersed in a wide range of the same solvents in
which the principal soluble polymers can be dissolved. Thus graphite oxide is dispersed in a
solvent common to a specific polymer and then reduced to r-GO in presence of the polymer,
with the aim of restoring the sp2 network. The effective interaction between functional
groups in GO and those in the polymers avoid the re-stacking of the graphitic layers after
the reduction step. This constitutes the first type of example we shall describe in this
chapter: the use of graphite oxide without further functionalization.

Poly(vinyl alcohol) (PVA) has been one of the preferred polymers to address this strategy. The
high capacity of PVA to simultaneously form both intra- and interchain hydrogen bonding
makes it an interesting polymer which could interact with GO in the same way and could be
used as a model for understanding the interaction of graphite oxide with other polar polymers.
For example, the synthesis of PVA/r-GO nanocomposites by chemical reduction of water-
dispersed graphite oxide in presence of PVA has been reported (Salavagione et al. 2009). It has
been proposed that some interactions occur between the polymer and the reduced graphite
oxide layers, mainly by hydrogen bonding. These interactions are responsible for a remarkable
change in the thermal behaviour of the nanocomposites. In addition, the electrical properties of
the nanocomposites were superior not only with respect to the parent polymer but also
compared with PVA/CNT nanocomposites. They show the typical insulating-conductive
percolation behaviour (Figure 1). That is, conductivity remains at very low values (1013 to 10-14
S.cm) until a critical loading content is achieved. Then, it increases quickly by several orders
of magnitude up to ca. 105 S.cm-1. The percolation threshold for r-GO/PVA nanocomposites
observed, between 0.5 and 1 wt%, was one order of magnitude lower than that reported for
PVA/CNTs (Shaffer et al. 1999).
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Fig. 1. Plot of the electric conductivity of PVA /RGO nanocomposites as a function of the
RGO content (Reprinted with permission of The Royal Society of Chemistry, 2009).

In another example, the same procedure excluding the reduction step was employed to
prepare PVA/GO nanocomposites (Liang et al. 2009). These nanocomposites showed
enhanced mechanical performance due to the large aspect ratio of the graphene sheets, the
molecular-level dispersion of the graphene sheets in the PVA matrix, and mainly due to
strong interfacial adhesion due to hydrogen-bonding between graphene and the PVA
matrix. For example, with only 0.7 wt% GO the tensile strength increased by 76% from 49.9
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to 87.6MPa and the Young’s modulus increased by 62% from 2.13 to 3.45G Pa with respect
to the parent polymer.

Recently a similar procedure using sodium dodecylbenzene sulphonate (SDBS) as a
surfactant has been reported (Zhao et al. 2010). The nanocomposites were prepared by
chemical reduction of GO in an aqueous solution containing PVA and the stabilizing SDBS.
The final products displayed significant enhancement of mechanical properties at low
graphene loading: a 150% improvement of tensile strength and a nearly 10 times increase of
Young's modulus were achieved at a graphene loading of only 1.8 vol %. Also the value of
the elongation at break decreased from 220% for the polymer to 98% for the composite with
the same loading, which was attributed to a large aspect ratio and the interaction between
graphene and the matrix, which restricts the movement of the polymer chains.

Another remarkable study reported the fabrication of graphene-polymer nanocomposites
with three-dimensional architectures (Vickery et al. 2009), where template-directed methods
were employed to obtain higher-order architectures. Sponge-like macroporous scaffolds
were generated by ice-segregation-induced self-assembly (ISISA) by freezing aqueous
dispersions that contained homogeneous mixtures of polystyrene sulfonate-stabilized
graphene sheets (PSS-G) and PVA (Figure 2).

Fig. 2. SEM images of (a),(b) longitudinal sections, and (c),(d) cross sections of a PSS-G/PVA
freeze-dried monolith (1:10 wt. ratio). Arrows in (a) and (b) indicate direction of freezing.
Images (a),(c) show a layered structure, (b),(d) show a macroporous architecture. Image (e)
is a higher-magnification image of the layered structure showing interlamellar cross links,
and (f) shows an image of a single wall with loosely packed graphene sheets. Scale bars: 10
pm for (a),(c), and (d); 5 pm for (b); and 1 pm for (e) and (f). (Reprinted with permission of
Willey-VCH, 2009).
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In addition, hollow micrometer-sized PSS-G spheres or PSS-G coated polymer
microparticles were prepared by the aqueous deposition of negatively charged PSS-G
dispersions on the positively charged polymer bead surfaces (Figure 3).

Fig. 3. SEM images of PSS-G-coated PAH-functionalized polystyrene beads: (a) Coated
beads with surface textures. The inset shows the curled edge of an adsorbed PSS-G sheet, (b)
High-magnification image showing overlapping PSS-G sheets on neighbouring beads, and
(c) Sample after treatment with toluene showing aggregated film of deflated and fractured
hollow graphene microspheres. The inset shows a single deflated hollow graphene
microsphere. Scale bars: (a),(b) = 500 nm, (c) = Ipm. (Reprinted with permission of Willey-
VCH, 2009).

Finally, GO/PVA hydrogel nanocomposites have been recently prepared (Bai et al. 2010).
The formation of the hydrogels relied on the assembly of GO sheets and the cross-linking
effect of PVA chains. The GO/PVA hydrogels exhibited pH-induced gel-sol transition and
they were tested for loading and selectively releasing drugs at physiological pH.

Although here we only give a few representative examples on PVA/GO nanocomposites, a
wide number of other studies can be found in the literature.

GO has also been employed in epoxy nanocomposites. In the first example, the materials
were prepared by mixing adequate amounts of a GO aqueous solution with epoxy resin
(Yang et al. 2009). Significant improvements in mechanical properties were achieved for the
graphene oxide/epoxy resin for a 0.0375 wt% loading of chemically converted graphene
oxide sheets, with an increase of 48.3% and 1185.2% in compressive failure strength and
toughness, respectively.
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In another study, GO was thermally reduced before mixing with the epoxy resin (Yu et al.
2007). Thermal conductivity measurements indicated that four layer GO, with a thickness of
ca. 2 nm acts as a very efficient filler for epoxy composites. When embedded in an epoxy
matrix, these graphite nanoplatelets provide a thermal conductivity enhancement of more
than 3000% at a loading of 25 vol %, and a thermal conductivity k = 6.44 W/mK, which far
surpasses the performance of conventional fillers that require loadings of around 70 vol % to
achieve these values. The thermal conductivity using graphite nanoplatelets was higher
than that using other carbon allotropes (Figure 4). This improvement in the properties was
ascribed to the favourable combination of the high aspect ratio, two-dimensional geometry,
stiffness, and low thermal interface resistance of the graphene nanoplatelets.

The above strategy relies on the fact that thermally or chemically reduced graphite oxide
retains specific amounts of oxygenated groups, primarily as carboxylic moieties in the edge
planes. This material is known as functionalized graphene sheets (FGS) (Li et al. 2008).
Similarly, FGS was used as filler for poly(methyl methacrylate) (PMMA)] (Ramanathan, et
al. 2007). The authors concluded that the reduced particle size, high surface area, and
increased surface roughness significantly alter the filler/polymer interface enhancing the
mechanical, thermal and electrical properties of the polymer matrix. In addition, an
unprecedented shift in the glass transition temperature of over 40 °C was obtained for
poly(acrylonitrile) (PAN) with 1 wt% of functionalized graphene sheet, and with only 0.05
wt% there is still an improvement of nearly 30 °C. Modulus, ultimate strength and thermal
stability followed a similar trend, with values for functionalized graphene sheet-PMMA
composites rivalling those for single-walled carbon nanotube-PMMA composites
(Ramanathan et al. 2008).
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Fig. 4. Thermal conductivity enhancement of epoxy-based composites at 30 °C, using
various graphitic fillers: graphitic microparticles (GMP), graphite nanoplatelets exfoliated at
200 °C (GNP-200) and 800 °C (GNP- 800), carbon black (CB), and purified SWNTs
(Reprinted with permission of The American Chemical Society, 2007)

In another interesting example graphene nanosheets in the form of chemically reduced GO
have been prepared in organic media (Villar-Rodil et al. 2009). The ability to prepare
graphene dispersions in organic media facilitated their combination with polymers, such as
PAN and PMMA, to yield homogeneous composites. Copolymers have been also employed
to prepare nanocomposites with graphene. For instance, a stable aqueous graphene sheet
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dispersion was prepared via the chemical reduction of exfoliated GO in the presence of a
pluronic copolymer (poly-(ethylene oxide)-block-poly(propylene oxide)-block-poly-
(ethylene oxide) triblock copolymer, PEO-b-PPO-b-PEO) (Zu and Han, 2009). Using this
system the hydrophobic PPO segments bind to the surface of graphene via a hydrophobic
effect, whereas the hydrophilic PEO chains extend into the water. The authors used the
pluronic-graphene nanocomposites to prepare supramolecular hydrogels of the resulting
graphene dispersion upon addition of R-cyclodextrin (R-CD) since the PEO chain can
penetrate into the R-CD cavity. Potential applications in drug delivery are envisaged.

On the other hand, nanocomposites of r-GO with intrinsically conductive polymers have
been reported (Zhao et al. 2009). A thin film of GO was deposited on indium tin oxide (ITO)
electrodes, thermally reduced and covered with a layer of polyaniline (PANI). The PANI on
graphene exhibited much higher electrochemical stability than PANI-ITO in aqueous acidic
electrolytes and the performance of the electrochromic devices with graphene electrodes
exhibited only slight decrease upon voltage switching while that of the devices with
conventional ITO electrodes decreased considerably (Figure 5).
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Fig. 5. Chronoamperometry (a and b) and transmittance curves at 700 nm (c and d) of the
PANI-ITO (a and ¢) and PANI-Graphene (b and d) electrodes in 1 mol. L-1 H>SOj4 for the

first 5 and the 301st-305th cycles when an anodic potential was switched between -0.1 V
and 0.5V vs. Ag/AgCl for 10 s at each step (Reprinted with permission of Elsevier, 2009).

Also r-GO/polyelectrolyte nanocomposites have been prepared (Ansari et al. 2010). In this
case well-dispersed nanocomposites with highly aligned graphene nanosheets in a
polyelectrolyte (Nafion) matrix were described. By adapting experimental protocols
originally developed for clay nanocomposites, highly oriented GO-Nafion nanocomposites
were prepared by casting from an aqueous suspension. Subsequent exposure of the GO-
Nafion nanocomposites to hydrazine reduced the GO platelets in-situ producing well-
aligned graphene-Nafion nanocomposites. The o relaxation of Nafion shifted to higher
temperatures in the nanocomposites by as much as 50 °C in the sample containing 7 wt% of
GO. The modulus of the same sample was about a factor of two higher compared to that for
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neat Nafion. Both of these effects was directly related to the molecular confinement in the
vicinity of the organic/inorganic interface that drastically hinders the mobility of the
polymer chains. Finally, after reduction with hydrazine, a conductivity value of 1.3 S.m?
was observed.

Ionic liquid polymers have also been employed to stabilize graphene dispersions (Kim et al.
2010). Briefly, the ionic liquid polymers were dissolved in water and added to an aqueous
GO dispersion. This mixture was then reduced with hydrazine monohydrate to obtain r-GO
sheets decorated with ionic liquid polymers that were well-dispersed in the aqueous phase
and stable to chemical reduction. The authors demonstrated that hydrophilic-to-
hydrophobic reversible switching of graphene sheets was possible by simply exchanging the
anions associated with polymeric ionic liquids (PIL)(Figure 6).
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Fig. 6. Schematic illustration of synthetic process for the PIL-modified graphene sheets.
(Reprinted with permission of American Chemical Society, 2010).

Finally, graphene-based nanocomposites have also been produced by in-situ intercalative
polymerization. GO was employed in the polymerization of PVA (Liu et a 2000), PMMA
(Jang et al. 2009), epoxy (Wang et al. 2009), poly(arylene disulphide) (Du et al.2005), and
PANI (Wang et al. 2009; Zhang et al. 2010), while FGS were employed in the polymerization
of silicone foams (Verdejo, et al. 2008) and poly(urethane) (Lee et al. 2009).

2.2 Functionalized graphite oxide (f-GO)

The reactive groups in GO offer the possibility of further modification rendering a more
versatile filler for polymer nanocomposites. In principle, the chemistry of carboxylic,
hydroxyl and epoxy groups can be extended to GO.

A complete study on the functionalization of GO with a wide number of organic isocyanates
has been reported (Stankovich et al. 2006) (Figure 7). Exfoliation in polar aprotic solvents of
isocyanate-treated GOs (iGOs) produced functionalized graphene oxide nanoplatelets that
form stable colloidal dispersions. The authors concluded that the isocyanate treatment
results in the derivitization of the carboxyl and hydroxyl groups on GO via the formation of
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amides and carbamate esters, respectively. They proposed that the extent of
functionalization can be controlled either by the reactivity of the isocyanate or the reaction
time, and GO nanoplatelets with different surface functional groups have been prepared
using this methodology.

The iGOs ensure molecular-level dispersion of individual, chemically modified graphene
sheets within polymer hosts such as polystyrene (PS) (Stankovick et al. 2006). Briefly, PS was
added to stable dispersions of phenyl isocyanate-treated GO materials and dissolved by
stirring. Reduction of the dispersed material was accomplished with dimethylhydrazine at
80 °C for 24 h. The resulting PS-graphene nanocomposite displayed good electrical
conductivity with a percolation threshold of 0.1 vol.%. The authors attributed this striking
result to the extremely high aspect ratio of the graphene sheets and their excellent
homogeneous dispersion in the PS matrix. It is probable that individual graphene sheets
interact with the aromatic matrix through n-rm interactions avoiding aggregation or re-
stacking after the reduction step.

HO

Fig. 7. Proposed reactions during isocyanate treatment of GO. Organic isocyanates react
with hydroxyl (left) and carboxyl groups (right) of GO sheets to form carbamate and amide
functionalities, respectively (Reprinted with permission of Elsevier, 2006).

In another study, r-GO-PS nanocomposites prepared using the above procedures were
tested for electronic devices (Figure 8) (Eda et al. 2009). The authors demonstrated
ambipolar field effect characteristics in transistors made from graphene-based composite
thin films, and suggested that transport takes place via percolation between the
functionalized graphene sheets in the insulating polymer matrix. Further, they showed that
the highest mobility values were obtained in devices fabricated using the largest sized
functionalized graphene sheets.

The same procedure was carried out to prepare r-GO/PS nanocomposites for field emission
(Eda et al. 2008). Field emission from graphene is challenging because current deposition
methods produce sheets that lie flat on the substrate surface, resulting in limited field
enhancement. The authors described a simple and general solution-based approach for the
deposition of field emitting graphene/polymer composite thin films, where angular
orientation of the graphene sheets with respect to the substrate surface lead to field emission
at low threshold fields in the order of 4 V.um-!
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iGOs have also been used as reinforcements in thermoplastic polyurethane (Kim et al. 2010).
An almost 10-fold increase in tensile stiffness and 90% decrease in nitrogen permeation were
observed in thermoplastic polyurethane (TPU) with only 3 wt. % iGO, and was related to
the high aspect ratio of exfoliated platelets. By real- and reciprocal- space morphological
characterization the authors determined that thin exfoliated sheets can be more effectively
distributed in the polymer matrix by solvent-based blending techniques than by melt
processing.

Similarly iGOs together with sulphonated graphene and r-GO were used in TPU
nanocomposites (Liang et al. 2009). Especially interesting were the results on sulphonated-
graphene/polyurethane nanocomposites showing excellent light-triggered actuation with
significantly enhanced mechanical properties. Actuators with 1 wt % of sulphonated
functionalized graphene sheets exhibited repeatable infrared triggered actuation performance
with remarkable levels of contraction able to lift a 21.6 g weight 3.1 cm with 0.21 N of force on
exposure to infrared light. Furthermore, a dramatic improvement in mechanical properties
was also obtained for the graphene nanocomposites with a homogeneous dispersion. As the
concentration of -sulphonated -graphene increased, its nanocomposites showed significantly
enhanced mechanical properties, i.e. the Young’s modulus increased by 120% at only 1 wt. %
loading. Moreover, through a comparative study of three kinds of graphene materials, it was
found that this infrared-triggered actuation property was mainly dependent on the integrity of
the aromatic network of graphene and on its level of dispersion within the matrix.
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Fig. 8. (a) Schematic of functionalized graphene sheets-PS composite thin film field effect
devices. Atomic force microscopies of (b) phenyl-isocyanate treated GO and

(c) functionalized graphene sheets-PS composite thin films. (d) SEM of typical as-deposited
functionalized graphene sheets-PS composite thin films. Contrast can be seen between
conductive functionalized graphene sheets (light) and insulating PS matrix (dark)
(Reprinted with permission of The American Chemical Society, 2009).

GO has also been functionalized to synthesize a polymerization-initiator covalently bonded to
the GO surface. PS-graphene nanocomposites have also been prepared by grafting the
polymer from an initiator-modified graphene (Fang et al. 2009). In this case the initiator
molecules were covalently bonded to the graphene surface via a diazonium addition reaction
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and the subsequent atom transfer radical polymerization (ATRP) linked the PS chains. Briefly,
r-GO was treated with 2-(4-aminophenyl) ethanol and isoamyl nitrite at 80 °C (diazonium
functionalization) (Figure 9). This modified r-GO was then reacted with 2-bromopropionyl
bromide and the resulting product used as the initiator for styrene polymerization. The
prominent confinement effect arising from the incorporation of nanosheets resulted in a 15 °C
increase in the glass transition temperature of PS compared to that of the pure polymer. The
resulting PS nanocomposites with 0.9 wt% graphene nanosheets showed around 70% and 57 %
increases in tensile strength and Young's modulus, respectively.

PS-grafted graphene has been employed as a filler in PS nanocomposites (Fang et al. 2010).
Specific amounts of PS-grafted graphene were dispersed in toluene and mixed with the
pristine polymer, and nanocomposite films were prepared by drop-casting. The
nanocomposites showed better thermal conductivity than the parent polymer. For a
nanocomposite containing only 2 wt% of graphene the thermal conductivity at 35 °C
increased from 0.18 W m1 K for PS to 0.413 W m- K, higher than that obtained for PS-single
walled nanotubes nanocomposites with a 5wt% loading. Again the higher aspect ratio of
graphene emerges as the origin of these improvements. Furthermore, effective
polymer/filler interfacial interactions play a key role since a lower degree of improvement
in the thermal conductivity was obtained for graphite-filled nanocomposites.
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Fig. 9. Synthesis route of polystyrene-functionalized graphene nanosheets (Reprinted with
permission of The Royal Society of Chemistry, 2009).

Although PS and PU dominated this section there are also interesting examples using other
polymers. Polypropylene (PP) has been grafted from surface modified GO (Huang et al.
2010). Briefly, GO was modified to give a GO-supported Ziegler-Natta catalyst, and
subsequent polymerization of propylene led to the in situ formation of a PP matrix
accompanied by nanoscale exfoliation of GO, and consequently its gradual dispersion.
Morphological examination of the PP/GO nanocomposites obtained by transmission
electron microscopy (TEM) and scanning electron microscopy (SEM) demonstrated effective
dispersion at the nanoscale of GO in the PP matrix. In addition, the GO/PP nanocomposites
were demonstrated to be electrically conductive.
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The ATRP method has also been employed to graft poly(tert-butyl acrylate) (PtBA) from GO
(Li et al. 2010). The GO was reacted with trichloro(4-chloromethylphenyl) silane to prepare
the ATRP initiator-coupled GO nanosheets. The modified-GO particles were then used as
the initiator in the polymerization of PtBA to give GO nanosheets with covalently grafted
PtBA. The grafted hydrophobic polymer brushes obtained produed a substantial
enhancement of GO solubility in organic solvents, and the GO-g-PtBA nanosheets formed a
stable dispersion in toluene. The functionalized GO nanosheets were successfully integrated
into an electroactive polymer matrix and subsequently a composite material based on a thin
film of poly(3-hexylthiophene) (P3HT) containing 5 wt % GO-g-PtBA in an Al/GO-g-
PtBA+P3HT/indium tin oxide (ITO) sandwich structure, where bistable electrical
conductivity switching behavior and a nonvolatile electronic memory effect were observed.
Finally, water-dispersible GO-g-poly(acrylic acid) (PAA) nanosheets were prepared by
hydrolysis, allowing gold nanoparticle-decorated GO-g-PAA nanofilms to be prepared from
aqueous dispersions (Figure 10).

Fig. 10. TEM images of (a) GO-g-PAA nanosheets, (b) Au NPs of 18 nm in diameter and (c)
GO-g-PAA nanosheets decorated with 18 nm Au NPs processed from aqueous dispersions.
The respective scale bars for a, b, and ¢ are 200, 20, and 500 nm (Reprinted with permission
of The American Chemical Society, 2010).
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Finally, fibres of poly(vinyl acetate) (PVAc) with GO and functionalized GO, which find
application as light absorbers in ultrafast photonics, were prepared by electrospinning (Bao et
al. 2010). The authors used GO and three types of functionalized GO as fillers. Firstly, GO was
non covalently modified with a  poly[(m-phenylenevinylene)-co-(2,5-dioctoxy-p-
phenylenevinylene)], denominated PPV-GO. In the second example, GO was non-covalently
modified with 1-pyrenebutanoic acid, succinimidyl ester and reduced with hydrazine, giving a
stable r-GO dispersion (denominated G-PBASE). Eventually, r-GO was covalently modified by
diazonium coupling followed by the Heck reaction to give a dye-covalent modified graphene
(called G-dye). The author reported improvements in the mechanical, thermal, and optical
properties of PVAc. G-PBASE and G-dye enhanced the Young’s modulus, and the ultimate
strength increases by 102% from 6.13 to 12.39MPa with only 0.07 wt% of G-PBASE. The
authors attributed this enhancement to the good molecular-level dispersion of G-PBASE and
G-dye in the PVAc matrix. The oxygen atoms in G-PBASE and the pyridinium nitrogen in G-
dye provide hydrogen bonding interactions with the PVAc chains. Regarding the optical
properties the graphene-based nanocomposites displayed enhanced absorbance in the region
typically employed for telecommunications (around 1550 nm) compared to the parent PVAc,
making it a promising candidate as saturable absorber with wideband tuneable absorption
and an efficient photonic material for generating ultrashort pulses in fiber lasers.

2.3 Polymer-covalent functionalization of graphitic layers

Usually to achieve stable dispersions of graphene and control of the microstructure of
nanocomposites, polymer covalent-functionalization of graphene is necessary. The direct
modification of graphene laminates with polymer matrices by using the oxygenated groups
in GO represents an interesting strategy. Thus, polymers with adequate functional groups
can be covalently linked to graphene sheets. This issue refers to previously prepared
polymers reacting with GO or graphene, and different procedures described previously
involving the polymer grafting from initiator-modified graphene.

The covalent attachment of graphene to polymer chains can generate both positive and
negative effects in the final properties. The fixation of graphene can limit the conductivity,
increasing the percolation threshold. However, this confinement can also significantly
improve other properties such as the mechanical properties.

As an example, soluble graphene covalently functionalized with PVA has been synthesized
by a simple esterification reaction of carboxylic groups in GO (Salavagione et al. 2009). The
esterification reaction of GO and PVA was undertaken in dimethylsulfoxide (DMSO) using
a typical catalytic system composed of N,N-dicyclohexylcarbodiimide (DCC) and 4-
dimethylaminopyridine (DMAP). The product was soluble in water and DMSO as was the
parent PVA. Surprising results were obtained by !H NMR in the hydroxyl proton
resonances which are resolvable in terms of configurational sequences, providing important
information on the reaction mechanism. Since hydrogen bonding leads to downfield shifts,
the chemical shifts of hydroxyl sequences resonances increase when passing from iso (4.7
ppm) to hetero (4.5 ppm) and from hetero to syndio (4.2 ppm) triads. By a simple inspection
of the evolution of the 1H spectrum, an increase in the syndiotactic signal to the detriment of
the isotactic signal was seen for the esterified product, suggesting that the esterification
reaction occurs at the isotactic configuration. Surprisingly, a new signal at 4.2 ppm upfield,
very close to the syndiotactcic triads of unmodified PVA, was clearly observed in spite of
the low degree of esterification. This signal can be related to hydroxyl protons next to
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acetate groups as reported for the esterification of PVA. The authors concluded that the
esterification of PVA with GO proceeds through a stereoselective mechanism, which is
striking regarding the incorporation of huge graphitic laminates into free-voids of the
polymer. The esterified polymer showed dramatic changes in the thermal and crystalline
parameters as well as in the thermal stability (Figure 11). It was observed that the melting
temperature (Tm) and the melting enthalpy (AHn) were dramatically influenced by the
presence of the graphitic layers. In the modified products the melting peaks disappeared,
and the semicrystalline PVA (Xc=0.51) became totally amorphous, supporting the existence
of covalent linkages between the PVA and the graphene laminates. In addition, the mobility
of the polymer chains was strongly affected. The dramatic shift in Ty of 35 °C for the
esterified polymer is particularly striking, and was similar to the best available data
obtained for polymer composites using individual functionalized graphene sheets (FGS) as
fillers at the same composition, and the thermal stability was significantly improved.
Finally, the immobilized GO laminates were reduced with hydrazine in aqueous medium to
give water soluble r-GO covalently bound to the polymer matrix.

This approach has also been extended to the covalent bonding of graphene to a conveniently
modified poly(vinyl chloride) (PVC) (Salavagione et al. 2011). Here graphene soluble in
common organic solvents was prepared by covalent attachment of a PVC derivative,
resembling earlier work using multi walled carbon nanotubes (Salavagione et al. 2010).
Dynamic mechanical measurements revealed a significant increase in the storage modulus
(E") of the GO-PVC with respect to the parent PVC. The evolution of tan  (ratio of the loss
to storage modulus) as a function of temperature showed that all relaxation peaks
broadened and shifted to higher temperature. This indicated that GO-fillers efficiently
restrict the mobility of the PVC chains thereby increasing the stiffness of the matrix, which
was also reflected in higher transition temperatures.
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Fig. 11. Thermal behaviour of PVA, and its product of esterification with GO and thionyl
chloride treated GO: DSC heating scans at 10 °C.min! (left) and thermogravimetric curves
(right) (Reprinted with permission of The American Chemical Society, 2009).

Although the initial focus of the graphene community is on the wonderful electronic
properties of graphene, the optical applications of graphene composites may emerge in the
market sooner since the optical properties can be also tuned with polymers linked to
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graphite oxide. The photoluminescence properties of GO have been employed for cellular
imaging (Sun et al. 2008). GO was modified with an amine-terminated polyethylene glycol
using N-(3-dimethylaminopropyl-N’-ethylcarbodiimide) hydrochloride catalyst. The
modified GO sheets were found to be soluble in buffers and serum without agglomeration
and displayed photoluminescence in both the visible and infrared regions. The intrinsic
photoluminescence of this material was used for live cell imaging in the near-infrared (NIR).
In addition, this study demonstrated that simple physisorption via -7 stacking can be used
for loading doxorubicin, a widely used cancer drug onto functionalized GO with antibodies
for the selective killing of cancer cells in vitro.

In another work toluene-2,4- diisocynate-modified GO was used to prepare a new soluble
donor-acceptor type poly(N-vinylcarbazole)-covalently functionalized graphene oxide (GO-
PVK) (Zhang et al. 2010). The intensity of the emission band of GO-PVK at 437 nm was
slightly quenched when compared with that of S-1-Dodecyl-S"-(a,a’-dimethyl-a™-
aceticacid) trithio carbonate (DDAT)-PVK, suggesting intramolecular quenching from PVK
to GO. Such intramolecular quenching processes may involve energy and electron transfer
between the excited singlet states of the PVK moiety and the GO moiety.

2.4 Non-covalent functionalization

Other alternative procedures lie in non-covalent modification. Non-covalent
functionalization is preferable for solubilisation, because it enables attachment of molecules
through 7-7 stacking or hydrophobic (van der Waals) interactions, preserving the intrinsic
electronic properties of graphene. The advantage is that this does not disrupt the extended 7
conjugation, unlike covalent functionalization which creates defects on the graphene sheet.
Pyrene derivatives have a strong affinity with the basal plane of graphene via -7 interaction
and this helps to stabilize graphene in aqueous solutions (Xu et al. 2008). Graphene has been
modified with pyrene-terminated polymers, and pH sensitive graphene-polymer
composites have been prepared by the non-covalent modification of graphene basal planes
with pyrene-terminated poly(2-N,N-(dimethyl amino ethyl acrylate) (PDMAEA) and PAA
(Liu et al. 2010). The graphene-polymer composites were found to demonstrate phase
transfer behaviour between aqueous and organic media at different pH values. Self-
assembly of the two oppositely charged graphene-polymer composites generated layer-by-
layer (LbL) structures (Figure 12). SEM images show that most graphene polymer
nanosheets are flat after self-assembly and the LbL structure was clearly observed. Self-
assembly, monitored with a quartz crystal microbalance (QCM), showed that when the
negatively charged graphene-PAA composites and the positively charged graphene-
PDAMEA suspensions were injected consecutively, a dramatic decrease in frequency was
observed, demonstrating self-limiting assembly in intervals of around 20 min.

In another study stable dispersions of graphene in organic solvents were achieved by non-
covalent functionalization of graphene with amine-terminated polymers (Choi et al. 2010).
To obtain a stable dispersion in the evaluated non-solvents, amine-terminated PS was non-
covalently functionalized to graphene, while graphene sheets were phase transferred via
sonication from the aqueous phase to the organic non-solvent phase, including the amine-
terminated polymers (Figure 13). Briefly, end-functionalized PS was dissolved in organic
solvents (dichloromethane, o-xylene, benzene, and hexane) and the organic polymer
solution was added to the vial containing an aqueous dispersion of reduced graphene. Then
the vial including phase-separated organic and aqueous phases was subjected to sonication
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Fig. 12. High-resolution SEM images of LbL self-assembled graphene composites of
PDMAEA and PAA from six self-assembly steps: (a) normal and (b) section view. (c) Quartz
crystal microbalance monitorization of layer-by-layer self-assembly of positive charged
(graphene-PDAMEA) and negatively charged (graphene-PAA) composites. x represents the
immobilization of cystamine on gold coated crystal, y the self-assembly of negatively
charged graphene-PAA, and z the self-assembly of positive charged graphene-PDAMEA
(Reprinted with permission of The American Chemical Society, 2009).

to produce the non-covalent functionalization and phase transfer of graphene. In Figure 13
the dark phase corresponds to the aqueous dispersion of reduced graphene and the
transparent phase corresponds to amine-terminated PS. After sonication the reduced
graphene was transferred from aqueous to organic phase via non covalent (ionic) interaction
between the protonated terminal amine groups (NHs*) of amine-terminated PS and the
remaining carboxylate groups (COO-) of reduced graphene. After phase transfer, the Raman
G band of reduced graphene markedly shifted from 1589 cm to 1596 cm indicating
improved exfoliation of the graphene layers, as occurred with GO.
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Fig. 13. Phase transfer of reduced graphene from the aqueous phase to the organic phase via
PS-NH; functionalization. (a) Before sonication. Dark phases = aqueous dispersions of
reduced graphene; transparent phases = PS-NH; dissolved in organic solvents. (b) After 5 h
sonication. Phase transfer occurred. (c) Schematic illustration of phase transfer via non-
covalent functionalization (Reprinted with permission of The Royal Society of Chemistry,
2010).

Recently, graphene was also non-covalently modified with a conducting polymer,
sulfonated polyaniline (SPANI) (Bai et al. 2009). SPANI, is soluble in water in neutral or
alkaline media. Here it was expected that SPANI dispersed graphene sheets via sw-r
interactions resembling a surfactant-assisted solubilisation, since SPANI can be considered a
surfactant with a hydrophobic aromatic main chain and hydrophilic pendant sulfonate
groups. GO was reduced in an aqueous solution of SPANI to give a homogeneous stable
black dispersion. The SPANI-r-GO nanocomposites showed improved electrochemical
stability and enhanced electrocatalytic activity.

The idea of using a polymeric surfactant to induce the solubility of graphene emerges as an
interesting alternative. The dispersion of graphene within soluble polymeric matrices is
fundamental for practical applications since it combines the superlative properties of both
components. Polymer-dispersed graphene films can find applications as flexible conductors,
transparent conductive coatings for optoelectronic devices, and/or photonics materials. A
polymeric surfactant has been prepared by covalent attachment of a perylene derivative, N-
(carboxyphenyl)-N’-(8-pentadecyl)perylene-3,4:9,10-bis(dicarboximide) = (PDI-COOH), to
PVA through esterification (Salavagione et al. 2010). The perylenediimide (PDI)-modified
PVA polymers were soluble in water and DMSO. This solubility was conferred to the
insoluble perylene derivative by the water-soluble polymer. This polymeric surfactant has
been employed to induce the water solubility of graphene (Salavagione et al. 2011) giving a
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stable graphene dispersion. The presence of dispersed few layer graphene sheets was
demonstrated by UV-visible, Raman and Fluorescence spectroscopy, and indirect evidence
for the strong interaction between the perylene and the graphene was obtained from the
analysis of polymer parameters, such as the crystallinity that completely disappeared and
the remarkable decrease in segmental motion reflected by a shift of upto 70 °C in the T. In
addition, the graphene used in this study was obtained by reductive intercalation and
microwave assisted expansion of graphite (Morales et al, 2010). This method did not use r-
GO and avoided the creation of specific amounts of defects worsening the properties of
graphene. To date the use of a polymeric surfactant has not been extensively studied and
may be interesting to pursue this route for the preparation of graphene nanocomposites in
the near future.

Although we have addressed many representative examples, this chapter is by far
comprehensive, and works on other polymers such as polyethylene therephthalate (PET)
(Zhang et al. 2010), polcarbonate (PC) (Kim and Macosko, 2009), poly(vinilydene
fluoride)(PVDEF) (Ansari and Giannelis, 2009) and poly(3,4-ethyldioxythiophene) (Xu et al.
2009), for example, can also be found in the literature.

3. Conclusions

Graphene is a cheap and multifunctional material that improves electrical, thermal,
mechanical, optical, and gas barrier properties of polymer matrices, reuniting the laminar
properties of layered silicates with the unique characteristics of carbon nanotubes. At very
low filler contents most of these properties were better for graphene than those observed for
other carbon-based reinforced nanocomposites due to the higher aspect ratio of graphene.
The versatility of graphene polymer nanocomposites suggests their potential application in
automotive, electronics, aerospace and packaging. However the development and
applicability of graphene-based PNCs will be intimately related to the limitations of
graphene such as the lack of effective methods for scalable graphene production, which
translates as higher costs, difficult manipulation of graphene sheets in processing due to its
extremely low bulk density, and the lack of local sites or tensioned bonds on the graphene
sheets to anchor functional moieties to make it more processable and compatible with other
materials. In fact, so far only research on polymer nanocomposites using defect rich GO but
not intact graphene itself have been published. Clearly the main drawback of GO is the
disruption of the sp2? network that can transform it into a completely insulating material.
The sp? network is not totally recovered after thermal or chemical reduction since
irreversible sp3 defects are created under strongly oxidizing conditions, worsening the final
properties of graphene. In fact, an alternative to modified graphene involves the
modification by diazonium salts, but, usually diazonium salts are reacted with expandable
graphite, by thermal expansion of GO. Therefore, efforts have to be made in the
functionalization of pristine graphene and/or expanded graphite obtained avoiding the
oxidation step for polymer nanocomposites in order to obtain materials with higher
performance.

As described before, numerous efforts to prepare useful graphene-based nanocomposites
have been made and important improvements achieved. However, in spite of the
considerable advances, excitement and promise of exfoliated graphene-based polymeric
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nanocomposites, substantial fundamental research is still necessary to provide a basic
understanding of these materials to enable full exploitation of their nanoengineering
potential. Despite the large number of combinations of matrices and potential reinforcing
nano-elements with different chemistry, size, shape and properties, all graphene-based
nanocomposites share common features with regard to fabrication methodologies,
processing, morphology characterization and fundamental physics.

Thus, the key to prepare advanced graphene-based nanocomposites is the engineering at the
polymer-graphene interface. Usually surfactant molecules have been employed to improve
interface interactions. Developing an understanding of the characteristics of this interphase
region, its dependence on the graphene surface chemistry, the relative arrangement of
constituents and its relationship to the nanocomposite properties is a current research
frontier in nanocomposites that unites the interest of scientists in physical chemistry,
materials science and engineering. In the very near future, it is expected that a large number
of new graphene-based nanocomposites using different polymer hosts (thermoplastic,
thermosetting, and especially commodity polymers) and a wide range of graphene
nanoelements (with different functionalities, size and shape) will be published. For instance
the imaginative molecular design of polymeric surfactants has not yet been explored, and
can circumvent the problem of solubility, dispersion in polymers and the film forming
ability of graphene.

However, we are far from the end of the tunnel in terms of understanding the mechanisms
of the enhancement effect in graphene nanocomposites. Thus, the challenge to reach the
“graphene age” continues...
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1. Introduction

One of an integral aspect of polymer nanotechnology is precise synthesis of polymer
nanocomposites. [1-6] Small insertion of nanosized inorganic compounds usually improves
the properties of polymers in a great deal, which makes many of the most important
application areas possible depending on the inorganic material present in polymers. [7]
Specially, polymer composites which contain electrically conducting inorganic fillers, such
as natural graphite, carbon black and metal powders, have been extensively investigated in
the past few decades for their potential applications in antistatic coatings, electromagnetic
shielding and corrosion-resistant coatings, etc. [8-10] Sometimes, in order to obtain an
electrical conductivity of 104 S cm™ required for commercial uses, these composites often
contain as much as 15 wt% filler, which in turn causes deterioration of mechanical
properties and poor processability. It is, therefore, important to use a small amount of filler
to retain the stretchability or transparency of a matrix polymer.

Graphene is essentially an isolated atomic plane of graphite, which is composed of a single
layer sheet of sp2-bonded carbon atoms that are densely packed in a honeycomb crystal
lattice with large specific surface area. [11,12] Single-layer graphene sheet have been of great
interest for their unique properties, including not only excellent mechanical properties but
thermal conductivity and stiffness. Given these unique properties, graphene has been
considered as an ideal reinforcing agent for high strength polymer composites. [13,14] In
addition, the elusive two-dimensional structure of graphene has a number of unusual
electronic and robust transport properties that may be useful in the electronics or in the
related regions. [15-17]

The properties of polymer nanocomposites depend strongly on how well inorganic fillers
are dispersed in the polymer matrix. A great deal of nanocomposite research using carbon
nanotubes (CNT) as nanosize conductive fillers has focused on finding better methods for
dispersing nanotubes into polymers since pristine carbon nanotubes have poor
compatibility with most organic solvents and polymers. For this reason, additional surface
treatment is necessary for CNT based nanocomposites to allow better compatibility. [18]
Though surface modification via acid modification and polymer grafting improves
solubility of CNT in solvents and polymers somehow, the extent of disentanglement of the
CNT bundles into polymers is low, and severe sonication often leads to disruption of the
CNT. In case of graphene, during the synthesis of graphene from graphite oxide (GO)[19]
some epoxide and hydroxyl groups remain, which greatly facilitate dispersion. [20] There
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could be minor issues related to restacking of the flat graphene sheets after chemical or
thermal reduction, which might decrease dispersion efficiency. However, small addition of
surfactants can efficiently prevent individual graphene sheets from restacking with each
other by stabilizing the reduced particle suspensions. By virtue of these benefits, it is
considered that graphene-based nanocomposites have better performance than their CNT-
based counterparts.

While composites with graphene have been prepared with a number of polymers,
polyurethane (PU) was one of the mostly studied polymers [21]. PU can provide properties
covering from a high performance elastomer to tough thermoplastic with excellent physical
properties, including high tensile strength, abrasion and tear resistance, and solvent
resistance. In addition, high versatility in chemical structures originated from a wide range
of monomeric materials affords tailor-made properties with well-designed combinations of
these monomers. As a result, PU can be easily manipulated to satisfy the highly diversified
demands of modern technologies.

Driven by modern requirements to decrease emissions of volatile organic compounds, the
development of environmentally friendly waterborne polyurethane (WPU) has been
increasing, especially in the field of coating industry where the reduction of evolution of
volatile organic compounds during the drying process is critical. [22-24] In addition, WPU
offers many advantages such as low viscosity at high molecular weight and good applicability,
which cannot be realized with conventional solvent-borne systems. They could be also utilized
effectively in electronic devices as coatings for antistatic or electromagnetic shielding if they
could be modified for improved conductivity. This can be achieved with nanosize conductive
fillers that can possibly make a percolative network at an extremely low loading. [25]

The first area covered will pertain to general preparation of graphite oxide (GO) and
functionalized graphene sheets (FGS) with a focus on methods suitable for polymer
composite applications. Several examples of graphene-based nanocomposites with various
polymers are also discussed. Secondly, the preparation and physical properties of
functionalized graphene sheet (FGS)/PU nanocomposites are highlighted.

2. Preparation of FGS

Graphenes can be made by two methods; bottom-up and top-down. Chemical vapor
deposition (CVD)[26], arc discharge[27], and epitaxial growth on SiC[28] are usually
employed to synthesize graphenes in the bottom-up approaches. In most cases, a variety of
graphene preparations rely on the top-down approaches that utilize a cheap and
commercially available graphite as a starting material. In this section, the top-down
approaches are focused.

Synthetically, a variety of top-down approaches have been adopted to allow the preparation
of graphenes. Generally, there are three methods for the synthesis of graphenes: “direct
exfoliation of graphite”, “chemical reduction of GO”, and “thermal reduction of GO”. The
“direct exfoliation of graphite” route involves micromechanical cleavage of graphite. This
method allows graphenes with large-size and high-quality. It is difficult, however, to
separate the exfoliated graphene sheets from the bulk graphite. In the “chemical reduction
of GO” method, the starting material is graphite oxide (GO) produced by oxidation of
graphite. GO is not completely exfoliated and contain extensive domains of stacked
graphitic layers. The resulting GO is dispersed in solvent and chemically reduced to
graphene sheets by reducing agents such as hydrazine, dimethylhydrazine, hydroquinone,
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etc. “Thermal reduction of GO” strategy also begins with the preparation of GO. It is
generally believed that each layer of GO consists of randomly distributed unoxidized
aromatic regions and six-member aliphatic regions with polar groups, such as hydroxyl,
epoxide, ether, and carboxylate groups, originated from oxidation. When a sufficiently
oxidized GO is heated in an inert environment over 1000 °C, it can be exfoliated into a few
layered graphene sheets, that is, functionalized graphene sheets (FGSs). This step
accompanies pressure build-up which stems from CO» evolution due to the decomposition
of the epoxy and hydroxyl groups that bridges each GO sheet. [29-31] As a result, an
exfoliated GO, in which the inter-graphene spacing associated with GO and the graphite is
almost completely excluded after thermal expansion, has an affinity for polar solvents and
polymers, as well as good conductivity. These properties stem from the fact that the
completely exfoliated GO is composed of a few layered FGSs that still contain the polar
functional groups that remain after thermal treatment.[32] In addition, from the industrial
point of view, this method is preferred since large scale bulk production of FGS is possible.

In this chapter, we confine our focus to thermally exfoliated FGSs since polymer/graphene
composites that we will discuss are based on them. The following section coverd will briefly
survey various types of polymers that have been used for nanocomposites with graphenes.
Among them, poly(methyl methacrylate) (PMMA)/ graphene nanocomposites are focused.

3. PMMA/graphene nanocomposites

Generally, FGS-based polymer composites benefit their excellent performance from
graphene's thermal, mechanical and electrical properties. These composites are electrically
conducting and have higher thermal stability than polymer alone. In addition, incorporation
of a small amount of graphene into polymer matrix offers a great opportunity to make
tough and lightweight materials as long as graphenes are homogeneously distributed in
polymer matrices. There have been numerous reports on preparation of polymer/graphene
nanocomposites with different kinds of polymer materials, including polystyrene (PS)[33],
polycarbonate (PC)[34], PMMA[35-37], and PU.[38,39]

a ¥ 'rr & ‘-\ b F

X & . [——
' 250nm % e :‘/ o R 250nm
— - — R - ra " ' N

Fig. 1. TEM micrographs of PMMA /GO nanocomposites: (a) a PMMA /GO composite with 6.7

parts of GO, (b) a PEO-PMMA multi-block copolymer/GO composite with 6.7 parts of GO.
Adapted with permission from Ref. [36]. Copyright 2005 Elsevier Ltd.
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In our group, we began to examine PMMA as a matrix polymer material in which GO or
FGS were incorporated. In the first study, PMMA /GO nanocomposites were prepared by in
situ polymerization of methyl methacrylate (MMA) in the presence of GO. A the
macroazoinitiator (MAI) containing a poly(ethylene oxide) (PEO) segment that was
employed for this polymerization, was intercalated between the lamellae of GO to induce
the inter-gallery polymerization of MMA and exfoliate the GO.[36] The morphological,
conductivity, thermal, mechanical and rheological properties of these nanocomposites were
examined and compared with those of intercalated nanocomposites prepared by
polymerization with the normal radical initiator, 2,2-azobisisobutyronitrile. Since it has
been reported that PEO can be easily intercalated at the GO gallery[40,41], it is expected that
the polymerized PEO-PMMA multi-block copolymer will have an affinity to GO due to the
presence of PEO block, which cannot be easily achieved with a composite prepared by a
conventional small molecular weight initiator. As shown in Fig 1, PEO-PMMA multi-block
copolymer/GO composites have the finer dispersion than PMMA /GO composites due to
PEO being easily intercalated at the GO gallery. It was also evident that conductivity of
PEO-PMMA multi-block copolymer/GO composites was increased compared to that of
PMMA /GO composites. For example, a conductivity of 1.78 x 107 S/cm was attained in the
exfoliated PEO-PMMA multi-block copolymer/GO composites prepared with 2.5 parts GO
per 100 parts MMA, which was about 50-fold higher than that of intercalated PMMA /GO
composites.

Secondly, compatibilizing effect of GO in PMMA/FGS nanocomposites has been
investigated.[37] While we have prepared and examined FGS nanocomposites with various
polymers, it was found that the dispersability of FGS in a polymer matrix can be improved
when GO was used as a compatibilizer. The compatibilizing effect of GO is originated from
its chemical resemblance to FGS as well as polar functional groups that can interact with
matrix PMMA. An PMMA /FGS nanocomposite containing 1 part FGS has a conductivity of
1.89 x 107 S/cm, more than 107-fold better than pristine PMMA. This conductivity was
enhanced a further 100-fold by addition of 1 part GO. These results were ascribed to
compatibilizing ability of GO to allow the fine dispersion of FGS in a PMMA matrix.

4. PU/FGS nanocomposites

Generally, PU/graphene nanocomposites can be prepared by two methods: “mechanical
mixing method” and “in situ polymerization method”. The “mechanical mixing method”
includes solvent and melt process. Solvent process is usually used such that graphenes were
mixed with a PU matrix via blending with solvents followed by solvent removal. It is often
advantageous to employ “mechanical mixing” approach that can offer simple and facile
preparation of nanocomposites. It is, however, less efficient to achieve uniform dispersion of
graphenes in a polymer matrix. “In situ polymerization method” involves intercalative
polymerization of monomers in the presence of graphenes. It is considered that it is a better
approach for dispersing graphenes into polymers. However, this approach is limited to
solvent process due to the high viscosity of even dilute dispersion of graphene.

4.1 Preparation of FGS/PU nanocomposites.

As discussed briefly in the previous section, various types of graphene-based polymer
composites have been investigated. Extensive literature on graphene-based polymer
composites is beyond the scope of discussion in this chapter. The representative examples
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illustrating approaches to preparing FGS/PU nanocomposites are presented. Different

aspects of FGS/PU nanocomposites, including electrical conductivities, thermal properties,

and mechanical properties, will be thoroughly discussed based on our published results. As

mentioned above, FGSs that were used to prepare PU/graphene composites were thermally

exfoliated. Two different types of PU, organic solvent borne TPU and WPU, were employed

to make four different kinds of nanocomposites with combination with two different

processing methods, mechanical mixing and in situ polymerization.

1. FGS/organic solvent borne TPU nanocomposites prepared by mechanical mixing
(TPUN).[42]

2. FGS/organic solvent borne TPU nanocomposites prepared by in situ polymerization
(TPUNC).[43]

3. FGS/water-borne PU nanocomposites prepared by mechanical mixing (WPUN).[44]

4. FGS/water-borne PU nanocomposites prepared by in situ polymerization (WPUCL,
WPUMG).[21]

4.1.1 FGS/organic solvent borne TPU nanocomposites prepared by mechanical
mixing (TPUN)
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Fig. 2. A chemical structure of TPU (Up) and the preparation of nanocomposite films by a
mechanical method (Down).

Fig 2 shows the structure of TPU that was used in this work. TPU/FGS nanocomposite
solution was obtained by mixing different amounts of FGS in the presence of TPU in
methylethylketone (MEK). Sample designation codes provide information regarding the
amount of FGS included in the TPU samples. For example, TPUN-5 contains 5 parts of FGS
per 100 parts of polymer.

4.1.2 FGS/organic solvent borne TPU nanocomposites prepared by in situ
polymerization (TPUNC)

To prepare the TPU/FGS nanocomposite by the in situ polymerization method, the FGS was
immersed in MEK where polymerization was performed (Fig 3). The TPU/FGS
nanocomposites were prepared by using 0 to 3 parts of FGS per 100 parts TPU since flexible
cast films were unachievable when the content of FGS was more than 3 parts per 100.
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Sample designation codes were given by the amount of FGS included in the TPU samples.
For example, TPUNC-3 contains 3 parts FGS per 100 parts TPU.

FGS (0~3 parts i ; ; ;

( & parts) polymerization Nanocomposite Casiing Nanocomposite

PCL. BD. MDI solution film

Fig. 3. The preparation of FGS/TPU nanocomposite films by in situ polymerization method.

4.1.3 FGS/water-borne PU nanocomposites prepared by mechanical mixing (WPUN)
6] i o] H H—,T[-o (8]
—H—{O/\/\v \“/W“‘]P/\/‘v _g_ . /ZJQO L
Py
\\/ﬁ\/

]\ J\ J

[ | I |
Isophorone diisocyanate Poly(butyleneadipate) diol Isophorone diisocyanate Dimethylol propionic acid
(IPDI) (PBA) (IPDI) (OMPA) +TEA
Hard segment Soft segment Hard segment VWater-dispersable units
PBA +IPDI
2hrg0°C
l«——— DMPA Bhr80°C
«— 1.4-BD 2hr80°C FGS in acetone
o TEA 1hr 40°C
lsocyanate prepolymer
Sonication
Waterborne Isocyanate prepolymer 2h

DETA roomtemperature

Waterbonre polyurethane (WPU) FGS dispersion
| blending J
|
FGSMWPU emulsion

l Casting 40°C =>60°C

FGSMPU film
Aseries of WPUN

Fig. 4. A chemical structure of WPU (Up) and the preparation of nanocomposite films by a
mechanical method (Down).
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As schematically presented in Fig 4, the structure of WPU includes water-dispersable units
(salt of DMPA and TEA). WPU/FGS nanocomposite solution was obtained by mixing
different amount of FGSs (0 to 6 parts) in acetone with WPU in water. Sample designation
codes were given by the amount of FGS included in the TPU samples. For example, WPUN-
5 contains 5 parts of FGS per 100 parts of WPU.

4.1.4 FGS/water-borne PU nanocomposites prepared by in situ polymerization
(WPUCL, WPUMG)

Fe2 (0:4 paﬂS) polylr:-esr:tzition FGS/WPU Gasling FESIMIPY

dispersion —— * Film
PCEli_E?rIiIZI)rl\AG A series of WPUCL and WPUMG

Fig. 5. The preparation of FGS/WPU nanocomposite films by in situ polymerization
method.

Basically, the structure of WPU is the same as one that used in mixing method except that
poly(tetramethylene glycol) (PTMG) was used along with PCL as a soft segment. FGS/WPU
nanocomposites were made by in situ polymerization in the presence of FGS (Fig 5). Sample
designation codes were given by the amount of FGS included in the WPU samples. For
example, WPUCL-2 and WPUMG-2 contain 2 parts of FGS per 100 parts of WPU based on
PCL and PTMG, respectively, as a soft segment.

4.2 Characterization of FGS/PU nanocomposites.

Characterization of successful preparation of FGS/PU nanocomposites rely on a variety of
instruments such as transmission electron microscopy (TEM), FT-IR, and XRD. It is often
difficult to characterize FGS/PU nanocomposites quantitatively by TEM due to wrinkled
nature and small thickness of graphenes. Nonetheless, TEM has been one of the most widely
used imaging techniques to visualize layered structures of graphenes. As shown in Fig 6,
FGSs are finely dispersed in the PU matrices with subnano-sized thicknesses and high
aspect ratios, demonstrating the good compatibility between the FGS and TPU. According
to these images that show well dispersion of FGS, it is expected that effective conductive
channels can be created for all cases of FGS/PU nanocomposites.

Figure 7 shows the wide-angle XRD patterns of the graphite, GO and FGS specimens. The
diffractogram of graphite shows a very intense and narrow peak at 20 = 26.5¢, which
corresponds to the X-ray reflection on the (002) planes of well-ordered graphenes with
interlayer spacing, I, between the well ordered graphenes being 3.35 A. GO has a broad
peak at 20 = 14.1° due to I. being expanded to 6.27 A by the accommodation of various
functional groups on the graphene surface. However, FGS has no visible peak at the range
of 20 > 2¢, which indicates the notable expansion and sufficient disorder of the graphene
layers.

It is also possible to characterize FGS/PU nanocomposites with XRD patterns. Generally,
one can attain very important information from XRD patterns of nanocpmposites: “extent of
dispersion of FGS in a polymer matrix”, which can be evaluated in two ways. Firstly,
whether or not there exist visible peaks at the range of 20 > 2° due to long range order of the
stacked FGSs. Secondly, whether or not peaks of crystalline segments of PU decrease upon
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increased addition of FGSs. For example, the dispersed FGS does not give rise to any new
wide-angle XRD peak at the range of 20 > 2° (Fig 8). This suggests that either (1) the distance
between the FGSs is far enough or (2) no long-range order exists even when the FGS has a
stacked structure. Fig 8 also shows that the diffractogram of TPUN-0, which doesn’t contain
FGSs, has two peaks at 20 = 21.1° and 23.3°. These peaks are attributed to the reflections on
the (110) plane and the (200) plane of the PCL crystal, respectively. The intensity of these
peaks decreases as the content of FGS increased due to the frustrated crystallization of the
PCL phase by increasing amounts of FGS.

Sample codes Tensile properties
Modulus s{f;rf;; Elongation Co?éi;ccr?l;nty
(MPa) (MPa) at break (%)
TPUN-0 458+23 20.0+0.1 81464 4.58x10-11
TPUN-0.5 559+113 18.8+0.1 77940 8.37x10-11
TPUN-1 557+85 17.8+0.3 693+34 4.62x10-10
TPUN TPUN-2 639170 13.4+0.1 686143 5.41x10-4
TPUN-3 657+157 15.5+0.3 69352 5.88x104
TPUN-4 63647 17.0+0.1 51713 8.54x10-4
TPUN-5 35142 18.8+0.9 347+73 9.16x10+4
TPUN-7 357+43 18.9+0.2 245422 4.92x104
TPUNC-0 59+19 7.4+0.5 1368+55 2.85x10-11
TPUNC TPUNC-1 13845 4.3+0.4 898+7 6.81x10-10
TPUNC-2 150428 4.8+0.4 653173 2.07x103
TPUNC-3 17149 3.740.4 428+15 2.77%x103
WPUN-0 66.219.0 29.6+0.9 478+44 1.34x10-10
WPUN-0.5 38.9+7.6 35.8+8.8 551+185 1.57x10-10
WPUN-1 54.7+6.1 40.0¢4.6 590488 1.90x10-10
WPUN WPUN-2 55.9+4.8 36.2+1.0 457+43 1.31x105
WPUN-3 53.6+11.5 32.5+3.3 458+83 2.24x10-4
WPUN-4 48.1+13.1 38.948.3 452+110 2.53x10-4
WPUN-5 56.9+3.8 31.2+6.4 402497 5.47x104
WPUN-6 72.9+2.5 26.2+2.2 290+1 2.75x104
WPUCL-0 79.6+4.9 21.6+6.8 553491 8.84x10-11
WPUCL-1 87.5+20.9 11.9+4.3 448+77 4.14x10-11
WPUCL WPUCL-2 99.9+15.6 7.5+0.4 415+19 7.03x10-10
WPUCL-3 115.2+23.7 7.1x0.6 374+26 1.20x10-
WPUCL-4 345.5+102.2 5.9+4.8 4610 7.87x104
WPUMG-0 80.5+9.1 27.9+7.3 63861 1.68x10-11
WPUMG-1 85.8+2.9 20.9£3.0 688+38 2.00x10-11
WPUMG  WPUMG-2 93.8+17.0 13.4+0.3 58640 2.76x10-10
WPUMG-3 1009.949.7 7.4+1.5 409+117 3.17x104
WPUMG-4 145.5+7.0 5.1+0.6 151£32 1.91x103

Table 1. Physical properties of PU/FGS nanocomposites.
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Fig. 6. TEM micrographs of FGS/PU nanocomposites: (A) TPUN-4, (B) TPUNC-3, (C)
WPUN-3, (D) WPUCL-4. Adapted with permission from Ref. [42] and [21]. Copyright 2009
Wiley-VCH Verlag GmbH & Co. KGaA.

R e
s 10 15 0 25 30
20(°)

Fig. 7. XRD patterns of graphite, GO, and FGS. Adapted with permission from Ref. [42].
Copyright 2009 Wiley-VCH Verlag GmbH & Co. KGaA.
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Fig. 8. XRD patterns of a series of TPUN. Adapted with permission from Ref. [42]. Copyright
2009 Wiley-VCH Verlag GmbH & Co. KGaA.
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Fig. 9. FTIR spectra of (a) WPUN-0, (b) WPUN-3, and WPUN-6. Adapted with permission
from Ref. [44]. Copyright 2008 Wiley-VCH Verlag GmbH & Co. KGaA.
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FT-IR is another important tool to evaluate even dispersion of FGSs in a PU matrix.
Specifically, by monitoring the intensity of hydrogenbonded N-H absorption band of
urethane linkage, one can have an idea on the extent of dispersion of FGS. For example, the
N-H stretching vibration of polyurethane in the range of 3,300~3,600 cm! is highly sensitive
to hydrogen bond distribution. Absorption bands of hydrogenbonded and free N-H are
located at 3,330 and 3,400 cm?, respectively. WPUN-0 (pristine WPU without addition of
FGSs) has an absorption band at 3,402 cm-!, which moves to a higher wavenumber with
increased FGS content (Fig 9). This demonstrates that the high contents of FGSs weakened
the interaction of hydrogen bonding between urethane linkages.

Overall, it is concluded that the extent of dispersion of FGSs in a PU matrix can be
effectively evaluated by TEM, XRD, and FT-IR. In the following section, we discuss thermal
properties of FGS/PU nanocomposites.

4.3 Thermal properties of FGS/PU nanocomposites.

Number of washing Residue (wtY%)
Physical mixing method In situ polymerization method
1 32.7 26.5
2 38.7 33.9
3 43.4 37.3
6 46.5 39.3
9 50.3 41.1

Table 2. Residual weights of washed FGS after thermal degradation.[43]

TPUN-0

TPUN-3

!

Exotherm

=50 0 50 100 150
Temperature (°C)

Fig. 10. DSC thermograms of a series of TPUN. Adapted with permission from Ref. [42].
Copyright 2009 Wiley-VCH Verlag GmbH & Co. KGaA.
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Fig. 11. DSC thermograms obtaind on heating of (a) WPUN-0, (b) WPUN-3, and (c) WPUN-6.
Adapted with permission from Ref. [44]. Copyright 2008 Wiley-VCH Verlag GmbH & Co.
KGaA.

As with the above three characterization tools, DSC and TGA can also provide useful
information on how well FGSs are distributed in a PU matrix. Both TPU and WPU that were
employed for the preparation of nanocomposites have soft and hard crystalline segments.
By observing changes of glass transition temperature (Ty), crystalline melting temperature,
and heat of fusion of each crystalline domain that are induced by added FGSs, one can
assess how thermal properties are affected by addition of FGSs. For example, for a series of
TPUNC prepared by in situ polymerization, the chemical and/or physical interactions
between FGS and TPU were enhanced, as compared to a series of TPUN prepared by the
physical mixing method. That is, gravimetry showed that the amount of TPU adhered onto
FGSs increased when the nanocomposite was prepared by the in situ polymerization
method (Table 2).[43] From the DSC thermogram of TPUN-0, one can see a sharp melting
endothermic peak of the soft segment (Tms) and a small endothermic melting peak of the
hard segment (Trmn) at 41.8 and 103.2 °C, respectively (Fig 10). As the amount of FGS in the
nanocomposites increased, the heat of fusion at Tms (AHms) decreased and dropped abruptly
at higher contents of FGS. This suggests that the crystallization of the PCL segment is
inhibited by the FGS, more evidently at higher contents of FGS. This decrease in the
crystallinity also seems to cause a decrease in Ty with increasing contents of FGS. Similar
behaviors were observed for a series of WPUN systems in which melting of hard segments
is more evident than that of soft segments (Fig 11). The melting endothermic peak (Tm) 200
°C and the heat of fusion (AHp,) of the hard segment decreased as contents of FGS increased,
indicating that the crystallization of the hard segment was inhibited by FGSs.

4.4 Mechanical properties of FGS/PU nanocomposites.
Graphene is the one of the stiffest material with high intrinsic strength. When it is used as a
filler, it is expected that a reinforced composite can have superior mechanical properties.
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Moreover, one can further increase mechanical properties of the composite by employing
different processing techniques. Here, we compare two processing methods, mechanical
mixing and in situ polymerization, in detail and how mechanical properties of the resulting
composites are affected by how they were made. As shown in Table 1, tensile modulus was
enhanced with increasing amount of FGS for the series of TPUN and TPUNC. However,
tensile strength and elongation at break gradually decreased with increase of the content of
FGS, which is due to inhibition of molecular rearrangement and orientation with respect to
the tensile axis during deformation. The reduced crystallinity of the soft segment can also
contribute to these reductions of tensile strength and elongation at break. For the cases of
TPUN and TPUNC, if TPUs are highly elongated, hard segments break apart when phase
mixed with soft segments; the hard and soft segments orient in the direction of elongation,
resulting in maximum intermolecular interaction. The evident lowering of tensile properties
measured at large deformation suggested that these molecular rearrangements were
interrupted in the presence of FGSs. This behavior became more evident for a series of
TPUNC. When TPU was physically mixed with 3 parts of FGS (TPUN-3), the increase of
modulus and the decrease of tensile strength and elongation at break were 43%, 23%, and
15%, respectively, of that of TPUN-0. In contrast, these respective changes, compared to
TPUNC-0, are 190%, 50%, and 69% in the nanocomposites made by the in situ
polymerization method (TPUNC-3). These results suggest that the interactions between FGS
and TPU increased when prepared by the in situ polymerization method, and that the
increased interactions reduce the chain mobility for realignment.

For the series of WPUCL and WPUMG, one can see that the modulus of WPU is effectively
improved by the addition of FGS. For a series of WPUN, which were prepared by a simple
physical mixing method, modulus decreased by the addition of FGSs. The interactions
between hard segments were suppressed by the presence of FGSs, which overwhelmed the
reinforcing effect of FGS. For the series of WPUCL, however, the reinforcing effect of FGS
itself and the increased crystallinity of the soft segment in the presence of FGS
overshadowed the effect on the modulus of decreased interactions between hard segments
by FGSs. The interaction between the FGS and WPU molecules are stronger in the
nanocomposites prepared by the in situ method than those made by a simple mixing
method, and this consequently enhanced the reinforcing effect of FGS.

Overall, performance of FGS as s mechanical reinforcement material is as competitive as
over existing carbon fillers such as carbon black and CNT. For all of FGS/PU composites,
enhancement of modulus with better graphene dispersion is clearly demonstrated. Tensile
strength and elongation at break dropped significantly with the addition of rigid fillers. In
addition, modulus is greatly influenced by the interaction between FGS and PU. The
modulus improvement of FGS/PU composites made by in situ polymerization is more
evident than those made by a physical mixing method, supporting our reasoning that the
interaction between FGS and WPU gets stronger when made by an in situ polymerization
method.

4.5 Electrical conductivities of FGS/PU nanocomposites.

Due to conjugated nature of flat graphene sheets, the composites are electrically conductive
through percolated channels generated for electron transfer. Moreover, graphene-based
nanocomposites have very low percolation threshold, which allows the efficient preparation
of the nanocomposite with high electrical conductivity at significantly low loading. The
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extent of graphene dispersion can be estimated by the onset concentration for electrical
percolation. For example, in case of TPUN-2, the 2 part addition of FGSs improved electrical
conductivity by 107 times compared with TPUN-0 (Table 1). Evenly distributed FGSs with
nano-sized thicknesses and high aspect ratios (Figure 6) can create an effective conductive
channel. For the same amount of FGS loading, the conductivities of a series of TPUNC made
by in situ polymerization method is slightly higher than those of a series of TPUN made by
physical mixing, indicating that the dispersion of FGS in a TPU matrix is improved by in
situ polymerization method (Fig 12).
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Fig. 12. Conductivities of TPU/FGS nanocomposites made by the in situ polymerization
method (o) and by the physical mixing method (A)[43]

When preparing a series of WPUN, emulsion stability should be considered since high
loading of FGSs might cause FGS/WPU emulsion unstable. Therefore, sufficiently high
electrical conductivity and enough emulsion stability must be balanced for successful
nanocomposite films. As expected, the conductivity of WPU increased drastically by the
addition of FGS. The addition of two parts FGS per 100 parts of WPU (WPUN-2) led to
about a 105-fold increase in conductivity. However, the conductivity of nanocomposite did
not rise evidently above WPUN-3 while the emulsion stability decreased with increasing
contents of FGS. WPUN-3 was optimal for the commercial production of WPU/FGS
nanocomposites with excellent balance between electrical conductivity and emulsion
stability.

5. Conclusions

With benefits arising from a variety of excellent properties of the FGS, FGS-based novel
nanocomposites are constantly being developed. Especially, FGS/PU nanocpmposites
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covered here exhibit excellent thermal, mechanical, and electrical properties. These
properties can significantly vary with a processing method which determines the extent of
dispersion and interaction of FGSs with PU matrices. We compared two processing
methods, mechanical mixing and in situ polymerization, in detail and how properties of the
resulting composites are affected by how they were made. It was observed that the modulus
improvement by the reinforcing effect of FGS and high electrical conductivities were more
evident when the nanocomposites of WPU with FGS were prepared by an in situ method,
which suggested that the interaction between FGS and PU was stronger when made by an
in situ method.
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1. Introduction

Graphene and graphite films form on the surface of many metals: Pt(100) [1], Pt(111) [2],
Ru(001) [3], Ni(111) [4--6], Pd(100), Pd(111), Co(0001) [7], Mo(110) [8], Mo(100) [9], Fe(100)
[10]. Re(1010) [11], Rh(111) [12], Ir(111), Ir(100) [13--15], on polycrystalline Pd [16], and
carbides of a number of metals [17, 18].

The simplest way of producing graphene on the surface of a variety of metals consists in
exposing a heated metal sample to an atmosphere of hydrocarbons CiHy---in most cases,
this is benzene CgHs. A critical step in these experiments is to choose correctly the
temperature of the heated metal, which, as a rule, should be not below 900--1000 K. CH,
molecules striking the heated metal dissociate intensively, with H> desorbing, and carbon
remaining stuck onto the metal surface; its subsequent fate depends essentially on the actual
type of the metal involved. This exposure to hydrocarbons culminates in formation of a
continuous two-dimensional film of carbon with graphite structure, i.e., a graphene film.
The physics underlying these processes differs radically among different Me-C systems.
Consider several characteristic metal-graphene systems which were studied thoroughly
under identical conditions.

A. Graphene on Ir(111) and Ir(100) [13—15]

The samples used most frequently in our experiments were thin textured metallic ribbons
measuring (50 x 0.02 x 1) mm3, with the surface uniform in work function ep = 5.75 eV,
which corresponds to the closely packed (111) face [19]. While the experiments performed
with iridium single crystals with (111) and (100) faces did not reveal any radical differences
in the results obtained, thin ribbons prove to be much more convenient for the
experimentalist.

The major attractive feature of iridium consists in that carbon, unlike other metals, does not
dissolve in its bulk, thus simplifying considerably interpretation of the results obtained.
Figure 1 plots the variation of carbon and iridium Auger signal intensity with the time of
exposure to benzene vapor at T = 1650 K. The Auger signal of carbon is seen to grow until it
reaches saturation. Scanning tunneling microscopy demonstrates convincingly formation on
the surface of a continuous graphene layer (Fig. 2) [20-23]. Graphene features valence-
saturated, passive surface, which effectively terminates dissociation of CsHg molecules.
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Fig. 1. Auger intensities versus deposition time for iridium ribbon exposure by benzene
vapor at 1600 K and ~7*107 Torr; 1 - carbon at E -272 eV, 2 - iridium at E =176 eV; solid -
experimental data, dashed - calculations.
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Fig. 2. STM image of a single grapene layer on Ir(111). the image was got using current
mode. The layer was intercalated with Cs to saturation. The image size is 10 x 10 nm. The
graphitic structure can be clearly seen.
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Experiments revealed the growth of a graphene film to proceed through the following
stages: adsorbed carbon “gas” — graphene islands in equilibrium with this gas — growth
of islands in area — coalescence of the islands to form a continuous graphene layer (see § 5).
Graphene islands being catalytically passive, the kinetics of their growth can be described
by the equation

dN, (1) _

o N, (1-Sy)-v -7, )

where Sy is the relative area covered by the islands, with Sy = 1 corresponding to a continuous
layer (§ 2); N(t) is the concentration of carbon atoms on the surface; N, is carbon
concentration in a graphene layer, N, = 3.56 1015 at/cm?; v, is the carbon atom flux incident on
the surface; and 1) is the sticking coefficient of benzene molecules to a graphene-free surface.

In our experiments, the concentration of carbon in the chemisorbed “gas” phase could be

d]\;; ®_ N, (ﬁ] , thus yielding the solution to Eq. (1) in the form

neglected [§ 5]; therefore, m

cm

N.(H=N,, {1 - exp(—ﬁg”] : t} @

The dashed line in Fig. 1 plots relation (2) calculated assuming the carbon Auger signal
intensity I ~ N.. The calculated curve is seen to fit nicely to experimental data. Similar results
were obtained for other hydrocarbons as well, among them isoprene (CsHg), acetylene (CHy),
and limonene (CioHig), as well as for single-crystal (100) iridium [§ 15]. The region within
which high-quality graphene films can be obtained on iridium is confined to the 1400--1900-K
interval; for T < 1500 K, one may suggest an increase of the concentration of as-formed
graphene islands, with an ensuing growth of defects in the layer produced in the coalescence
of these islands (§ 11), while for T > 1900 K, desorption of carbon from iridium sets in [14].

B. Graphene on Pt(lll), Rh(lll), Re(1010) [11, 12, 24]

The above metals do not form bulk carbides [25], and at T > 1000--1100 K carbon atoms start
to dissolve intensively in the bulk of the metal. To obtain graphene on Pt(III), both benzene
and a calibrated carbon atom flux were employed [26]. Figure 3 displays graphically the
variation of carbon Auger signal intensity with the time of carbon atom adsorption at
T = 1475 K. We readily see that during ~120 s carbon atoms do not accumulate on the
surface of platinum (the Auger signal is below the noise level) but dissolve instead actively
in its bulk; indeed, desorption can be excluded from consideration because carbon atoms
desorb from metal surfaces at high temperatures T > 1900 K [ 27]. After the amount of in-
diffused carbon has reached the limit of its solubility in platinum, graphene islands will start
to form on the surface of the latter, to coalesce finally into a continuous graphene layer (f =
400 s, Fig. 3). Significantly, carbonization in contact with benzene vapor produces
automatically one graphene layer, just as in the case of iridium. By contrast, the thickness of
a film formed under an atomic flux of carbon atoms grows without limit.

Figure 4 presents an Auger spectrum of carbon from graphene atop platinum (1) confronted
by that from a graphite film on platinum (2). The Auger spectra displayed exhibit a classical
“graphitic” signature (see § 3). In view of the large scatter among available published data,
we used a calibrated carbon flux to determine for the Pt--C system the dependence of the
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Fig. 3. Carbon Auger signal versus deposition time in atomic carbon deposition onto Pt(111)
surface at 1465 K. 67 a.u. corresponds to a single grapheme layer. The deposition flux is vc =
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Fig. 4. Carbon KVV Auger spectra for a single graphene layer (1) and 4-layer graphite film
(2) on Pt(111). the covers were got using carbon precipitation from the metal bulk at 1300 K.
Peaks with energies 150 - 168 eV correspond to Pt Auger transitions.
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limiting carbon solubility N;;, on substrate temperature from the beginning of appearance of
graphene islands on the surface [24]

7200
IgN i (at.%) = 2,6 - —— 3
BN (0:5)= 26~ T ®)

Note the low solubility limit of carbon in Pt; indeed, at T = 1475 K, Ny, = 2.7 10-3 at. %.
Interestingly, although carbon deposition was performed on one side of the platinum ribbon
only, on the other side a symmetric pattern was observed, which suggests fast transport of
carbon atoms across the bulk of the platinum. Heating of a carbonized sample up to T = 1800
K, followed by lowering its temperature to T = 1475 K, brings about again fast growth of the
graphene layer from the “excess” carbon atoms that have out-diffused from the bulk of the
metal onto its surface (§ 8). The operating temperature interval within which graphene can be
obtained on platinum is 1000--1900 K. Significantly, if it is needed to “freeze” a graphene layer
by dropping sharply the temperature down to room level, one will have to choose the lowest
possible carbonization temperature. Otherwise, during the cooling of the ribbon several
graphene layers may form from the carbon leaving the metal (§ 8).
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Fig. 5. A: Auger signals of carbon (curve 1), Rh (curve 2); and Fig.5B: thermionic current
versus exposition time.
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The time needed to load rhodium with carbon at the same temperatures and benzene vapor
pressures as in the case of platinum is noticeably longer. Figure 5A demonstrates
graphically the variation of the carbon and rhodium Auger signal intensities in the course of
carbonization at T = 1360 K, and Fig. 5B traces the variation of the thermionic current under
the same conditions. The sharp rise of the thermionic current should be ascribed to the
formation and growth of graphene islands whose work function ep; = 4.35 eV, to be
contrasted with parts of the surface free of islands, where eq; = 4.95 eV (Fig. 5B) [28]. The
processes evolving on Rh are similar to those observed on Pt, namely, dissolution of carbon
atoms in the bulk of rhodium and their buildup on the surface of the metal — formation of
graphene islands in equilibrium with the chemisorbed carbon “gas” — growth of islands in
area culminating in coalescence with eventual formation of a continuous graphene layer,
and the carbon Auger signal intensity reaching saturation (Fig. 5A). In contrast to platinum,
Auger spectroscopy probes already the carbon “gas” on the surface, whose concentration,
for instance, at T = 1360 K is ~1 1014 at/cm?.

We have succeeded in tracing, just as with platinum, the behavior with temperature of the
solubility limit Ny, of carbon in rhodium in the 1000--1800-K range:

4600
IgN,. . (at.%)=22—-——. 4
g Ilm([Z ) T[K] ()

Figure 6 shows graphically the variation of the carbon and rhodium Auger signal intensities
with the temperature of a sample carbonized at T, = 1400 K. One could isolate conveniently
a few regions in the graph which are of special interest.

A. On the surface-- low-density chemisorbed carbon “gas”, which does not affect the
rhodium work function ep = 4.95 eV. Dissolved carbon dose not contribute to the Auger
signal intensity of carbon.

B. Nucleation and growth of graphene islands. The surface becomes nonuniform in work
function.

C. Termination of formation of a continuous graphene layer on rhodium has come to the
end. The surface is again uniform in work function, with ep = 4.35 eV. The region of
existence of a graphene layer is AT ~ 500.

D. Growth of a thick graphite film on Rh through segregation of carbon out of the
supersaturated Rh-C solid solution, with the substrate Auger signal intensity dropping
below the instrument noise level.

The graph displayed in Fig. 6 is characteristic of nearly all Me-graphene systems, with the
exclusion of iridium. It repeats over and over again under increasing or decreasing
temperature, without noticeable time delays, which should be assigned to the small
thickness of the metal samples used and fast volume diffusion of carbon in metals for T >
1000 K.

Regrettably, the strong Auger peak of rhodium at E = 302 eV is superimposed on the carbon
Auger peak and distorts its shape (Fig. 7, spectrum 1). Therefore, the carbon Auger
spectrum assumes a distinct graphitic shape only on formation of several layers of graphene
on the surface of rhodium (Fig. 7, spectrum 3).

Formation of a graphene film on Re(1010) takes up still longer metal exposure times in
benzene vapor, than is the case with Rh and Pt under the same experimental conditions.
Figure 8 displays the kinetics of variation of the Auger spectrum of carbon (1) and rhenium
(2) observed under carbonization of a ribbon sample at T = 1700 K, The process starts with
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Fig. 6. Auger signals of carbon (1) and Rh (2) versus temperature in sequential annealing of
carbonated Rh. Carbonization temperature is Tc = 1400 K; time delay at each temperature
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Fig. 7. Auger spectra for pure Rh (1), for Rh with a single grapheme layer (2), and for
polylayer (n~8) graphite film on Rh.



216 Physics and Applications of Graphene - Experiments

Auger signal, arb.un.

0'I'I‘:I'I'II'I'II'I:'I'IEI'
0 2 4:6 8 10 12 14 16 18 20 22 24 26

t (exposition time), min

Fig. 8. Auger signals of carbon (1) and Re (2) versus exposure time in carbonization of Re in
benzene vapor. Carbonization temperature is Tc = 1700 K; benzene pressure is ~1*10- Torr

dissolution of carbon in the bulk of the metal, accompanied by its accumulation on the
surface. As seen from the graphs, the time ¢ = 5 min can be identified with formation on the
surface of a stationary carbon coating. Consider some properties of this carbon coating.

1. Concentration of carbon is consistent with the ReC stoichiometry.

2. As carbon deposition continues, the surface concentration N, = 1.4 105 at/cm? does not
change for a long time because of all of the evaporated carbon dissolving in the bulk of
rhenium.

3. Changing the sample temperature in the 300--1700-K range does not affect the surface
concentration of carbon.

4. The Auger spectrum of this coating has a typical “carbidic” shape (spectrum 1 in Fig. 9), a
feature characteristic of strong Me-C bonding [27]. This coating suppress the substrate
Auger signal intensity only by 10—20%.

We have called this surface compound “surface rhenium carbide”---ReC. According to the
diagram of state, volume rhenium carbide should not exist [25]; this restriction does not,
however, extent to an interface state. Obviously enough, the surface rhenium carbide resides
in dynamic equilibrium with carbon atoms dissolved in the bulk of the metal, so that this
carbon phase can likewise be called chemisorbed carbon “gas”. Surface chemical
compounds were a subject of a number of our earlier publications [29--33]. For ¢ = 20 min
(Fig. 8), the carbon Auger signal grows somewhat in amplitude to match the coverage
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Fig. 9. Carbon KVV Auger spectra for: 1 - Re surface carbide with Nc = 1.4*1015 cm2; 2 - Re
surface carbide with Nc = 2¥1015 cm2; 3 -- a single graphene layer on Re with the surface
carbide behind it; 4 - 7-layer graphite film on Re.

N, =2 10%5 at/cm?, accompanied by a change in the shape of the Auger spectrum of carbon
which remains “carbidic” (spectrum 2 in Fig. 9). For t > 21 min, the Auger signal of carbon
increases noticeably, while that of the substrate decreases by a factor 1.6. For ¢ > 25 min, the
Auger signals of carbon and of the substrate change no longer. This stage should be
identified with formation of a continuous graphene film on the surface of rhenium, with the
carbon Auger spectrum becoming close to “graphitic” in shape (spectrum 3 in Fig. 9); the
carbon “gas” confined under the graphene layer amplifies additionally the positive surge of
the carbon Auger peak with E = 263 eV; it is to be confronted with spectrum 4
corresponding to a thick graphite film on rhenium which was obtained through
precipitation of carbon from the supersaturated solid solution Re-C by lowering its
temperature down to T = 1300 K.

The process of rhenium carbonization can be visualized not only by AES. Figure 10 displays
graphically the variation with temperature of the thermionic current (1) and of pressure (2)
in the chamber during carbonization of rhenium at T = 1780 K. The sharp drop of pressure
in the chamber (curve 2) measured by an ionization pressure gauge was caused, as revealed
by mass spectrometric measurements, by a change in the composition of the gas
atmosphere, because the breakup of benzene molecules on heated rhenium brings about
out-diffusion of carbon into the bulk of the metal accompanied by desorption of hydrogen
molecules. It is the difference between the ionization coefficients of benzene and hydrogen
that accounts for the pressure drop. Interestingly, if, following admission of benzene vapors
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into the chamber, one shuts off the pumping and heats rhenium to T = 1700--2000 K, the
benzene vapor in the chamber will become “replaced”, as it were, by hydrogen molecules, a
convenient method of obtaining pure hydrogen for experimental purposes indeed!
Measurements of thermionic current (curve 1 in Fig. 10) offers a straightforward way to
fixing the moment when the limiting concentration of rhenium has been reached and
formation of graphene islands has started. Indeed, the start of graphene island formation (¢
> 16 min) is signaled by a sharp increase of the thermionic emission, because the
chemisorbed carbon “gas” raises the rhenium work function from 5.15 to 5.25 eV, while
graphene islands lower it strongly to 4.25 eV (§ 7). For ¢ > 25 min, the surface is uniform in
work function again, with e = 4.25 eV.
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Fig. 10. Thermionic current (1) and Igm for CsCl molecules (3) and the pressure (2) as
functions of the exposure time for Re carbonization in benzene vapor at 1780 K. The
pressure was measured by ionization manometer calibrated for dry nitrogen.

Just as other Me-C systems, carbonized rhenium can be manipulated purposefully at will by
varying its temperature. If the temperature of rhenium carbonized at T), is raised to T~ T,, +
1000, the graphene layer breaks up in no time and carbon from the graphene phase dissolves
in the bulk of the metal leaving on the surface carbon “gas” with a concentration N, = 2 1015
at/cm2. Lowering the temperature down to T = T, gives rise to a fast recovery of the
graphene layer. Reducing the temperature still lower, to 1100 K < T < T, will drive the Re-C
solid solution to supersaturation, and carbon will precipitate on the surface forming a
graphite film tens of atomic layers thick (spectrum 4 in Fig. 9).

If the temperature of carbonized rhenium T, = 1600--1700 K, turning off the ribbon heating
current will leave the graphene layer “frozen” on the surface. Carbonization of rhenium at
moderate temperatures of 1200--1500 K can hardly be recommended, because it will result
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in formation in the very early stages of graphene islands which will suppress dissociation of
benzene molecules, with the ensuing drop of carbon atom flux into the bulk of the metal.
Therefore, the process of carbonization may take up several hours [11]. On the other hand,
at T. = 1100--1200 K one may turn off the ribbon heating current after the benzene inlet and
prepare a graphene layer with the bulk of the metal remaining practically free of carbon.

A. Graphene on Mo(100) [9, 34]

It is instructive to study the processes involved in graphene formation on carbide-forming
metals, for instance, molybdenum. As with rhenium, carbonization of molybdenum passes
through a stage of formation of the surface carbide. Figure 11 plots the variation of surface
carbon concentration in the course of adsorption of carbon atoms from a calibrated flux
striking Mo at T = 1400 K. As follows from the overall particle balance, part of the incident
carbon atoms dissolve in the bulk of the metal, while the other part remains on the surface.
For a total evaporation dose N = v.t = 6 105 at/cm?, surface coverage reaches a level N. =1
105 at/cm?, to remain constant thereafter. Knowing the ribbon parameters (40 x 0.03 x 1)
mm3, one readily finds that each atomic plane of the molybdenum ribbon contains dissolved
carbon in a concentration ~6 1010 at/cm?2; such low concentrations of carbon in the bulk of a
molybdenum sample, just as of other Me-C systems, cannot contribute to Auger spectra
which originate from surface carbon. All of the newly arriving carbon becomes dissolved in
the bulk of molybdenum (Fig. 11). This surface coating has MoC stoichiometry, thus giving
us grounds to call it the surface molybdenum carbide, whose Auger spectrum has a
“carbidic” shape (spectrum 1 in Fig. 12). Variation of the temperature of a molybdenum
sample within the 300--1500-K range does not affect in any way the surface concentration of
carbon. The chemisorbed carbon atoms from the surface carbide phase are in equilibrium
with the atoms of carbon dissolved in the bulk. Surface molybdenum carbide increases
noticeably the molybdenum work function from 4.45 to 5.25 eV.

Let us follow the processes occurring on molybdenum surface exposed for a long time to
benzene vapors at T = 1600 K (Fig. 13). In region I, surface carbide of molybdenum is
forming with ep = 5.25 eV. Interestingly, this value of eq persists in region II too, which
suggests that the surface carbide is sustained there as well. After the carbon solubility limit
in the bulk of molybdenum has been reached, in region II starts formation in the near-
surface layer of bulk molybdenum carbide, apparently of the Mo,C composition, as can be
inferred from the diagram of state [35]. Bulk molybdenum carbide evolves into the ribbon
toward its center. This is what accounts for the variation of the carbon and molybdenum
Auger signal stopping in ¢ > 14 min, because Auger spectroscopy is capable of probing 3--5
surface layers. That penetration of carbon into the bulk of the ribbon is deep is corroborated
by the growth of its resistance and increase by ~200c of its radiance temperature. Formation
of a volume Mo,C carbide “poor” in carbon compared with the “carbon-rich” surface
carbide MoC was suggested also by experiments on ion etching of carbonized molybdenum,
in which after sputtering of the surface carbide the Auger peak of carbon decreased in
intensity, whereas that of molybdenum grew to reach new steady-state values identifiable
with the volume carbide. Evaluation of the total dose of carbon absorbed by the sample in
region II by the time volume carbide evolved to the ribbon center suggests Mo.C
stoichiometry for the volume carbide. )

Ion etching revealed that the thickness of the volume carbide layer is > 103 A. Formation
under the surface carbide in the metal of the volume carbide produces only a weak impact
on the “carbidic” shape of the Auger peak (compare spectra 1 and 2 in Fig. 12).
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Fig. 11. Carbon surface concentration (1) and the total amount of deposited carbon N = vc
*t (2) in atomic carbon deposition on heated Mo at 1400 K.
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Fig. 12. Auger spectra of various carbon forms on Mo(100) surface: 1 - surface carbide MoC;

2 - bulk carbide MoCy; 3 -- a single graphene layer with the bulk carbide MoC; behind it; 4 -
8-layer graphite film.
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Fig. 13. Auger signals of carbon (1) and Mo (2) versus exposure time in carbonization of Re
in benzene vapor. Carbonization temperature is Tc = 1700 K; benzene molecular flux is
~2*1015 cm2*s1

Interestingly, if the volume carbide formed in the near-surface region of the ribbon at a low
temperature, for instance, at T = 1000 K, is heated to T > 1300 K, it breaks down, and the
excess carbon becomes incorporated in the Mo-C solid solution, with the surface carbide
remaining on the surface.

If we continue the exposure of the molybdenum ribbon to benzene vapors after the volume
carbide Mo,C has formed throughout the bulk of the sample, a graphene layer will grow
above the surface carbide (region III in Fig. 13). This is accompanied by a decrease of the
molybdenum Auger signal by a factor 1.6, a feature characteristic of screening by one
graphene layer (see § 4).

Spectrum 3 in Fig. 12 was obtained in Auger probing of a graphene film on molybdenum.
We note immediately an unusual shape of the carbon Auger peak, which is actually a
superposition of the Auger peaks of graphene and the signal of surface (MoC) and volume
(MoxC) carbides.

Molybdenum carbonized at T, was subjected to different heat treatments. When heated to T
> T, + 700, graphene was found to dissolve in the bulk of the metal. Subsequent lowering of
the temperature down to T < T. - 30° initiated growth on the surface of a thick graphite film,
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the molybdenum Auger peak disappears, and the Auger peak assumes the “graphitic”
shape (spectrum 4 in Fig. 12). For T <1100 K, carbon stops to evolve because of the diffusion
becoming “frozen”.

Dissolution of carbon from graphene in molybdenum at temperatures T rising above T, and
its precipitation below T, resemble very much similar processes occurring in the Re-C, Pt-C,
and Rh-C systems. The MoC system differs essentially only in that rhenium, platinum, and
rhodium do not support carbide formation, while molybdenum has the volume carbide,
which is the first to become augmented by carbon following formation of the surface carbide
MoC.

It thus appears proper to expect that after formation of the volume carbide carbon will
dissolve in it just as it does in the metal, up to the solubility limit. Then lowering of the
temperature to T < T, will bring about supersaturation of the solid solution of carbon in the
volume carbide, while the excess carbon atoms will start construction of a graphene film on
the surface without involvement of carbon atoms from the volume carbide.

D. Graphene on Ni(lll)

Unlike the Re-C and Mo-C systems, nickel can be readily carbonized at comparatively low
temperatures T = 1100 —1400 K, despite the high solubility limit of carbon in this metal (0.3
to 3 at. % in the temperature region specified). This should be assigned to the diffusion of
adatoms from the surface into the bulk of nickel being a process fast enough to preclude
formation of a “protective” graphene film, as this is observed to occur in the Re-C system.
To estimate the average depth x of penetration of carbon atoms from nickel into the ribbon

in time t, we use the relation ¥ =+2Dt [37], in which D= Dgyexp[-E /kT| is the diffusion

coefficient, and E is diffusion activation energy. It is known that for volume diffusion of
carbon in nickel E = 1.5 eV, and Dy~ 0.1 cm?2s—1 [36]. Then for T = 1200 K and the exposure
time of nickel to benzene vapors ¢ =100 s we obtain

X(cm) = /2Dgtexp(~E / kT) =3-10 *cm,,

a value close to one half the thickness of the ribbon used in the experiments. Just as in the Ir-
C, Re-C, Mo-C, Pt-C, and Rh-C systems, carbonization culminates in formation of a
graphene film. That the film formed is indeed graphene, is attested by the “graphitic” shape
of the carbon Auger spectrum (spectrum 2 in Fig. 14), by characteristic splittings of the
Auger spectrum of carbon initiated by intercalation of cesium atoms under graphene
(spectrum 5 in Fig. 14) - see below § 7, as well as by the good fit of the calculated to
experimentally observed drop of the substrate Auger signal intensity by a factor ~ 2 for En; =
61 eV caused by one graphene layer.

The variation in intensity of the carbon and nickel Auger peaks brought about by heating
and cooling of nickel carbonized at T, = 1365 K is shown graphically in Fig. 15. If the ribbon
temperature is increased, at T > T. + 40° graphene breaks down and escapes from the
surface altogether, leaving a small carbidic Auger peak of carbon (spectrum 1 in Fig. 14),
whose intensity and shape practically do not vary with further increase of temperature. The
concentration of carbon in this state N. = (2--3) 1014 at/cm?; this may be the NisC surface
carbide, because for the Ni(Ill) face Nx; = 1.86 1015 at/cm2. Obviously enough, surface
carbide of nickel resides in equilibrium with the carbon dissolved in the bulk of the metal, as
is the case with other systems forming surface carbides (WC, MoC, ReC). After the
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Fig. 14. Auger spectra of various carbon forms on Ni(111) surface: 1 - surface carbide of Nij;
2 -a single graphene layer; 3 Ni Auger peak at E= 61 eV under it; 4 - 6-layer graphite film; 5

- the spectrum of a graphene layer after intercalation with Cs.
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temperature has been lowered down to T = T, = 1365 K, a layer of graphene forms again on
the surface. As the temperature is lowered down to T < T, - 30°, a thick graphite film starts
to grow, with its thickness clearly larger than 6--7 layers, because Auger spectroscopy does
not sense the substrate (Fig. 15). The Auger spectrum of carbon exhibits a distinct
“graphitic” shape (4 in Fig. 14).

Because the solubility limit Nj;, of carbon in nickel is well known [35], for instance, at T =
1365 K it is Ny, ~ 2 at. %, while at T = 900 K, Ny, ~ 0.15 at. %, one readily finds that at T =
900 K a graphite film about 100 atomic layers thick should form on each side of a nickel
ribbon 30 pm thick through segregation on the surface of “excess” carbon atoms.

We did not study the low-temperature (T < 900 K) region of volume nickel carbide
formation.

§ 2. Probing a surface with CsCl molecule flux

A simple method is proposed for detection of graphene
on a metal and determination of the relative area
occupied by graphene islands

It was shown [27] that a graphene film is valence-saturated and passive, and that it
suppresses dissociation of a variety of molecules which on a clean metal proceeds very
efficiently (see § 7). If we direct a flux of CsCl molecules on a metal heated above 900 K, the
molecules will dissociate, with one of the products of this reaction, the cesium atoms,
desorbing from the surface as Cs* ions with a 100% probability; indeed, on all the metals
under study here the cesium ionization potential V = 3.89 eV is much lower than the surface
work function @, i.e.,, V << ¢ - the case of “easy” surface ionization indeed [39]. On a
continuous graphene film, only residual dissociation is observed, at a level of 0.01--0.1 %,
depending on the metal, and it originates apparently from substrate defects or edges of the
merged graphene islands. Therefore, by measuring the cesium ion current Ip* from a clean
metal surface and the ion current I+ from a surface coated by islands one can readily find the
fraction n of the surface occupied by graphene islands:
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Experiments revealed that only graphene is capable of reducing radically the dissociation
efficiency of CsCl molecules. On a clean metal, on surface and volume metal carbides, and
on continuous carbon films formed at T < 900 K (see § 11) the dissociation efficiency is 100%.
As this should be expected, n does not depend on substrate temperature, and the effects
associated with CsCl molecules sliding off the edges of graphene islands onto the metal
could be neglected because of the migration path length of CsCl molecules in their lifetime
on graphene is extremely short [40]. Besides, as demonstrated for the Ir(Ill)-graphene
system, the carbon Auger signal intensity for graphene islands growing at T = 1600 K is
directly proportional to the fraction n of the area occupied by the islands.

In addition to CsCl, the island-occupied fraction n of the area can be derived by probing the
surface by a variety of atoms, for instance, by K and Na. On the iridium surface coated by
chemisorbed carbon “gas” with e ~ 6.0 eV, K and Na desorb only in the form of ions---
another illustration of “easy” ionization; in this case, the measured I;* ion current will be
[39]
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Where e is the electronic charge, v is the density of the atom flux, and s is the area is the
emitting surface of the sample; in our experiments, s = 0.005 cm2.

For atoms desorbing from a surface bearing graphene islands the measured current I* can be
written as [39]
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where A is the ratio of the partition functions of the atomic and ionic states of the ionizing
atoms, V is the ionization potential of K or Na atoms, ¢ is the work function of graphene
islands on iridium (e = 4.45 eV), k the Boltzmann constant, and # is fraction of surface area
occupied by graphene islands.

Having measured I;* and I*, one can find from Egs. (2) and (3) #, i.e., the fraction of iridium
surface area occupied by graphene islands.

These two methods correlate well with one another, with the data scatter not over 10%, thus
providing support for the physical model reproducing the relations in the metal-graphene
islands system.

The first method is certainly simpler and can be realized readily with any high-vacuum
equipment; significantly, it allows one to follow in real time the nucleation, growth, and
destruction of graphene islands on various metals.

Note also one more significant aspect of the method based on probing the surface with CsCl
molecules, more specifically, the high sensitivity to the integrity of a graphene film; indeed,
a film rupture of only ~0.1% of the total graphene area is signaled reliably by a growth of
the Cs* ion current. Apart from this, residual dissociation of CsCl molecules on thick
graphite films decreases still more by a hundred times compared with graphene. This may
be considered as one more evidence in support of the assumption of residual dissociation of
molecules occurring at the edges of merged islands in the graphene layer.

For illustration, curve 3 in Fig. 10 plots the variation of the dissociation efficiency of CsCl
molecules (logw) in the course of rhenium carbonization (o = I*/Ip*). The steep growth of the
thermionic current, which signals the appearance of graphene islands, is seen to coincide
with the sharp drop of the CsCl dissociation efficiency.

§ 3. Electronic Auger spectroscopy of carbon

The rich variety of chemical realizations of carbon exhibits an astounding
diversity of its Auger spectra, both in shape

and energy position, which is revealed most clearly

by high-resolution Auger spectroscopy.

Our studies have amassed a vast collection of Auger spectra of carbon in its various
chemical states [41]. The experiments were conducted under identical conditions with a
high-resolution prism electronic Auger spectrometer (AE/E < 0.1%). The characteristic
features and the main parameters of the instrument were basically determined by the prism
type of its energy analyzer, more specifically, a prism analyzer with deflecting electric field
[42]. As a rule, the primary electron beam with a current ~5 pA bombarded the operating
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surface of a sample, 1 mm? in area, from which the Auger electrons were collected. The large
distance (~ 74 mm) between the sample and the energy analyzer permitted obtaining,
without any loss in sensitivity, carbon Auger spectra of ribbon samples heated up to T =
2500 K, an aspect which in more than one case turned out to be of crucial significance for
correct unraveling of the physical-chemical processes occurring in a Me-C system. For
instance, if we carbonize rhenium at T = 1850 K and measure the carbon Auger spectrum
directly at this temperature, the spectrum will have a typically graphitic shape (Fig. 9,
spectrum 3). By contrast, if the ribbon is temperature is lowered down to room level, a layer
of graphite will form on the surface during the cooling (Fig. 9, spectrum 4). Now if we
measure the Auger spectrum at T = 1900 K, the shape of the Auger spectrum will be purely
carbidic due to the chemisorbed carbon “gas’ involved (Fig. 9, spectrum 2).

Figure 16 displays some carbon Auger spectra obtained both from pure carbon materials
and from carbon in its various chemical compounds. We see that even morphologically
close forms of carbon, single-crystal and polycrystals of graphite, differ markedly in the
shape of their Auger spectra. A fullerite film produces a spectrum approaching that of
graphite polycrystals while differing strongly in the position of the negative spike of the
carbon Auger peak, 272 eV for the graphite polycrystals, to be contrasted with 269 eV for the
fullerite (spectra 2 and 7 in Fig. 16).
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Fig. 16. Carbon KVV Auger spectra for various chemical forms of carbon: 1 - graphite single
crystal, 2 —polycrystalline graphite; 3 - diamond, 4 - surface carbide MoC; 5 - bulk carbide
MoCy; 6 -- silicon carbide SiC; 7 - fullerit.
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A continuous graphene film formed on Ir(III) in exposure to benzene vapors at T. = 1600 K
offers a convenient means of calibration relating the Auger peak intensity of carbon with its
amount present on the surface. A convenient reference for calibration of carbon in the
carbide state is the readily obtained surface tungsten carbide WC containing N, = 1 1015
at/cm? [43]. The two calibrations correlate nicely with one another as well.

Summing up, we can say that high-resolution Auger spectroscopy is a valuable
complementary tool in diagnostics of surface processes evolving in a carbon layer on metals
(see the subsequent Sections).

§ 4. The structure and two-dimensional pattern of graphene films on metals

A graphene film on a metal is indeed two-dimensional!

There can be no doubt whatsoever that a carbon film prepared by exposing a heated metal
to hydrocarbon vapors does indeed have graphite structure; this can be readily
demonstrated in a direct experiment with the use of scanning tunneling microscopy (Fig. 2,
§ 2). Indirect supportive evidence for this comes from Auger electron spectroscopy
measurements, as well as from a number of properties of graphene films correlating closely
with those of graphite single crystals, in particular, valence bond saturation of a layer of
graphene, its chemical passivity [27], and the possibility of intercalating the film with
foreign atoms [13].
One can hardly question the statement that the graphene films obtained in this way are
continuous---this is argued for by scanning tunneling microscopy measurements [20-23] and
probing the surface with CsCl molecules. Besides, the graphene surface is uniform in work
function (§ 7).
Consider some evidence for the graphene film being indeed two-dimensional:
1. Figure 17 plots the variation of the carbon Auger peak intensity with the relative area of
graphene islands, with carbon atoms deposited on the iridium (III) face at T = 1500 K.
At this temperature, carbon adatoms are confined primarily to graphene islands.

We readily see that the carbon Auger peak intensity is directly proportional to the
relative area of graphene islands. This suggests convincingly that the incident carbon
does not form a three-dimensional structure, and that it is distributed in one layer, i.e.,
that the graphene islands are actually two-dimensional. The two-dimensionality of
graphene islands was demonstrated in a similar way for the Pt-C and Ni-C systems.

2. Compare now the experimentally observed attenuation of the iridium Auger peak
produced by graphene-initiated screening with the corresponding calculations. We
assume that the Auger electron emission is isotropic, and that the attenuation of the
primary electron beam intensity by graphene may be neglected. Then the attenuation of
the iridium Auger peak by a graphene film with thickness x can be derived readily from
the relation

! =I“=exp{— x 1 }, 1)
o(Ir,C) I, ME,,) cosf

where A\(E};) is the average mean free path length of the iridium Auger electrons with
the energy E = 171 eV in graphite, and 0 = 10° is the angle between the energy analyzer
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Fig. 17. Carbon KVV Auger signal versus relative area of grapheme islands in deposition of
atomic carbon onto Ir(111) surface at 1500 K. The deposition flux is vc = 3.2 *1013 cm-2*s-1.

axis and normal to the sample surface. Putting x = 3.35 A, which is the interplanar
distance in graphite and deriving A(Er,) = 5.0 A from the A = S(E) relation constructed for
a number of materials including graphite, we come to d(Ir, C) = 1.8. The experimentally
found attenuation of a factor 1.6 turns out to be close to the calculated value. We may
add that for a graphite film two monolayers thick the same calculation yields a factor 3
for the attenuation.

A comparison of the values of attenuation of the substrate Auger signal intensity by a
graphene layer performed for other Me-C systems with close Auger peak energies of
the metal (Re, Mo, Pt) yields an experimental value 6 = 1.6 + 0.1. We note also that one
layer of Cs fullerene molecules on Ir(Ill) with a concentration Neggo = 2*104 mol/cm?2
reduces the substrate Auger signal ~4 times [44].

3. That the graphene layer on iridium is monatomic is argued for also by a comparison of
Auger peak intensities from a graphene film, I, and graphite, I." obtained under
identical experimental conditions with calculations. Neglecting the dependence of
electron backscattering from the material and setting cos6 = I, we come for a thick film
of graphite on iridium to

h
I'=x exp{—x}dx =KA(E,), ?)
! ME,)
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where A(E;) = 6.2 A is the average mean free path length of carbon Auger electrons with
E. = 272 eV in graphite [44]. For the carbon Auger peak intensity from a graphite
monolayer i = 3.35 A thick we obtain

h
IL=x exp{—x}dx = 0,42kA(E.) . 3)
! ME)

The calculated ratio I."/I.' = 2.4 is close to the experimental value 2.5. It is worth reiterating
that a continuous graphene film on a metal can be obtained in any high-vacuum instrument
without any effort expended, without special diagnostics of the surface---indeed, all one
needs to do is expose the metal heated enough to benzene vapors. Table 1 presents for
illustration the time needed for a graphene layer to form on various metals at T = 1700 K
and Pcspg~ 1¥10-6 Torr for thin metal ribbons 20 —30 pm thick.

Me Ir(III) Pt(I1I) Rh(III) Re(I010) Mo(I00)
t,c ~10 ~20 ~ 300 ~ 1500 70000
Table 1

Figure 18 plots the times needed for formation of a graphene layer on rhenium heated to T.
= 1730 K; at each point, the temperature was first raised to 1900 K, and lowered
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Fig. 18. Time of single graphene layer formation on Re due to carbon precipitation from the
metal bulk versus surface temperature. Carbonization temperature is Tc = 1730 K; The layer
was considered as completed when the thermionic current become corresponded to the
work function e = 4.25 eV
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subsequently to the required level. The growth of the formation time at low temperatures
should be assigned to freezing of the volume diffusion of carbon atoms, and its increase at
high temperatures can be traced to intensive dissociation of graphene islands.

§ 5. Two-dimensional phase transition in a carbon layer on metals

A graphene film on a metal grows by
formation of graphene islands, which
expand in area and coalesce to produce a
continuous layer.

It is known that many films coating the surface of solids undergo first-order phase
transitions. In the course of such a phase transition, the originally uniform adsorbate layer
becomes nonuniform, with the surface breaking up to form islands containing adsorbate
with different adatom densities. An apparently pioneering experimental study [45] based on
the use of an ion projector revealed the presence on a tungsten surface of two-dimensional
Zr islands produced in a phase transition in the adfilm, with the same process observed to
occur [46--48] in zirconium, hafnium, and platinum films coating the surface of a number of
refractory metals. The theory of the phase transition involved and a review of the
experimental studies amassed was dealt with in Ref. [49]. Phase transitions were observed
to evolve in platinum metal-carbon systems [50--52], in sodium adlayers on W(I00) [53], in
barium adlayers on metal substrates [54], and, probably, in gold and copper films grown on
single-crystal graphite [55]. Even in two-dimensional films of charged adatoms one may
expect, despite the repulsive character of their interaction, a first-order phase transition,
including a condensation-type one, as this was shown theoretically [56--57]. Phase
transitions in such systems set in as the density of the film increases, thus reducing the
effective charge of the adatoms.

A first-order phase transition in a carbon adlayer on a metal was first observed in the
iridium-carbon system [50--52], the associated ideology having been underpinned by
statistical theory of lattice gas and exposed in considerable detail in Ref. [27]. The onset of a
phase transition depends essentially on several factors, among them the nature of the
adsorbate and substrate atoms, the strength of lateral interaction among the adatoms, and
charge state of the adatom. For carbon atoms having electronegativity close in magnitude to
that of substrate atoms of transition metals (W, Ir, Re) one may expect the carbon adatom to
either be uncharged or have a weak negative charge. On the other hand, the binding energy
coupling carbon atoms is high, for instance, in molecules of organic compounds the energy
of a single C-C bond is 3.6 eV, that of the double C=C bond, 6.32 eV, that of the ternary bond
C=C, 8.65 eV, and the sublimation heat of carbon is also large---7.44 eV [59]. Assuming a
noticeable migration mobility of carbon adatoms, one may therefore expect formation of
closely packed carbon islands. A condensation-type first-order phase transition would make
a Me-C film system nonuniform in its emission characteristics. Therefore, phase transitions
can be revealed by methods sensitive to nonuniformities in emission, such as field-emission
microscopy, low-energy electron diffraction, and a method combining thermionic emission
with surface ionization of hard-to-ionize elements (TESI).

A study of high-temperature (T ~ 1600 K) adsorption of carbon atoms on iridium made by
TESI [50--52] reported on a first observation on a metal surface of a first-order phase
transition of the two-dimensional condensation type which gives rise to coexistence on the
surface of two carbon phases, more specifically, two-dimensional graphene islands and
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chemisorbed carbon atoms (two-dimensional carbon “gas”). For the substrate the above
authors conveniently chose iridium, a metal which does not dissolve carbon in its bulk, a
factor which alleviated markedly interpretation of the results obtained.

The phase transition in a carbon adlayer on metals having presently become universally
recognized, it deserves a particular place in our analysis here. The TESI method, first
proposed in Ref. [60] and developed in a later publication [27], is based essentially on
determination of the work function from measurement of the thermionic and ion currents
generated through surface ionization of the probing atomic beam [39]. By measuring the
thermionic and ion currents at a constant emitter temperature and different coverages of the
substrate by carbon, one can readily calculate by the total current method the variation of
the thermionic, Ag., and ionic, Ag;, work functions. A comparison of Age with Ag; provides
a good means to judge the nonuniformity of the carbon layer. Indeed, thermionic current I.
from a uniform emitter is given by the Richardson relation [60]

I,= Ay(1-R)-S-T?exp[-p, / kT], 1)

where Ay is a universal constant, R is the coefficient of thermoelectron reflection from the
potential barrier on the sample surface, S is the emitting surface area, and k is the Boltzmann
constant.

The positive ion current from a surface produced by surface ionization is given by the
Saha — Langmuir relation [39]

re— @
1+A~exp[ _@1
kT

where v is the density of the flux of atoms with ionization potential V striking the surface,
and A is the partition function ratio of the atomic and ionic states of the ionizing atoms.
Examining Egs. (1) and (2), we see that thermionic emission “senses”, as it were, the surface
areas with the lowest work function, while the ion current produced by the atomic flux
probing the surface is, by contrast, sensitive to those with the highest work function. When
@e = @i, we infer that the sample surface is uniform in the work function.

Figure 19 displays graphically the variation of the ¢. and ¢; work functions in the case of
carbon atoms adsorbed on Ir(Ill) at T = 1700 K with the surface coverage by carbon 0 (6 =1
corresponds to a carbon concentration N, = 3.56*1015 at/cm?). Three regions stand out in
the graph:

I--- the surface is uniform in work function, @. = ¢;;

II---the surface is nonuniform in emission, and @. < @;;

III---the surface is again uniform in work function, @. = ;.

The presence in the carbon adlayer of regions with different work functions (region II in Fig.
19) is attributed [50--51] to a first-order two-dimensional phase transition. In region I in Fig.
19, carbon resides in the phase of two-dimensional chemisorbed “gas”, i.e., it is spread
uniformly over the surface, and ¢. = ¢;. In region II, a phase of condensed carbon (graphite
islands with 6. = 1), which is in dynamic equilibrium with the carbon “gas”, is forming on
the iridium surface. The nonuniformity of the surface in work function in region II finds
convincing support in the strong anomalous electronic Schottky effect. As the total carbon
concentration on the iridium surface increases, the different adsorbate phases undergo
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Fig. 19. Variations of ‘electron” ¢. (1) and ‘“ionic” ¢r (2) work functions measured from
thermionic current and from In+ ion probing respectfully, with surface carbon cover 6c. 8¢ =
1 corresponds to a continuous grapheme layer; T = 1700 K

redistribution in occupied area, with the graphene islands growing in area, thus reducing
the area covered by the carbon “gas”. Merging islands produce a graphene film---region III
in Fig. 19---which is uniform in work function. Obviously enough, the ratio of the areas
occupied by the different carbon phases depends not only on the amount of the adsorbate
present but on the substrate temperature as well.

A two-dimensional phase transition was subsequently found to occur in the Ni-C system [5]
and explored in detail in our studies of the growth of graphene films on Ir, Pt, Ni, Rh, Re,
and Mo [41].

For the first time in Me-C systems, the equilibrium carbon coverage 0.q (T) in the state of
chemisorbed carbon “gas” on Ir(Ill) was determined in the phase transition in a carbon layer
which involved formation of graphene islands [14]. Consider two methods of 0.4 (T)
determination.

Determination of 0eq(T) by Auger electron spectroscopy. Chemisorbed carbon “gas” is
known to increase the work function of the iridium surface; indeed, at T = 1800 K the work
function grows from 5.75 to 5.95 eV (Fig. 19). The maximum in the ¢ = f(0.) plot signifies
reaching a critical coverage by carbon 0. which initiates a phase transition with formation of
graphene islands residing in dynamic equilibrium with their carbon “gas” whose coverage
0eq = Oc. Formation of graphene islands with eq = 4.45 eV brings about a sharp growth (by
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orders of magnitude) of the thermionic current. To determine 0.q(T), carbon atoms were
deposited at different iridium temperatures in the 1600--1900-K region until @m.x was
reached, which was signaled by the thermionic current, and the carbon concentration N. on
the surface was found by AES, with subsequent calculation of 8cq = No/Neu (New = 3.56%1015
at/cm?). The measurements were performed repeatedly at each T. The averaged values of 0.
= Ocq are plotted vs. temperature in Fig. 20.
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Fig. 20. Equilibrium surface carbon covers 6¢q as functions of relative grapheme area Sy for
Ir-C system at various temperatures (K): 1 - 1670; 2 - 1760; 3 - 1840; 4 - 1915; 5 - 1975.

Determination of 0eq(T) from dissociation of CsCl molecules. The method draws essentially
from the possibility of deriving the relative area of graphene islands from dissociation of
CsCl molecules (see § 2). Graphite islands with a relative area So(Tc) were produced at Tc =
1600 K on the surface of an iridium ribbon by exposing it to benzene vapors. At Tc = 1600 K,
Oeq ~ 0.01, and carbon adatoms are concentrated primarily within graphene islands;
therefore, lowering the temperature below Tc does not change the relative area of the
graphene islands. After this, benzene vapors were pumped out, and the temperature of
iridium was raised in steps to Ti, Tz, ..., Ti. As the temperature increased, the graphene
islands dissociated, and their relative area decreased, while the chemisorbed carbon “gas”
became, accordingly, denser. The graphene islands recovered finally their area after the
temperature had been lowered down to Tc.
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Fig. 21. Equilibrium carbon cover 8¢q as function of T (1) and In6q as function of 1/kT (2)
for 2D carbon gas in equilibrium with grapheme islands. black dots - by CsCl dissociation,
light dots - by AES.

It was demonstrated convincingly [14] that the carbon “gas” covers the total surface, i.e.,
that it resides under the graphene islands as well. But then Ocq (T3) - 0eq (Tc) = So(Tc) - So(T5),
and, recalling the small value of 0.q (Tc), we come to

Beq (T3) = So(Tc) = So(T5). ©)

Figure 20 illustrates the experiments performed at different T; within the 1670--1970-K
region, as well as for different original values of So(T¢) in the 0.25--0.95 interval. It was found
that the magnitude of 0cq (T;) does not depend on the initial relative area of graphene
islands. The 0eq (T;) plot is displayed in Fig. 21, curve 1. The results of 0.y determination by
this method and with the use of AES are seen to correlate closely. If we construct the in
0cq = f(1/kT) plot using experimental data, the result will be a straight line (Fig. 21, curve 2)

AE 2,3¢V
6 =D- -==1=2.10° o, 4
= D-exp(~4F | =2 10%exp| 222 @

Consider now this relation. Let N; be the linear concentration of carbon along the perimeter
of the graphene islands. Then for the carbon atom flux from the island into the adsorbed
“gas” phase outside the island we obtain



Equilibrium Nucleation, Growth, and Thermal Stability of Graphene on Solids. 235

v1=N1-W0~%=%N1~Cexp[—%j, ®)
where Wy = Cexp(-Eqet/kT) is the probability for an edge carbon atom to become detached
from the island, C is the prefactor, Es; is the binding energy of the edge carbon atom with
the island, and the coefficient 1/2 reflects the probability for the carbon atom that has been
detached from the island to end up either outside the graphene island or under it. Assuming
dynamic equilibrium, for the flux of carbon atoms from the adsorbed “gas” phase outside
the graphene islands onto the island we obtain

1 1 E
V2=N1'66q'IA]tr'Z=ZN1'6L’q'Aexp(_ﬁj’ (6)

where W, = A exp(--Ey/kT) is the probability for a carbon adatom to transfer (or better to say,
to be reattached) from the phase of surface “gas” to that of the graphene island, A is the
prefactor, and Ej, is the binding energy for activation of this transition, and the 1/4 coefficient
accounts for possible adatom migration hops in the four equally probable directions.

At equilibrium, v; = vy, and

_ C (Ede -E r)
Beq =2 Z : exp|:_;(Tti| (7)

Confronting now Eq. (7) with (4), we obtain Eg; - E;» = 2.3 eV, and (C/A) ~ 105. Equation (7)
deserves a careful study because it provides an insight into the actual meaning of the
quantities entering it for determination of 0¢q (T). Indeed, knowing the energy of detachment
of an edge carbon atom from a graphene island on iridium, E4 = 4.5 eV (§ 7), one
immediately comes to E;; = Egt - 2.3 = 4.5 - 2.3 = 2.2 eV. A question arises now as to why we
have obtained such a large value of E;, >> Ey, where Ey is the activation energy for carbon
adatom migration over iridium equal to 0.7 eV [27]. To get an answer to this question,
consider Fig. 22. For a newly arrived carbon atom to become incorporated into a graphene
island, the edge atom has to transfer from the chemisorbed state I (B) to the physisorbed state
II (C) identifying incorporation into the graphene island; said otherwise, this atom has to
rupture its bonds to the surface atoms of iridium. In this case, E;, = 2.2 eV is the energy which
has to be expended to transfer a carbon atom from the state of surface “gas” to its “just”
position in the graphene island, while Ez = 4.5 eV is the energy required to detach an edge
carbon atom from an island accompanied by its transition to the “adsorbed gas state” (Fig. 22).
The position of a metal-linked edge carbon atom in an island is nothing more than an
intermediate state of an adatom in the process of growth or dissolution of graphite islands.
Regrettably, attempts at studying the two-dimensional phase transition in a carbon layer in
other Me-graphene systems to the extent this was done for the iridium substrate failed,
because the processes involved in carbon dissolution in the bulk of a metal play a
substantial role. Nevertheless, for some temperatures it was found possible to derive by AES
the concentration of chemisorbed carbon “gas” at which graphene islands start to nucleate
on other metals as well (Table 2). We readily see that the carbon concentration depends
crucially on the substrate material used; indeed, the highest density has the carbon “gas” on
Re(1010), while on Pt(III) AES does not sense the carbon “gas”, because its concentration is
below the Auger spectrometer sensitivity to carbon.
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Fig. 22. A model scheme showing graphene island growth on metal surface by attaching a
chemisorbed carbon atom form 2D carbon “gas’: 1 - carbon atom in the grapheme island; 2 -
chemisorbed carbon atom; 3 - edge carbon atom.

TTopwioxKa Ni (111) Re(10-10) PH(III) Rh(III) Ir(IT)
T, K 1370 1700 1700 1400 1700
at/cm? (2+3) 1014 21015 <5013 ~ 61014 ~ 71013
Table 2

Chemisorbed carbon “gas” is involved in two extremely essential operations in the adlayer.
First, it participates actively in the dissolution and growth of graphene islands. Second, it
acts as an intermediate link in the transport of carbon between the surface and the bulk of
the metal where carbon atoms are dissolved. If there were no carbon “gas” on the surface,
carbon atoms dissolved in the bulk of the metal just could not diffuse over its surface.
High-temperature, high-resolution AES offers a possibility of visualizing the process of the
phase transition in the carbon adlayer on iridium. As shown above, this possibility rests on
the extremely high sensitivity of the shape of the carbon Auger spectrum to the phase in
which adatoms reside on the surface. Figure 23 illustrates the reversible transformation in a
heating-cooling cycle of the Auger peak of carbon adsorbed on iridium, which is initiated by
the substrate temperature variation in the 1600--1960-K interval. The total carbon
concentration on the surface is N = 1.2 1015 at/cm? (0. = 0.3). At T = 1600 K, virtually all of
the carbon on the surface is confined to graphene islands, and the carbon Auger peak
approaches the shape characteristic of graphene. At T = 1950 K (0cq = 0.27), a sizable part of
carbon is bound in chemisorbed “gas”, and its Auger peak is close to being “carbidic”; there
is nothing strange in it, because the activation energy for desorption of a carbon atom from
the surface of iridium, which is 6.3 eV (see § 7) testifies to strong metal-carbon bonding.
Literature has virtually neglected a relevant problem of paramount importance, namely, the
very beginning of nucleation of graphene islands. Indeed, the transition from a single
chemisorbed carbon atom to a graphene island should contain an intermediate stage of
clustering of two, three and so on carbon atoms together. It appears reasonable to expect
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Fig. 23. Phase transition between grapheme and carbon chemisorbed 2D “gas’ on Ir (111).
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The total amount of carbon on the surface Nc = 1.2 *10%5 cm-2 is unchanged. A -

transformation of carbon KVV Auger spectra with temperature T (K): 1 - 1600; 2 - 1800; 3 -
1850; 4 - 1960. B - a model scheme illustrating the process.

that a cluster will acquire the right to be called a graphene island after it has combined
several tens of carbon atoms together. Relevant theoretical calculations do indeed yield for
such a cluster a figure of ~50 atoms, of which only its central part will be a proper graphene
island [61]. While visualize the process of growth of carbon cluster structures would not be

an easy thing to do, that they should exist cannot probably be questioned.
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Another, and possibly not less serious, problem is how to deal with the edges of graphene
islands, on which the carbon atoms have dangling bonds. It appears reasonable to suggest
that edge carbon atoms form strong chemical bonding to the surface atoms of metals. This is
suggested by the following observations. First, thermal stability of graphene islands is
different and lies in the 900--1600-K interval for various metals (§ 7); bonding of an edge
carbon atom in an island to the metal weakens its coupling to the “parent” island, and it is
this that brings about its destruction. To cite just one example, on nickel graphene islands
break up already at T ~ 900 K, while the most heat-resistant islands turned out to be those
on iridium, with their temperature of destruction being above 1600 K (§ 7). It is pertinent to
note here that a thick (more than 3 layers) graphite film on iridium dissolves at T > 2300 K,
because the three edges of the top graphene layer do not bond chemically to the metal, and
the binding energy of the edge carbon atom to its parent layer is ~6 eV [27].

Second, intercalated cesium, i.e., cesium located under a graphene island, for instance, on
rhenium, desorbs only for T > 2200 K (sic !), because it remains imprisoned under the
graphite traps---islands whose edges are coupled to the metal (§ 7). By contrast, cesium
present on the surface of graphene or a metal can be readily removed at T ~ 800 K [62].

The various chemical states of carbon translate into varying patterns of the Auger spectrum
of carbon as it is adsorbed, for instance, on iridium at T = 1950 K (Fig. 24). The spectra are
seen to change, which reflects the constantly changing carbon redistribution among its
different states. For a relative island surface area Sp = 0.3--0.4, the shape of the carbon Auger
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Fig. 24. Carbon KVV Auger spectrum transformation in deposition of atomic carbon on the
Ir(111) at 1950 K for various covers of 2D carbon “gas’ 8c and relative grapene areas Sy
(relative un.):
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No 1 2 3 4 5 6 7 8
Oc 0.12 0.24 0.21 0.27 0.27 0.27 0.27 0.27
So 0 0 0 0.11 0.27 0.33 0.43 0.73

All Auger spectra were measured at 1900K.

spectrum is still not pure graphene-like. Even after the temperature has been lowered down
to T <1600 K, with practically all of the carbon “gas” confined to the islands, the Auger
spectrum of carbon will not have the pure graphenic shape, which should be assigned to the
graphene island edges being bound chemically to the substrate. In some simpler cases, for
instance, with surface carbides of the metal present, the shape of the carbon Auger peak
does not change, and only the intensity of the carbon Auger signal undergoes variation.

§ 6. The nature of graphene island coupling to the metal

The central part of the islands is coupled to the metal
by weak van der Waals-type forces,
and the island edges are coupled to the metal.

As already mentioned, graphene films form on many metals and their carbides with
strongly different crystal geometries of their surfaces. There is an intriguing point, however:
only the crystal geometry of the Ni(Ill) face coincides perfectly with the structure of
graphene layers [56]. We are thus facing a paradoxical situation: formation of a chemisorbed
graphene layer on metal surfaces should be an extremely uncommon event. This point was
discussed in Ref. [27] where it was suggested that because of the graphene layer being
valence saturated, it should be physisorbed on a metal surface, i.e., coupled to it only by the
van der Waals forces of polarization nature, without electron exchange, and, hence, should
be separated from the surface by a resultant distance characteristic of these forces.

This suggestion is corroborated by our studies of intercalation of graphene layers on a metal
with foreign atoms and Cg fullerene molecules [41], the situation where adatoms build up
spontaneously, and in sizable amounts, under the graphene layer, and, thus, force the layer
away from the surface of the metal to a distance comparable with the diameter of the
intercalated atoms or molecules. Apart from this, experimental studies of surface migration
of Si atoms on Ir(Ill) revealed that the kinetics of surface diffusion under a graphene layer
remains the same as on a pure metal [63].

Graphite is known to have layered structure with a large interplanar distance, 2Ryaw = 3.35
A, accounted for by van der Waals coupling without electron exchange. Within a layer,
carbon atoms are coupled by strong covalent bonding, with the distance between atoms 2R.
=1.42 A. Treated in the context of the ideology developed in Ref. [27], the layered structure
of graphite suggests that the graphite layer is valence-saturated. In a graphite crystal, by
contrast, each layer is permanently in contact with an identical valence-saturated layer. The
situation is radically different with a graphite layer forming on a metal whose surface atoms
have many free electrons capable of forming chemical bonding with graphite. If a graphite
layer is physisorbed on a metal surface, there is no electron exchange between them, and the
layer should evolve in the way it would on the surface of a graphite single crystal, i.e., exist
in the form of a “plate” 2R.av = 3.35 A thick (Fig. 25) whose central plane is spaced from the
plane passing through the centers of the metal surface atoms of radius Ry by a distance

Lphys, = Roaw + Rm. (1)
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Fig. 25. A model scheme showing the structure of a graphene layer on a metal: Rc - carbon
atomic radius, R - metal atomic radius, 2Ryw - interlayer distance in graphite.

In the case of chemisorption, i.e., in the presence of electron exchange, the graphite layer
would be pressed to the metal surface, with the distance between the center of carbon atom
of radius R¢ in the island and that of the surface metal atom

Lchem4 = Rc + RM- (2)

There are three publications of interest in this respect. The first study [64] used SEELFS
(surface-extended energy-loss fine-structure spectroscopy) to investigate the structure of a
graphene film on the Ni(III) face whose crystal geometry matches nicely that of graphene.
From SEELFS measurements one has succeeded in deriving an essential distance L., = 2.80
+0.08) A. Significantly, the physical meaning of L, is, however, not disclosed in the paper.
Let us analyze now this quantity following the review of A. Ya. Tontegode [27]. The author
of the review estimated and compared the distances involved in chemisorption, Laen, and
physisorption, Ly, with the experimental value L., = 2.80 A reported in Ref. [64]. The
distance La.n was estimated from geometric parameters, with carbon atoms placed into the
hollows separating nickel atoms, with due account taken for the known radii Rc = 0.71 A
and Ry; = 1.24 A [65]. The calculations yielded Leem < 1.6 A. For physisorption we have

. _335

=Ry + Ry +1,24=2,91 A 3)

phys.
Because Ly, ~ Lynys and considerably larger than Laen, a conclusion was drawn [27] that a
graphene layer is physisorbed on nickel. That the Ni--Ni distance in an atomic surface layer
is constant, an observation made by LEEDS, likewise argues for the absence of electron
exchange between a graphite layer and a metal surface. The physisorptive nature of the
graphite-metal coupling is corroborated by another study [6] which shows that the best
agreement between the dependences of diffraction intensities on electron energy obtained
experimentally and by calculation performed under certain assumptions is reached for a
separation of graphene from the nickel surface of 3.4 A. Strange though as this may seem,
the paper that reported this result did not comment on this either.
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The third study [66] probed the system consisting of a graphene film on Pt(Ill) by a LEED
method developed to study structures of incommensurate adlayers. The analysis offered
three interplanar spacings: L; = (3.70 + 0.05) A, L, = 2.45 A, and L; = 1.25 A, as well as the
metal-carbon bond length Ly = (2.03 + 0.07) A. It was found possible to interpret these results
by assuming that sandwiched between the graphite monolayer and platinum there are
chemisorbed carbon atoms; indeed, the distance Rp; + Rc =1.38 + 0.71 A=209A [66], which
is close to Ly L3 can be identified with the distance between the centers of chemisorbed
carbon atoms sitting in the hollows between platinum atoms and the centers of surface Pt
atoms. The distance L, = 2.45 A approaches the sum Rc + Ry = Re + R,y = 0,714+ &;A =

2.39 A, and the distance L = 3.70 A, equal to the sum (L, + L3), is then the separation between

the centers of platinum surface atoms and those of carbon atoms in the graphene film.

Drawing from these data, A. Ya. Tontegode [27] came to the conclusion that the good

agreement between L, and the sum Rc + Ryaw gives one solid enough grounds to suggest

that the graphite-metal bonding is actually physisorptive in character. The conclusion
drawn in Ref. [66] assumes this bonding to be rather intermediate in character between

“chemisorption” and “physisorption”. But if this coupling is indeed of a mixed nature,

valence electrons of carbon atoms chemisorbed on platinum should have been able to

penetrate into the 1 electron zone of graphene, with the result that the distance L, should be
smaller than the sum R¢ + Roaw.

Obviously enough, the physisorptive character of coupling between the graphene film and

the surface of a metal should produce a substantial impact on the various physico-chemical

processes occurring in an adlayer, more specifically, segregation of atoms from the bulk of
the metal onto the surface, migration-based processes in the adlayer, in the initial stages of

growth of carbon films, adsorption-desorption phenomena, and chemical reactions. A

physisorbed graphite monolayer, i.e., a graphene film on a metal, may be identified, in a

certain sense, with a graphite cell (a two-dimensional graphite “plate”). This novel approach

has revealed a new intriguing direction in the investigation of intercalation, namely, study
of the relations governing intercalation in the metal-graphene system.

Thus, the above experimental findings suggest the following simplified model

representation of the processes evolving in the Me-graphene system (Figs. 26A and 26B).

1. Chemisorbed carbon “gas” increasing the work function of the metal surface by a few
tenths of an eV. Carbon atoms of this phase are coupled to the metal by a strong
covalent bonding 26 eV (§ 7)---see item 1 in Fig. 26A.

2. Chemisorbed carbon “gas” under the graphene islands [15]---item 2 in Fig. 26A; if
present in a high enough concentration, this “gas” distorts the shape of the Auger
spectrum of carbon of the graphene films (see, e.g., spectra 3 and 4 in Fig. 9).

3. Graphene island whose central part is coupled to the metal by weak, van der Waals-
type forces; this is what makes it possible, for instance, for foreign atoms to penetrate
easily under a graphene film---item 3 in Fig. 26A.

4. Edge, non-graphite carbon atoms chemically bound to the metal surface; on iridium, for
instance, this energy is ~2.2 eV (§ 5). Different binding energies coupling edge atoms in
an island to different metals account for the strongly different temperatures at which
graphene islands break up (§ 7)---item 4 in Fig. 26A.

5. Carbon atoms dissolved in the bulk of the metal; as a rule, at T > 900--1000 K diffuse
easily over the bulk of the metal---item 5 in Fig. 26A.
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Fig. 26. A model scheme showing the grapheme layer on a metal: 1 - chemisorbed carbon
‘gas’ upon the metal and under the grapheme layer (2); 3 - carbon atom in the grapheme
island; 4 - non-graphitic edge carbon atom; 5 atomic carbon dissolved in the metal bulk; 6 -
edges of the merged graphene islands.

Figure 26B displays a model representation of formation of a continuous graphene film from
merged islands. It is assumed that the edges of coalesced islands are actually layer defects
which are responsible for residual dissociation of CsCl molecules, and that through these
defects foreign atoms penetrate under the layer; and it is at the defect edges that nucleation
of the second layer of graphene is initiated when carbon atoms segregate onto the surface
from the supersaturated Me-C solid solution (§ 9).

§ 7. Properties of graphene films on metal surfaces

Valence saturation and passivity of graphene
give rise to some intriguing properties.

1. Concentration of graphene islands on iridium
As derived from graphene island oxidation. Oxidation of carbon in its various chemical states on
the surface of iridium was studied in considerable detail in Ref. [67]. It was shown that at
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300 K only the edges of graphene islands become decorated; in fact, oxygen does not adsorb
to the passive surface of the central part of an island. As the temperature increases, the edge
atoms of carbon in an island escape from the surface in the form of CO and CO,. Consider
the results obtained in Ref. [67]. At 6. = 0.5, i.e., at Sp = 0.5, the total concentration of carbon
atoms in the islands is N¢(tot) = N, 0c = 1.8 1015 at/cm?2. One temperature flash produced
after a sample with graphite islands has been maintained in an oxygen atmosphere at 300 K
removes N (edge) ~ 1.7 1014 at/cm? atoms from the surface. Assuming graphene islands to
have a simple, e.g., circular shape of radius R, we come to

2

N, (tot) = ”aiz f, (1)

N(edge) =228 ., @

where S ~ a2 is the area occupied by a carbon atom with a diameter 4, and f is the graphene
island concentration on the surface. Solving Egs. (1) and (2), we obtain

N CZ (edge)

f= N (tot)4n ’

©)
Substitution of the above experimental data yields an estimate for the island concentration f
~ 3 1012 cm?2. In the case under consideration, the number of carbon atoms in an island will
be ~7 102. Straightforward calculation shows that 13 adsorption-desorption cycles would be
required to “consume” such islands with the use of oxygen. This number 13 matches very
well with the estimate [67] that 12 + 13 cycles should suffice to clean completely the iridium
surface of graphene islands covering an initial relative area Sp = 0.5.

As derived from potassium atom adsorption. The idea underlying the method involves
adsorption of potassium atoms at 300 K on an iridium surface with graphite islands to
saturation. A temperature flash (Fig. 27) desorbs first potassium atoms from the central part
of graphene islands (Tu.x ~ 700 K), followed by desorption from the parts of uncovered
metal areas (T, ~ 800 K), and only after that, at comparatively high temperatures, from the
edges of graphene islands (T, ~ 1100 K) (for more details, the Reader can be referred to
Ref. [62]). The adsorption capacity of phase “2” in Fig. 27 associated with decoration of
graphene island edges by potassium atoms depends on the area of graphene islands. Figure
28 displays in graphical form the dependence of the maximum filling of this phase by
potassium atoms on the relative area occupied by the graphene islands. Assuming in a first
approximation the maximum concentration of potassium atoms along the island periphery
to be equal to the concentration of edge carbon atoms, one may safely use Eq. (3) to estimate
f. It turned out that = 3*1011 cm~2 for Sp = 0.4--0.6. As the relative island area increases, f
decreases. Indeed, for Sy = 0.8 we obtain f~ 1 1010 cm~2, which should probably be assigned
to coalescence of the islands setting in as their relative area becomes large enough.
Experiments revealed that the concentration of graphene islands on iridium does not
depend on the intensity of the carbon atom flux striking the surface. This suggests that the
nucleation is not homogeneous. There are firm grounds to believe that graphene islands
nucleate at defects in the iridium substrate, e.g., at the edges of atomic steps.

Thus estimation of the concentration of graphene islands on iridium for the case of the
islands occupying a relatively small part of the total surface area yields f~ 10! --1012 cm~2.
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Fig. 27. Thermal desorption spectra for K+ ions from Ir(111) (1); from Ir covered with
graphene islands at Sp = 0.5 (2), and from grapheme (3). the substrate was pre-exposed to
atomic K with the flux vk = 2.8 *109 cm-2*s-1 for 30 sec. 4 - temperature versus time
dependence.
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Fig. 28. The maximal concentration of the atomic K on the periphery of the graphite islands
as function of relative grapheme area on Ir(111). the temperature of K adsorption is 960 K, vk
=1*1012 cm2*s1, exposition time is 10 min for each point.
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2. Specific features of exchange and catalytic reactions on graphene

The activity of catalysts in heterogeneous reactions involved in dissociation of molecules is
intimately related with the valence state of atoms in the surface layer of a metal. In the
representation adopted in Refs. [27], in order for an adsorbed molecule on the surface of a
solid to be capable of dissociating, the atoms making up the molecule should bond to the
atoms of the surface catalyst, which reduces the dissociation energy and increases the
reaction rate. While the dissociation energy of a CsCl molecule, for instance, is E, = 4.56 eV
in free space, on the surface of metals (Ir, W, Re and others) it decreases strongly down to E,
<03eV[27].

The surface of a clean metal has a large number of valence bonds, which makes metals
efficient catalysts in dissociation reactions. One may expect the efficiency of such reactions
to drop markedly (catalyst poisoning) when an adsorbate film of an element of Subgroup
IV+VIIb of the Periodic System forms on the metal surface [27].

Indeed, heterogeneous catalytic reactions of dissociation of As, Sb, P, Se, Te films were
found to exhibit poisoning [68].

Deposition of carbon on the metal surface is a widely recognized process. There were
reports of the poisoning effect a carbon film produces in a catalytic reaction of ammonium
decomposition on platinum [69, 70], as well as on other metals (Ni, Rh, Ta, W) [70], when
carbon is adsorbed in large amounts.

While the poisoning effect of carbon was pointed out in many publications, nevertheless, a
systematic study of the effect exerted by controllable amounts of carbon on metal surfaces
on the efficiency of heterogeneous reactions of dissociation of a number of salt molecules
did not appear until a series of publications [50,71,72], as well as of reviews [27]. An
approach most widely used in the above studies involves application of surface ionization
(SI) techniques to probe one of the dissociation products of MX molecules. SI of a MX
molecule proceeds in two stages:

1. Catalytic dissociation of the molecule, MX - M + X;

2. Ionization of the metal atom M — M* +e.

(Here M stands for the atom of the metal, and X, for that of a halogen).

The easily measurable current of the M* ions (with the mass spectrometric technique
employed) provides information on the process of catalytic dissociation of MX molecules on
the surface. The above publications made use of the degree of dissociation ® as a
quantitative characteristic of the catalyst (metal) activity:

o= Vmx ~Vmx , )

VMmx

where vmyx is the flux density of MX molecules striking the substrate surface, v'mx is the
density of the desorbing molecule flux, and (vmx --V'mx) is the fraction of the flux of
molecules that has dissociated on the surface. It is assumed that the experimental conditions
are stationary, with the flux of molecules incident on the surface equal to that desorbing
from it, and no elastic scattering of molecules from the surface present, the points borne out
in a special experiment [72].

The role played by the two carbon phases on iridium surface in dissociation of CsCl
molecules was studied in Ref. [51]. It was demonstrated that carbon present in the phase of
two-dimensional chemisorbed “gas” does not affect in any way the efficiency of the CsCl
dissociation reaction, and that ® =1 just as in the case of clean iridium. Carbon present in
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the phase of two-dimensional graphene islands reduced drastically the efficiency of CsCl
dissociation, the degree of dissociation decreasing after formation of a graphene film down
to ® =10-3 (at T = 1700 K) or @ = 10-5 (at T = 900 K). That it was the poisoning action of the
graphene phase of carbon on the CsCl dissociation reaction was corroborated by studies of
both with carbon layers on other substrates---Rh [27], Pt [73], Pd [74], Re [74], and with other
salts---KNO3, KCl, K;504, RbCl, HCOOK [27].

The virtually total suppression of dissociation of CsCl molecules on graphene islands,
combined with their complete dissociation on surface areas of either a clean metal or a metal
containing chemisorbed carbon “gas” suggested a simple method of determining the
relative area of two-dimensional graphene islands by measuring the current of Cs* ions
produced in SI of one of the dissociation products, namely, Cs atoms (§ 2).

TDS, AES, and LEED were applied to probe the role played by the carbide and graphene
carbon phases in the breakup of molecules of the HCOOH and DCOOH formic acid [75].
The carbon was deposited on the surface by exposing heated nickel to C>Hj4 vapor. It was
found that exposure to CoHy vapor at Pcops ~ 10-7 Torr and T = 525 K produced surface
nickel carbide with the (2 x 1)C structure as revealed by LEEDS, and at T = 600 K, the (4 x
5)C surface carbide. The concentration of surface carbon was estimated as ~9 1014 at/cm?, a
figure fairly close to that of surface nickel atoms on (110). It was demonstrated that surface
carbide did not poison the catalyst; indeed, HCOOH (or DCOOH) molecules dissociated,
which was inferred from the release of the various reaction products: H, CO,, CO and H>O.
By contrast, formation of graphene on nickel in CHy vapor at T ~ 800 K reduced
dramatically the probability of dissociation of HCOOH molecules, which implies poisoning
of the catalyst.

The part played by the same, carbide and graphite, phases of carbon on Ni(100) in the
kinetics of hydrogenation of CO (CO + 3H, — CH4 + H>O) was studied in Ref. [76]. It was
found that carbon is produced at T = 600 K in the surface carbide phase in the 2CO — CO, +
C reaction, and that it plays a major role in the reaction involved in methane formation. The
carbide-contained carbon is chemically active and could be readily removed from the
sample by heating it up to 700 K in a hydrogen atmosphere (P2 ~ 100 Torr). Surface
graphite was produced by exposing nickel heated to 700 K to a CO atmosphere ((Pco ~ 24
Torr). The graphite film completely poisoned the catalyst, with the methane production
reaction becoming suppressed.

One studied also [77] hydrogenation of CO on Fe(110) which contained carbon deposits of
different origin, among them a CH phase, carbon-hydrogen carbide phase, and graphite
phases differing in the content of intercalated hydrogen. It was found that the CHy and
carbide-carbon phases participated actively in hydrogenation. The graphite phase
suppressed the hydrogenation process completely.

An interesting analysis reported in Ref. [78] provided an explanation for the observation
that palladium membranes used to prepare chemically pure hydrogen lost their hydrogen
permeability after carbonization. Penetration of hydrogen through a membrane involves the
stage of H, dissociation at the front face of the palladium membrane, followed by
dissolution of H atoms in the bulk of the metal, after which the H atoms associate on the
rear side of the membrane, to be desorbed in the form of H, molecules. It appeared only
reasonable to suggest [72] that suppression of hydrogen permeability of the palladium
membrane is initiated by termination of the dissociation of H, molecules at the front side of
the membrane, when it becomes coated by a valence-saturated graphite film.
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As pointed out in the review article [27] and suggested by the results of the above studies, it
is only in the form of graphite that carbon poisons the metal catalysts used in dissociation-
based catalysis.

The graphene surface on metals turned out a convenient substrate for studying exchange
chemical reactions. The Ir-graphene system appears to be a particularly suitable
combination, because the properties of graphene on iridium are both well studied and
readily controllable.

Interaction among particles of different origin on the surface of solids has become a subject
of considerable interest. These studies, besides being very instrumental in development of
the theory of elementary processes on the surface, pave a way to emerging applications. It is
known, for instance, that deposition of a small amount of an alkali metal onto the surface of
metal catalysts enhances considerably the yield of products of molecule dissociation.

The favorable effect of atoms of alkali elements adsorbed on metals is attributed to the
change in elementary properties the adsorbed molecules undergo when close to alkali atoms
[ ]

For adsorbents with a passive surface, the corresponding aspects have been studied to a
considerably lesser extent, although substrates used intensively in heterogeneous catalysis
are passive toward dissociation of molecules. The first observation of the substitution
reaction K + RbCl — KCl + Rb taking place on the carbonized surface of the Pt + 8% W
under combined adsorption of K and RbCl molecules was announced in Ref. [79]. The
exchange reaction initiated by combined adsorption of CsCl and Na on the same surface and
the kinetics of this process were described in Ref. [80].

The results reported in [79,80] are complicated by superposition on the substitution
reactions of a quite pronounced intrinsic dissociation of CsCl or RbCl molecules on the
heavily defected alloy surface coated by a carbon film.

A study was made of the role played by the properties of an alkali metal (Na, Li and K), as
well as of atoms in different valence states (Ba, Tm, Pt) in the reaction with CsCl molecules
on the surface of graphene on iridium (Ir-C) [81--84]. Carbon in the graphene layer does not
react chemically with atoms of alkali metals and molecules of alkali halide salts. It can be
added than within the operating temperature range background dissociation of CsCl
molecules on graphene is low (@ ~ 10-5).

The interaction of CsCl molecules with Ir-C was studied in considerable detail [27]; it was
shown that the molecules do not scatter elastically from Ir-C [72]. Cs atoms released in
exchange reactions of dissociation are detected by the surface ionization technique with the
highest possible sensitivity; indeed, virtually each Cs atom desorbing thermally from Ir-C
becomes ionized [39]. This offers a possibility of studying elementary events of interaction at
low coverages of the adsorbent by reagents.

In the above studies, the surface was bombarded by stationary fluxes of particles of a variety
of compositions, and from the surface desorbed fluxes of reacted and unreacted particles.
The total number of atoms in the incident fluxes is equal to their total number in the
desorbing fluxes. Significantly, at a constant T the coverage by each species of particles is
constant. The surface is hit by fluxes of molecules, vcsci, and atoms, v,, where z stands for K,
Na, Li etc. Part of the particles can desorb in the neutral and charged states (Vcscl, V2 Vzt).
Chemical interaction among the particles may bring about either catalytic dissociation of
CsCl molecules at active z centers

CsCl+z+ Cs+Cl+z ®)
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or a substitution reaction

CsCl + z +» zCl + Cs. (6)

For direct determination of reaction type on the surface, introduce a characteristic k which is
actually the coefficient of utilization of z atoms:

v

v

K=

@)
z

In the reaction of type (5), the active z centers are not expended , so that Kmax = 1. In the case
of z atoms in the valence state m, the limiting value of x will be Kmax = 11, because mCsCl + z
> zClm+ mCs. Thus, to determine the type of the reaction, one has to measure the v'csc; and
V', v, fluxes.

To study the reaction kinetics and compare the efficiencies of the reactions between CsCl
molecules and z atoms, introduce the efficiency of interaction n

- U'CsCI (T) _ Vet (D

Vesar Vesa

71(T) = Vesar (8)
1(T) defines the fraction of the molecules taking part in the reaction. The quantities n(T, v,,
vMmx) are calculated theoretically [85], so that the parameters of exchange interaction can be
derived from n(T) relations for the given v, and vnx.

Studies of reactions within a broad interval of substrate temperatures and a wide range of
fluxes of interacting particles revealed that the Z atoms and CsCl molecules adsorbed on a
graphene layer on iridium are involved in an exchange reaction; in the case of Na, K, and Li
it is one-stage with Kmax =1, for Ba it is two-stage with kmax = 2, and for Tm, a three-stage one
with Kmax = 3 (Tm is in this case in the highest possible valence state of 3). Experiments with
all alkali metals were conducted in not very different conditions:

Reaction T, K Vescl, sm2 sl V,, sSm-2 51
K+ CsCl 760 - 1050 51011 - 41013 11010 - 21013
Li + CsCl 800 - 1000 31011 -2-1013 11011 - 51012
Na + CsCl 750 - 950 5,31011 - 3,4 1013 31010 - 91012
Table 3

Experimental studies permitted one to obtain log 1(T) and «(T) relations for different fluxes
of atoms and molecules incident on the surface. Figure 29 plots typical log n(T) and x(T)
graphs for the case of potassium atoms. The growth of 1 observed to occur with decreasing
T is initiated by the increase of particle concentration on the surface and of the migration
path lengths during their lifetime in adsorbed state (the fluxes striking the surface are
constant).

The kinetics of the exchange reaction was considered in terms of the model describing
formation of activated MXZ complexes in encounters of adsorbed particles migrating over
the surface, and subsequent breakup of these complexes
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Fig. 29. The dependencies of Ign (I) and n (II) for the reaction K + CsCl. The fluxes were vcsci
=3.2*1012cm2*s1and vk (cm2*s1): 1 - 1.3 *1010: 2 - 1.4 *1011; 3 - 7.5 *1011; 4 - 8 *1012. Dots
show experimental data, solid lines are calculated.
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where k” and k7 are the rate constants for association of particles into an activated complex
MXZ, and k;8 and ks, those for its dissociation over all possible channels.

One succeeded in deriving analytical expressions for the reaction efficiencies that account
for the experimental results obtained [81]. The observed increase in the efficiency of the
reactions between Li, Na, K atoms and CsCl molecules in the Li — Na — K sequence
matches with the model of local interaction between alkali metal atoms and MX molecules,
which provides a reasonable description for the promoting effect alkali metals exhibit in
heterogeneous catalytic reactions [81].

We note that the phase state of particles on the surface is essential not only for the kinetics of
the reactions proceeding on the surface but for the character of the reaction itself. For
instance, in the case of two-dimensional barium islands it was found that the reaction with
CsCl molecules involves edge barium atoms only; interestingly, in some temperature
regimes one observes not an exchange catalytic reaction but rather catalytic dissociation of
CsCl molecules, with the magnitude of x becoming as large as a few hundred [84]. By
properly applying “chemical surface ionization” on passive surfaces with the use of
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exchange reactions, one can increase the sensitivity of surface-ionization detection of atoms
of a variety of elements. A major requirement is that these atoms are chemisorbed rather
than physisorbed on the passive surface of graphene.

3. Thermionic properties of graphene films

It appears only natural to expect that studies of thermal emission from graphene films
should reveal the specific characteristics of the metal, which would become manifest, for
instance, in the work function of graphene. The work function of graphene films on metals
was derived from thermionic emission both by the total current technique and from
Richardson graphs [60], as well as by probing the surface with a beam of K, Na, Ba, In atoms
[39]. The ribbon temperature was chosen such that its decrease would not initiate growth of
the second layer of graphene through segregation of carbon from the bulk of the metal. The
results obtained are summarized in Table 4. On all substrates, the graphene surface was
uniform in work function. Re(lOiO)

Substrate Ir(111) Pt(111) Rh(111) Re(1010)
AT, K 1800+1200 1500+1200 1300+1150 1700+1150
(¢ £ 0,05) eV 4,45 4,55 4,35 4,25
Table 4.

Apart from this, for the Rh-graphene and Re-graphene systems one determined the work
function by measuring the total thermionic current from graphene islands as a function of
their relative area Sy, which was derived by the well-known method involving probing the
surface with a flux of CsCl molecules (§ 2). As expected, the work function of islands
remained constant with variation of their area from Sp = 0.1 to Sp =1 (monolayer coverage).
Interestingly, the work function of graphene on a metal is affected by atoms of alkali and
alkaline-earth metals buried under the graphene film in intercalated state. Indeed, a
monolayer of K or Cs adatoms confined under a graphene film on Ir(111) reduces the
graphene work function by Ag = 0.3--0.4 eV; by contrast, the same amount of K or Cs on the
surface of graphene lowers the work function by Ag ~ 2.0--2.5 eV. A barium monolayer
buried under graphene reduces the work function by A = 0.65 eV.

4. Thermal stability of graphene films

It appears only natural to expect that as the temperature is increased, graphene islands that
formed on a metal surface at T will start to break up eventually at some higher temperature
T,; > T. Experiments showed that for the four metals studied (Re, Ir, Ni, Pt) the temperature
interval within which the graphene islands break up, AT, lies substantially lower than the
temperature of mechanical disintegration of the substrate or of the onset of noticeable
desorption Ty, of carbon atoms from the surface of refractory metals (usually, Tas = 2000 K).
On platinum, nickel and rhenium breakup of graphene islands brings about a decrease of
the total amount of carbon on the surface. This should apparently be attributed to
dissolution of the carbon atoms that have broken off the edge of a graphene island in the
bulk of the metal. The only exclusion is iridium, in which carbon practically does not
dissolve for T < 200 K, with the carbon material produced in the breakup of islands
persisting on the surface in the form of chemisorbed carbon “gas” [41].
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We believe that the elementary event involved in the breakup of a graphene island consists
in detachment of a single carbon atom from the edge of this island, followed by its transition
to the chemisorbed state on the metal surface. Simplifying the real pattern, we are going to
assume that the graphene islands are disc-shaped and have equal areas S;. Then the number
np of carbon atoms confined to a single island will decrease with time with the temperature
increasing up to T > T; by the law

dny(t) _
dt

()% W = 1, ()Cexp[~Ege, / KT], (10

where 1;(t) is the number of carbon atoms in the boundary layer of the island at time ¢, Wis
the probability of two-dimensional sublimation, C is the prefactor, and Eg4 is the activation
energy for two-dimensional sublimation, or, said otherwise, the energy required to detach
an edge carbon atom from the island.

We also assume for the sake of simplicity that the packing of carbon atoms in an island does
not differ from that in the basal plane of graphite and that it is independent of the island
size, in which case S; ~ an;, where a is the area per one carbon atom. Assuming further that
ny = 2ur/d, where r is the radius of the disc-shaped carbon island, and d is the effective

carbon-atom diameter in the graphene lattice, d=./4a / 7 , and taking into account that

_ /nlu _ /uN
r_ - = A
b2 m

where N is the total number of carbon atoms in all islands per 1 cm?, and m is the island
concentration, we come to

n, = %,/N(t) :

m

Now we use Eq. (10) to obtain

AN _
JN

Equation (11) can be solved for an arbitrary ¢ subject to the initial condition thatat t =0, N = Ny

mCexp[~Egq, / kTdt . (11)

n\/aCexp[— Eae }
LN KT

N, 2N,

The ratio N/Ny = 5(t)/So, where Sy is the area occupied by islands at t = 0, is found
experimentally by the CsCl dissociation method described above. Having now a set of
relations (1—./5(1‘) / 50)= f(t), one can find from the logt = f(1/kT) equation the energy
required to detach a carbon atom from a graphene island for each value S = const. Now
knowing Eq, one readily derives from Eq. (12) the value of /mC .

As an illustrative case, consider the process of breakup of graphene islands on Re(10-10). A
clean rhenium sample was exposed for a short time (t ~ 10--30 s) to benzene vapor (Pceres ~ 1
10-7 Torr) at T = 1050 K. This initiated fast formation of graphene islands on the surface,

't (12)
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while the bulk of the metal remained practically free of carbon. Experiments demonstrated
that carbon resides at this temperature on the surface in graphene islands only, because
single carbon atoms dissolve rapidly in the bulk of the metal [41]. Nevertheless, to make the
experiment as pure as possible, the sample was annealed for several minutes at T = 1050 K
after the benzene had been pumped off; in this process, the island did not break up, and the
small amount of carbon that could build up in the near-surface region was dispersed
throughout the volume of the metal, thus reducing the probability of segregation of carbon
from the bulk back onto the surface. After this, the rhenium temperature was raised to Ty =
1200 K and one measured the kinetics of island breakup, i.e., determined the S/So = f(t)
relation. The islands broke up completely (Fig. 30). Note that the breakup curves
reproduced well enough from one experiment to another although the volume of the sample
was not freed from the carbon that had accumulated there. This suggests that at the
temperatures AT chosen the carbon concentration in the bulk of rhenium is far from the
solubility limit, carbon diffuses freely over the metal lattice, and the reverse flux of carbon
from the bulk onto the surface may be neglected.

1,0 S

S/S,

T T T T
0 40 80 120 160 200 240

t, sec

Fig. 30. Equilibrium relative areas of grapheme islands versus annealing time at Re surface
at annealing temperatures (K): 1 - 1280; 2 - 1240; 3 - 1215. The value So / Sin =1 corresponds
to the initial area of grapheme islands Si, = 30%. Dots show experimental data, solid lines
are calculated.

The experimental data were treated in the following way. The curves of Fig. 30 were used to
construct log ¢ = f(1/kT) curves for different S = const, whence one could derive the carbon
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detachment energy from the island, Ez: = (3.0 £ 0.2) eV. We note that S/S; varied in the
experiments within the 0.2--0.6-interval, and S/S;,; = 1 correspond to a graphene film with N,
= 3.56 101> cm~2. Next one constructed the graph

S(H/S,=(1-Bt)*,

where

_ mmCexp[~Ege, / kT]
N

The value of B was chosen so as to fit the calculated S/Sp = f(t) relations to experiment
(dotted line in Fig. 30). The knowledge of B permitted one now to find from Eq. (13) the

product of the prefactor by the root of the number of islands JmC =3 1018 cm-1s-1. Our
studies of the topography of the graphene film on Re(10-10) made by scanning tunneling
microscopy permitted estimation of the concentration of graphene islands at close to
monolayer coverages, which turned out to be m ~ 1012 cm~2 [86]. Knowing 1, one can
readily estimate C ~ 1012 s-1.

In a similar way we studied the breakup of graphene islands on Ni(111) and Pt(111). The
only difference consisted in the temperature interval AT; within which the islands broke up.

B (13)

The results of the experiments are summed up in Table 5. The values of JmC thus obtained
were found to be of the same order of magnitude as those derived for the rhenium sample.

Me Edet/ eV ATd/ K
(111)Ni 2.5 950-1050
(1010)Re 3.0 1200-1300
(111)Pt 3.2 13001400
(111)Ir 4.5 1650-1850

Table 5

Graphene islands on iridium start to break up at T; 2 1600 K, which suggests a substantially
stronger binding energy of the edge carbon atom to the island compared with the substrates
considered earlier. Because the carbon atoms that have detached from the island do not
dissolve in the bulk of iridium and do not desorb, the total carbon concentration on the
surface does not change, so that as the area of the graphene islands decreases as a result of
their thermal destruction, the concentration of carbon atoms in the chemisorbed carbon
“gas” phase grows. This, in its turn, gives rise to an increase of the flux of carbon atoms
from the chemisorbed “gas” phase to graphene islands. Therefore destruction at a given Ty =
const culminates in the onset of dynamic equilibrium, in which the flux produced in two-
dimensional sublimation becomes equal to that of carbon deposited on the islands from the
chemisorbed “gas” phase. After this, the island area will no more change (Fig. 31) staying at
a certain level depending on T;. If we reduce the temperature to T < 1600 K, the island area
recovers to the former level S = Sy, with all of the carbon “gas” transferring again to the
graphene islands. To be able to neglect the reverse flux of carbon from the chemisorbed
“gas” phase, only the very beginning of the S/Syp = f(t) curves was taken into account. The
results of these experiments are also listed in Table 5.
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Fig. 31. The dependence of relative graphene island area on Ir versus annealing time at
various T, K: 1 - 1715; 2 - 1840; 3 - 1940.

As seen from the table, in contrast to bulk graphite, for which the detachment energy of an
edge carbon atom in a layer is ~6 eV (T; > 2300 K) [27], in the case of graphene islands
adsorbed on metallic surfaces the detachment energy can be markedly lower. It appears
reasonable to assume that the valence-active edges of graphite islands form strong
chemisorption bonding with atoms of the metallic substrate, which weakens the C--C bonds
of an edge carbon atom to neighboring atoms and weakens strongly, in its turn, the
destruction temperature of graphene islands on a metal (see Table 5). Experiments show
that the easiest to destroy are graphene islands on nickel; this correlates with the
observation the nickel, of all the substrates studied, is the only carbide-forming metal. The
most thermally stable turned out to be graphene islands on iridium; iridium does not form
carbides, practically does not dissolve carbon in its bulk, and, apparently, is the least capable
of forming C-Me chemical bonds. Interestingly, if one forms, for instance, on Ir(111) a
graphite film a few atomic layers thick by deposition from an atomic flux at T~ 1700 K (Fig.
32), the temperature at which a graphite layer breaks up and, accordingly, carbon escapes
from the surface, grows to T; > 2300 K, which corresponds to Ez: ~ 6 eV, a value identified
with thermal destruction of bulk graphite. Indeed, in this case no edge atom of the top
graphite layer can contact the metal and, hence, there are no grounds to expect that active C-
Me chemisorption bonds will reduce the activation energy for detachment of an edge atom
from the graphite island.
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Fig. 32. Schematic representation of atomic carbon interaction with a graphene island on
metal surface (a) and on graphite (b). 1 - graphene; 2 - atomic carbon; 3 - substrate.

It appears pertinent to point out here the following significant aspect. The above results relate
to the case of the bulk of the metal being practically free of carbon. As carbon is dissolving in
the bulk of the metal, the flux of carbon atoms segregating onto the surface increases. This flux
enhances noticeably the thermal “lifetime” of the island. To cite an example, on Rh(111)
graphene islands start to break up at T 21000 K, with the bulk free of carbon. On carbonization
of Rh at Tc = 1800 K, however, one obtains a continuous graphene film, which persists at such
high T assisted by a strong carbon flux from the volume of the metal.

5. Adsorption, desorption, and migration on graphene

Valence-bond saturation in the surface layer of a solid should affect noticeably such
characteristics as the binding energy of adsorbed particles with the surface, sticking
coefficients, adsorption capacity etc. The valence bonds of surface atoms being not
saturated, the binding energies of foreign atoms of metals and molecules with atoms of the
near-surface metal layer are quite large.
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Graphite samples may serve as a good illustrative example of solids with a valence-
saturated (passive) surface. Beitel [87 ] studied adsorption of CO and H, on graphite
samples. It was demonstrated that the sticking coefficients of CO and H> molecules to
graphite are very small and decrease with increasing coverage. For instance, at low
coverages (0 < 10-4) the sticking coefficients of CO and H> molecules to graphite were the
highest, (1--5) 10-5. The sticking coefficient was found to decrease rapidly with increasing
coverage. Significantly, the number of CO and H, molecules chemisorbed on graphite
turned out to be ~0.01 of the number of molecules chemisorbed on the surface of tungsten.
The sticking coefficient of atomic hydrogen to graphite was measured by the same author
and found to be 5 10-3--1 10-2 [10].

It is essential that the sticking coefficients of CO and Hx to pyrolytic graphite ribbons with a
precisely adjusted orientation of the (0001) plane of graphite on the surface were smaller
than those to other, poorer quality graphite samples. It is suggested [10, 87] that the
observed adsorption of gases occurs actually only at defects of the graphite lattice (corner
atoms, plane edges, steps, impurity atoms) near which there are empty valence orbitals.
Precisely-oriented surface of pyrolytic graphite ribbons containing less structure defects,
they are characterized by smaller sticking coefficients than samples of fine-grained graphite.
Interestingly, the sticking coefficient of H, to graphite heated to T ~ 1850 K was ~4 10-5,
while that to graphite heated to T ~ 2400 K was smaller than 10-8. Quite possibly, high-
temperature treatment of graphite samples gave rise to enhanced graphitization, i.e., an
increase in the density of surface defects and of the fraction of surface area occupied by
them, and this is what caused the decrease of the sticking coefficient. This conclusion
matches with our results on graphitization of carbon films on metals studied as a function of
sample annealing temperature (§ 11).

Lander and Morrison [88-90] conducted a LEEDS study of the adsorption of Oy, J», Bry, CO,
and H>O molecules on the (0001) face of single-crystal graphite, the most perfect surface of
all. It was shown [90] that admission of these gases to pressures p <1 10-4 Torr and exposure
at these pressures of a single crystal for tens of minutes at T ~ 300 K did not bring about any
change in the diffraction patterns obtained from a clean crystal face. Studies of adsorption of
the same gases on other surfaces revealed that a monolayer of gas is easily detectable. The
authors offer a conclusion that the substances studied are not chemisorbed on the basal
plane of graphite; as for physisorption, it certainly should take place, but at lower substrate
temperatures. It was also demonstrated [88,89] that molecules of a number of compounds
(FeCl3, Gely, Gel,, CsHg, Xe, Znly) are only physisorbed on the basal plane of single-crystal
graphite.

The study of Arthur and Cho [55] occupies a particular place among works dealing with
adsorption on the (0001) face of graphite. They investigated the adsorption and desorption
kinetics of Cu and Au atoms on this surface. The flash heating method used by them
permitted obtaining some quantitative characteristics of desorption. It was shown, for
instance, that the coefficient of condensation of Cu and Au increases from ~0.05 for 6 — 0 to
1 for 0 = 1. Measurements of the accommodation coefficient of Cu and Au revealed that the
small value of the condensation coefficient for a clean surface of the graphite (0001) face is
not related in any way with elastic scattering of Cu and Au atoms from the surface; said
otherwise, Cu and Au atoms reach thermal equilibrium with the surface prior to desorption.
The authors offered the following model to account for the results obtained. Metal atoms
reaching the surface of single-crystal graphite have a high mobility and a short average
lifetime against desorption. The value of T determined in the study is in actual fact nothing
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else than the upper limit to average lifetime; both for Cu and Au, T measured at T = 300 K
and 0 ~ 0 was found to be less than 10-2 s. Accepting the prefactor in the expression for the
lifetime of particles on the surface to be 10-13 s, the authors obtained for an estimate of the
binding energy of adatoms to the substrate E, < 0.65 eV. Such low binding energies should
apparently be assigned to the van der Waals character of adatom interaction with the
surface, which is possible under valence-band saturation of the graphite surface. This
should be contrasted with the activation energy for desorption of Cu and Au atoms from the
(110) and (100)W faces, which is (3 + 5) eV at low coverages [91]. The low binding energy of
adatoms with the substrate suggests also a small activation barrier Ei for surface diffusion
(estimated by the authors as Egs ~ kT), which accounts for the high mobility of the two-
dimensional Cu and Au “gas” on graphite. Colliding with one another or with valence-
unsaturated surface defects, Cu and Au adatoms can form centers of growth of two- or
three-dimensional islands. This is what can underlie the decrease of desorbing flux with
time, because islands of adsorbate act as traps for adatoms. The observed increase of the
condensation coefficient with increasing atom evaporation time or coverage is attributed by
the authors to adatoms escaping from the two-dimensional “gas” phase into close-packed
islands, where the lifetime of adatoms exceeds by far the average lifetime in the adsorbed
“gas” phase; indeed, the binding energy of a Cu adatom with a copper island was found to
be ~2.1 eV, and that of Au adatoms with their island, ~2.5 eV.

The above data suggest a reasonable conclusion that under the conditions of valence bond
saturation in the surface layer of a solid and weak binding of particles with the substrate,
particles with free orbitals can form strong bonds with one another. These conditions are
conducive to formation of close-packed adsorbate islands, provided the particle mobility on
the surface is high enough. An electron microscope study revealed growth of three-
dimensional islands of Ag, Au, Pb, Cd, and Zn on amorphous carbon [92-94]. It suggested a
conclusion that condensed phase islands nucleate at “particularly active spots” on the surface,
i.e,, apparently, at valence-active edges of graphite scales on which carbon layers had formed.
This suggestion is corroborated by the concentration of adsorbate islands being found
independent of the density of the atom flux striking the surface, which appears to indicate that
there is no homogeneous nucleation. Growth of three-dimensional Ag and Au islands was
observed also on another valence-saturated surface, molybdenum disulfide (MoS) [95,96].
Unlike valence-bond-saturated surfaces, adsorption of foreign metal atoms on the surface of
metals does not, as a rule, bring about formation of close-packed adsorbate islands [97-99].

It should be noted that amorphous carbon is not a very good model object of valence-bond-
saturated surface, because it has a large number of valence-unsaturated defects whose
number depends strongly on sample prehistory. Thin carbon films on a metal surface are
more stable samples with a reliably controllable surface. McCarthy and Madix [100] studied
adsorption of gases and vapors on the surface of a metal coated by a carbon film.
Adsorption of CO, Hy, CO,, and H;O on clean Ni(110), on carbidized nickel, and on the
surface of the Ni(110) face coated by a carbon film of graphitic structure was probed by
three methods---LEEDS, AES, and heat flashing. Nickel was carbidized by cracking of
ethylene on the surface at 600 K. The carbon layer on nickel underwent graphitization either
under heating of carbidized nickel at 775 K, or in ethylene cracking at T = 700--800 K, a
finding corroborated by other authors as well, e.g., in Refs. [4,5]. In summing up available
data, the authors of Ref. [100] came to the conclusion that CO, Hy, CO,, and H,O undergo
physisorption on a graphite surface, because the heats of adsorption turned out to be too
low; for CO; and H;O, for instance, they were found to be ~0.35 eV.
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Iridium, which does not dissolve carbon, turned out irreplaceable in probing carbon films
on metals. Abdullaev et al. [101,102] reported on a TESI investigation of the adsorption and
initial stages in samarium condensation on iridium ((111)-texture ribbons) and on iridium
coated by graphene. The heats of adsorption of Sm atoms on these surfaces at low coverages
were found to be 6.0 eV and ~1.9 eV, respectively. The large difference between the heats of
desorption was attributed to a decrease of the covalent component of adsorption bonding on
the passive substrate. The comparatively high desorption heat of ~1.9 eV could be assigned
to a noticeable contribution to the heat of desorption of the ionic component acting against
the mirror image forces [49]. Measurements performed on the same surface [102]
demonstrated that the average lifetime of NaCl molecules on graphene-coated iridium, t <1
10-5s, even at 300 K, whence for the binding energy of the molecules with the substrate one
comes immediately to E <0.5eV.

It was shown [103] that after formation of graphene on Pt(111) has terminated, the surface
becomes passive with respect to adsorption of CO, Hy, and CsHe at T = 300 K.

Measurements were conducted [104] of the kinetics of desorption of a number of atoms---Cs.
K, Na, Ba, Sr (Table 6)---from both the clean Ir(111) metal and from a graphene film on its
surface. It was found that the valence-bond-saturated graphene film on iridium modifies the
heats of desorption of particles; in particular, the heats of evaporation E* of the monovalent
atoms Cs*, K*, Na* change very little, primarily as a result of a decrease of the polarization

Desorption
characteristic Graphene on
Element E+0(eV) Iridium iridium V (eV)
C D (s1)

E+ 21+0,1 1,8+0,1
Eo 40+0,1 24+0,1

Cs C 1,7 -1012 2 -1012 3,89
D 3,4 -1012 4 -1012
E. 24+0,1 22+02
Eo 38+0,1 24+0,2

K C 4 -1012 1-101 4,34
D 8 -1012 2 -101
E. 30+0,1 29+0,1
Eo 3,6+0,1 22+0,1

Na C 1 -1013 3 -101 5,14
D 2 -1018 6 -10u
E. 52+0,1 26+0,1
Eo 58+0,1 1,9+0,1

Ba C 2 -1012 1,8 -1010 521
D 1 -1012 0,9 -1010
E. 48+0,1 ~27
Eo 49+0,1 ~15

Sr C 6 -1012 - 5,70
D 3 -1012 ~ 1013

Table 6.



Equilibrium Nucleation, Growth, and Thermal Stability of Graphene on Solids. 259

interaction between the ion and the metal; indeed, E+(Cs) = 2.1 eV for Ir(111) and E+(Cs) =
1.8 eV for Ir(111)-graphene (see Table 6). For the divalent atoms of Ba and Sr, the heats of
desorption of Ba* and Sr* ions decrease strongly, primarily because of the weakening
covalent binding forces acting between the s electron of the ion and atomic electrons in the
surface layer of the adsorbent. For instance, E+(Ba) = 5.2 eV from Ir(111) and E*(Ba) = 2.6 eV
from Ir(111)-graphene (Table 6). The large value of E*(Ba) from graphene should be
assigned in the first place to the large “ionic” component of the heats of desorption of
alkaline-earth atoms. The Guerney representation was used [104] to find that the covalent
component of the barium heat of desorption decreases from ~2.7 eV for clean iridium to a
few tenths of eV in the case of graphene coating.

The effect of graphene formation on Ir(111) on the migration characteristics of Cs and Ba
was investigated in Ref. [105].The method was based essentially on continuous irradiation
of a ribbon emitter by a flux of atoms on one side only, with detection by surface ionization
techniques of the adatoms that have migrated during their lifetime to the other side of the
ribbon.

The results of the experiments are presented in Table 7 listing the temperature interval
within which the quantities under consideration were measured.

Ey, eV Interval of T, K Dy, cm2/s
Ir(111)-Cs 06+0,1 860 - 1140 0,23
Ir(111)-C-Cs 05+0,1 860 - 1300 0,23
Ir(111)-Ba 1,0£0,1 1980 - 2200 2,2 -102
Ir(111)-C-Ba ~05 950 - 1135 -

Table 7.

We readily see that graphene affects only weakly the migration characteristics of Cs (just as
the heats of desorption of Cs* ions). The explanation lies in that Cs adatoms on both surfaces
reside primarily in ionic state and are constrained mainly by polarization forces, with the
influence of the graphene film being very weak. Therefore, the material of the metallic
ribbons practically does not

affect the migration characteristics of Cs adatoms; indeed, in the case of Cs diffusion over a
tungsten ribbon with uniform emission characteristics, D = 0.23 exp057/kT cm2s-1 [23] (the
study was conducted by the photoemission technique).

Migration of Ba over iridium requires higher temperatures than that of Cs (Table 7). Just as
the heat of desorption of Ba* ions, the activation energy for migration of Ba adatoms
residing primarily in ionic state is higher than that for Cs, which implies the existence,
besides the bonding forces of the polarization nature, of covalent forces as well. It turned out
that formation of graphene lowers noticeably the temperature region where migration
operates, which practically coincides with that for cesium atoms (Table 7), with E,
decreasing down to 0.4--0.5 eV.

Thus, by reducing strongly the covalent components of the binding forces coupling particles
to the surface, graphene on iridium gives rise to a substantial decrease of the activation
energy for surface migration of polyvalent atoms.

The above literature data on the adsorption of atoms and molecules on valence-saturated
surfaces of single-crystal graphite, polycrystalline graphite, graphitized nickel, and
graphene on iridium, platinum and other metals suggest a conclusion that the binding
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energy of adsorbed particles with atoms of the surface layer is small, which in some cases
may give rise to growth of two- or three-dimensional close-packed islands of adsorbate on
such surfaces even for submonolayer coverages.

Our studies reveal formation on graphene/iridium of condensed close-packed Pt, Th, Ni,
Mo islands [41], tower islands built of fullerene molecules [107], and two-dimensional
islands of CsCl molecules [40]. Investigation of the growth and dissolution of CsCl islands,
for instance, permitted determination of the migration length A(T) of CsCl molecules during
their lifetime on graphene

MT) = Bexp*t/* = 1Oexp[0'13} .

kT

For instance, at T = 300 K, A = 1500 A, while at T = 1500 K, A = 27 A. We succeeded in
determining also the difference Egs - Emigr = 0.25 eV between the activation energies for
desorption and migration. It may be added that CsCl molecules desorb easily from the
graphene surface even at T = 300 K, with their lifetime being <0.01 s [40].

6. Metal-graphene thermal equilibrium

A. Specific features of carbon atom diffusion between the surface and bulk of a metal

Many studies deal with diffusion of carbon atoms in the bulk of solids; see, for instance,
Refs. [108-110]. At the same time, literature practically does not contain any reports on such
an essential subject as diffusion of atoms between the surface and the bulk of a metal.
Exchange of atoms between the surface and the bulk of a solid is an important aspect of all
physico-chemical problems associated with processes occurring on the surface, when the
channels involved in dissolution and segregation of atoms operate efficiently. Mass
transport of atoms between the surface and the bulk of the metal defines the activation
energies for dissolution, Es;, and segregation, Ejs; the latter may differ slightly from Ey, the
activation energy for volume diffusion (Fig. 33). Consider the relevant relations for the
fluxes of dissolution, v, and segregation, vis, presented in Refs. [27]

-Eg, /KT

1’51=Ns(1_Nl /N )'W51=N5(1_N1 /Nlﬁm)'cs1exp @

1lim

- /KT ) @
where Ns and Nsy are the concentrations of atoms on the surface, both running and in a
monolayer (the physical meaning of a monolayer may differ depending on the actual Me-C
system discussed); N; and Ny;»(T) are the concentrations of atoms diffusing in the site plane
adjoining the surface, running and at the solubility limit, Ws; and Wis are the probabilities of
dissolution and segregation, Es; and E;s are the corresponding activation energies, and Cs;
and Cys are the prefactors. Because desorption involves rupture of all bonds of an adparticle
with the surface, and dissolution, of a part of them only, it appears reasonable to expect that
Eges > Es1.

Despite the fairly obvious significance, both for basic science and for the field of
applications, of studying diffusion of atoms between the surface and the bulk of a metal, we
are aware only of one publication [111] reporting on a quantitative investigation of
dissolution of surface carbon in single-crystal W(100) with interesting results, namely, the

Vis =N1(1_Ns /NSm)'W1S =N1(1—9)~Clsexp
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metal atom
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Ead:

Fig. 33. A model scheme for the surface-bulk interface with diffusing atomic carbon and
activation energy barriers for desorption and diffusion:

Eags - for desorption, Eg - for dissolution into te bulk; Ejs - for segregation onto the surface,
Ep - for bulk diffusion.
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activation energy for dissolution was found to be high, Es; = 5.0 eV, which exceeds by far
that of volume diffusion of carbon in tungsten Ey = 2.56 eV. This implies that knowledge of
the activation energy for volume diffusion Ey is not enough by far for adequate description
of the diffusion of atoms between the surface and the bulk of a metal; one would need
instead the knowledge of Es; and E;s, which should be derived from direct experiments and
found readily, besides the energy E, in handbooks on the physics of metals.
The lack of literature data on such a new direction of research as transport processes at the
surface/bulk of metal interface can be traced to the following circumstances. To begin with,
in order to obtain quantitative data, one has to know exactly the concentration of dissolved
carbon in the metal and be able to vary it in a controllable manner. We tackled this problem
by employing an absolutely calibrated carbon atom flux and purifying on a qualitative scale
the volume of the metal under study from all impurities, including carbon. Apart from this,
the use in our experiments of thin (20--50 pm) textured metal ribbons permits one to spread
carbon, rapidly and uniformly, over the volume of the metal, as well as to reach in
acceptable times equilibrium between the surface carbon and carbon in the bulk of the
ribbons; indeed, for a ribbon length of 40--60 mm and a carbon evaporation zone ~30 mm
long, the effects associated with escape of carbon to cold ends of the ribbons may be
neglected. Significantly, we could evaporate carbon onto either side of the ribbon, a factor
which in many cases provided supportive evidence for the physical pattern of the processes
under study in the Me-C system.
Consider the factors governing diffusion of carbon atoms between the surface and the bulk
in the particular case of the (100)Mo-C system.
Distribution of carbon between the surface and volume in a molybdenum ribbon. We have
earlier discussed in some detail the physical pattern of the processes involved in the
interaction of carbon with heated molybdenum. We recall that if one evaporates carbon
atoms on the heated surface of a molybdenum ribbon, say, at T = 1400 K, carbon dissolves
rapidly in the bulk of the metal, accompanied by a buildup of carbon on the surface in the
form of chemisorbed “gas”. After carbon has accumulated in the ribbon volume up to a
concentration N; =~ 8 1010 at/cm? in each site plane, a carbon film of chemisorbed atoms with
N, =1 105 at/cm? forms on the surface, the surface carbide MoC. One can accumulate SC
MoC on the front side of the ribbon by adsorbing carbon at T = 1400 K on the rear side of the
molybdenum ribbon to the same concentration. But this implies that at T > 1400 K carbon
atoms cross rapidly the thin ribbon. Incidentally, our data fit to the information available in
the literature. For instance, it was found [112] that the coefficient of volume diffusion in Mo
1,78-11600
TK
the diffusion front in the case of diffusion in one direction is related with the diffusion time ¢

through the expression 1= V2Dt . [37]. Setting e = h =20 pm = 2 103 cm at T = 1450 K, we
come to the time ¢ = 100 s required for carbon to traverse the ribbon from one side to the
other, a figure which fits well to the time experimentally observed in our experiments
performed at the same temperature.

Interestingly, it is probably for the first time that one had determined for a Me-C system the
carbon distribution between the volume and the surface in molybdenum; it is presented in
Table 8. It lists Npont and Nyer, the carbon concentrations on the surface of the front and rear
sides of the ribbon, Ny = Nigy — Npout - Nyear, the amount of carbon that dissolved from 1 cm?
of the surface into the bulk of the ribbon containing 7104 atomic planes;as well as the

can be written as D(cm?/s) = 3,4 102 'exp[ ) It is known that the length A of
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L . N . .
carbon concentration in one site layer N, =—% (with the diameter of the Mo atom taken to
n

be 3 A) Naepis the total amount of the deposited atomic carbon.

Ngep, cm2 Nfront, cm-2 Nrear, cm?2 | Ny = Ndep~Nfront—Nrear, cm?2 | N1 =N, /n, cm?2
51014 11014 11014 41014 610°
11015 2,51014 2,51014 51014 7109
31015 71014 71014 1,6 1015 2,31010

4,510t 91014 91014 2,71015 41010
7,5 1015 11015 11015 5,51015 81010
81016 1101 11015 7,8 1016 1,1-1012
Table 8

Consider now these results (Table 8) in more detail. At low concentrations of evaporated
carbon, Ny, <5 1014 at/cm?, the major part of carbon is confined to the volume of the ribbon,
and Nfont = Nrear <1104 at/cm?. At higher concentrations, for instance, for Ny, <1 10%5 at/cm?,
the amount of carbon on the surface of the ribbon grows to N = 2.5 1014 at/cm?, and that in
its bulk, to N; = 7 10 at/cm?. At still higher concentrations, Ny, = 7.5 1015 at/cm?, the carbon
concentration on the surface increases to its maximum value Nfon = Nyeor = 1 1015 at/cm?, with
the attendant formation on the surface of the SC MoC, and carbon in the bulk present in a
concentration N; = 8 100 at/cm2 Interestingly, increasing the concentration of evaporated
carbon by one more order of magnitude, to Ny, = 8 101 at/cm?, does not initiate growth of
surface carbon concentration; indeed, the SC MoC with Npont = Nieor = 1 1015 at/cm? persists,
while the C concentration in the ribbon bulk grows to N;~1 1012 at/cm2.

Diffusion of carbon into molybdenumn at surface concentrations Ns < 1 10" at/ecm?. A
molybdenum ribbon was cleaned thoroughly of impurities by annealing in an oxygen
atmosphere (Po~ 1 10-5 Torr) at T = 1400 K, and subsequently, in ultrahigh vacuum at 2200
K to free it of oxygen; thereafter the only peaks left in Auger spectra were those due to
molybdenum. Next, carbon was evaporated on the ribbon at 600 K up to the concentration
Ns=110% at/cm?, i.e., to the concentration corresponding to the SC MoC, at which carbon
atoms occupy apparently deep hollows between the 4 surface molybdenum atoms. As
demonstrated by experiments, heating of such a carbon film to T < 1250 K does not initiate
dissolution of surface carbon. Noticeable dissolution of C in (100)Mo was observed to occur
only at T = 1350 K, which took a characteristic time of ~1 min. This time was found not to
depend on the surface concentration of carbon for Ns <1 1015 at/cm2. Figure 34 shows a
typical curve of the kinetics of carbon dissolution in molybdenum for Ns ~ 6 1014 at/cm?2.
The kinetic parameters describing dissolution of surface carbon can be found using the
results published in Ref. [113]. The decrease dN of the surface carbon concentration
occurring in a time dt is related with the dissolution flux vy and the average lifetime

S1/kT

E
Tg =T,eXp of C adatoms with respect to dissolution in the metal through

dN = vt =~ Nt ®)

Ts1
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Integration of Eq. (3) in the time t in which the surface concentration of carbon decreases
from Ny to N yields

N=N,exp /™t )

Equation (4) can be used to derive the activation energy for dissolution E,; of surface carbon
into the molybdenum

t
Eg, len(ﬂnNo 7 N] . )
1350 K

11600 K/eV ’
parts of the dissolution curves, we come to Es; = 3.9 eV.

We wish to note the large magnitude of the activation energy for dissolution of surface
carbon in (100)Mo, Es; = 3.9 eV, which exceeds by far, by ~ 2 eV, that for volume diffusion E
= 1.78 eV [112]. A similarly large difference between Es; and Eyp was obtained [111] for W-
C(100), which is apparently characteristic of such Me-C systems.

Upon substitution in Eq. (5) of 1o = 10-13s, kT(eV)= and analysis of the initial

30

20

Auger signal, arb.un.

t, sec

Fig. 34. Carbon Auger signal versus heating time in annealing of carbon film on pure
Mo(100) at 1350 K. the film was got by atomic carbon deposition at 300 K using the flux vc =
6 *1014 cm-2*s-1.
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Diffusion into molybdenum of carbon for surface concentrations N. > 1 10" at/cm?. It
appeared interesting to learn how carbon would dissolve in molybdenum at concentrations
higher than that in the SC, when all sites between 4 surface molybdenum atoms are
occupied. The study was started by preparing at T = 1400 K Mo SC on both sides of the
ribbon, as this was described earlier (in the volume, the concentration N; = 8 1010 at/cm?2---
see Table 8). After this, carbon was evaporated in an atomic flux on SC MoC at =300 K to N,
= 1.5 1015 at/cm?, and the ribbon thus treated was annealed at a number of temperatures
(Fig. 35). It is seen that now noticeable diffusion of carbon into the bulk of molybdenum
occurs at markedly lower temperatures, T ~ 900--1000 K, with all excess carbon present
above that bound in the MoC SC diffusing into the bulk. The dissolution temperature T =
900 K was used to estimate the activation energy for dissolution of carbon from centers
other than those in SC (we shall refer to them as weakly bound ones). Recalling the relation

E
of Frenkel for average particle lifetimes with respect to dissolution,t=r7exp /",

accepting 1o = 10-13 s and setting for the time of the experiment t ~ 10 s (at T = 1000 K), we
come to Es; = 2.5 eV.

1,6 -

Auger signal. arb.un

T
1200
T,K
Fig. 35. Carbon Auger signal versus temperature in in annealing of carbon film with N¢ =
1.5 * 1015 cm2, deposited onto Mo(100) with surface carbide at 300 K. Dissolved carbon

presented in the substrate bulk in concentration of N¢ = ~2 * 1011 cm2, at each interstitial
plane.

T
400 800
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Consider now the possible nature of these weakly bound dissolution centers. The carbon in
SC occupies all deep hollows between the 4 surface Mo atoms, from which it dissolves into
the bulk with a high activation energy Es; = 3.9 eV. Because C atoms are small, so that the
surface area occupied by them is small, ~2 A, at a concentration of such atoms in MoC SC N,
=110 at/cm? they will cover a surface area of ~2 1015 AZ, which corresponds, for the total
area of 1 cm?, only 20%. Therefore, the dissolution energy Es;" = 2.5 eV relates to adsorption
of carbon atoms located closely to the weakly bound MoC SC centers, and it is from here
that they apparently diffuse into the metal. We note that the observed strong dependence of
the activation energy for dissolution of surface carbon into molybdenum on the nature of
adsorption centers has apparently been established for the first time, and that it should be
characteristic of other Me-C systems as well.

Interestingly, if one replaces all strongly bound centers on molybdenum by other atoms,
e.g., by sulfur or silicon, then the carbon arriving from the outside at T = 1000 K will, rather
than building up on the surface, dissolve completely in the bulk of the metal [43].

mon

0,0 T

T T 1
1600 1800 2000

T, K

Fig. 36. Equilibrium carbon relative surface concentration (Nc¢ /Nmon) Versus temperature in
Mo-C system. The concentration of dissolved carbon at each interstitial plane is, cm?2: 1 -
2¥101%; 2 - 4¥1011; 3 - 8*1011. Nipon = 1 *10%5 cm2.

Equilibrium between the fluxes of dissolution and segregation of carbon in the Mo-C
system. An intriguing pattern is observed for many Me-C systems on carbonized metal
samples at moderate temperatures. Figure 36 plots the variation of the Auger signal
intensity due to surface carbon (or, said otherwise, of the surface concentration) with the

T
1200 1400
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temperature of the Mo-C solid solution. Each point on the curve corresponds to equilibrium
between the segregation and dissolution fluxes, i.e., vs; = vis, with the surface concentration
of carbon being totally independent of the time the sample was kept at the given T = const.
The curves obtained under increasing and decreasing temperature are reproducible with a
high accuracy. An increase in the concentration of carbon dissolved in the bulk of the
molybdenum ribbon brings about an increase of N; and, accordingly, as follows from (2),
initiates growth of vsy, i.e,, of the segregation flux. This is accompanied by growth of the
surface concentration N,, of carbon as well (see curves 1--3 in Fig. 36) obtained for T > 1400
K, where the carbon concentration in the bulk of the metal serves as a parameter. Crossing
these curves by a straight line for Ns = const and using Egs. (1) and (2), we obtain, for
instance, for curves 1 and 2 the following equilibrium of fluxes for two temperatures, T; and
Tz:

N, (1 _Nl(Tl)] -Cq, -exp_E51 /KT, _ N(T)(1 —H)Clsexprs/le , )
Nyjim (1)

Ny [1 - Nl(m] Csi 'expiESI/kT =Ny(T,)(1- H)ClsexpiEls/sz . @)
Nyjin (T5)

Assuming Cis and Cs; to be temperature independent, and accounting for the volume
concentrations of carbon being far from the solubility limit Ni(T) << Nu;u(T), an inference
drawn from direct experiments on additional adsorption of carbon atoms, we obtain from
Egs. (6) and (7)

£(1/ KT, =1/ KT;) _ Nl(Tl)eXpEm@ /KT, ~1/KT,)

exp Ny(T,)
or
(i, =1/KT,) _ Ny(T)
P Ny(T,)
or again
i Na(T)
N,(T,)

AE=

C1/KkT,-1/kT, ®

Thus, Es; — Eis = 2.0 eV. Because Es; = 3.9 eV, E;s = 3.9 -- 2.0 = 1.9 eV, a point appearing
reasonable enough and matching the magnitude of E, = 1.8 eV reported in Ref. [111]. The
relative similarity of the energies E;s = 1.9 eV and E’;s = 2.5 eV for the surface concentration
of carbon Ns > 1 1015 at/cm? accounts for the weak growth of the surface concentration of
carbon for T < 1400 K considered against the large “base” of the surface carbide MoGC; this is
why the Auger signal intensity of carbon at T < 1400 K is practically constant (Fig. 36). Thus,
the energies mediating transport processes in the Mo-C system could be arranged in the
following way:

1. Activation energy for dissolution E;s of carbon atoms in Mo(100) for surface

concentrations Ng <1 1015 at/cm2: E1s = 3.9 eV.
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2. Activation energy for dissolution E’;s of carbon atoms in (100)Mo for surface
concentrations Ns > 1 1015 at/cm?, when all the strongly bound centers are already
occupied: E';s=2.5¢€V.

3. Activation energy for carbon segregation E;s from the near-surface region: E;s =1.9 eV,

4. Activation energy for volume diffusion Ey of carbon in molybdenum: Ey = 1.8 eV [112].

The very close values of Ejs and Ey do not give us sound grounds to consider these

quantities as radically different. It appears reasonable presently to accept Eg ~ Es.

Dissolution of carbon in (1010)Re. Carbon atoms dissolve actively in rhenium which

contains carbon neither on the surface nor in the bulk of the metal at T ~ 1000 K. Study of

the kinetics of dissolution provided an estimate Es; ~ 2.6 eV for low carbon surface
concentrations N, =~ 5 1014 at/cm2. Formation of rhenium SC with N, ~ 1.4 1015 at/cm?2, when
the concentration of carbon in the bulk of rhenium is far from the solubility limit, displaces
the threshold of active carbon diffusion into the bulk of the metal to T ~ 800 K, which

matches with the estimated activation energy for dissolution for the case of N. > 1.4 1015

at/cm?, E's; = 2.2--2.4 eV. Literature suggests Ey = 2.3 eV for volume diffusion of carbon in

the unsaturated Re-C solid solution [114]. The closeness of the E;s and Ey values implies
virtual independence of the equilibrium surface concentration of carbon on temperature in
the Re-C system after the formation of rhenium SC (T > 1800 K) and accounts for the weak

temperature dependence of the equilibrium carbon concentration on the rhenium surface N,

in the high temperature domain (T > 1900 K), when N, < 1.4 105 at/cm?, which should be

contrasted, for instance, with the Mo-C system, with Nc ~ expAEAT, where AE = Es; - Eo.

B. Equilibrium of graphene islands in the Me-graphene system

The two-dimensional phase transition in a carbon layer on Me involving formation of
graphene islands (§ 5) at moderate and high temperatures assumes dynamic equilibrium
between the chemisorbed carbon “gas” and graphene islands. Incidentally, the equilibrium
of the islands rests on the peripheral, edge carbon atoms of the islands.

Figure 37 displays an equilibrium curve of the dependence of the relative area of graphene
islands Sp on substrate temperature for Ir(111). The curve does not change shape with the
temperature increased to T = 1950 K followed by its decrease; equilibrium obtains on a time
scale of a few seconds to a few tens of seconds. For T > 1950 K, the S, = f(T) curve becomes
irreversible, because of noticeable desorption of carbon atoms from iridium setting in.
Figures 38 and 39 present similar S, = f(T) curves for the Re(1010)-graphene and Rh(111)-
graphene systems. The parameter of the curves is the amount of carbon in the bulk of the
metal; for better visualization, the concentration of carbon dissolved in the bulk is given for
each atomic plane of the metal (in at/cm?). The curves reflect strict equilibrium, because
maintaining the sample for a long time at each T = const does not result in a change of the
graphene island area. Obviously enough, the lifetime of graphene islands at high T depends
directly on the carbon flux from the bulk of the metal to the surface; as the concentration of
dissolved carbon increases, the flux to the surface grows, with equilibrium shifting to higher
temperatures (Figs. 38 and 39).

One can readily estimate that, for instance, for the Re-graphene system at T = 1400 K the
islands would have broken up in a few hundredths of a second without adequate supply
from the chemisorbed “gas” phase [115].

The equilibrium in the Me-graphene case resembles that in a vapor-liquid system (Fig. 40).
There is, however, a radical difference also in that in the Me-graphene case there is the metal
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Graphene Islands on Ir(111)
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Fig. 37. Relative graphene island area versus annealing temperature for Ir(111).
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Fig. 38. Equilibrium relative graphene island area versus annealing temperature for Re (10-
10). Carbonization temperature Tc, K: 1 - 1840, 2 - 1790, 3 - 1670, 4 - 1640.
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Fig. 39. Equilibrium relative graphene island area versus annealing temperature for Rh(111).
The concentration of dissolved carbon at each interstitial plane is, at.%: 1 - 0.035; 2 - 0.045; 3 -
0.06; 4 - 0.075

surface separating the two phases of carbon (Fig. 40). In this case, the equilibrium is
mediated by the chemisorbed carbon “gas” on the metal surface and edge carbon atoms in
the graphene islands.

Consider the extent to which the concepts developed here agree with the universally
accepted thermodynamic description of equilibrium systems, in particular, with the Gibbs
phase rule. The rule postulates that W=U+2-V, where W is the number of phases, U is the
number of components, and v is the number of thermodynamic degrees of freedom.

At zero pressure and a fixed component composition, the conditions corresponding to the
standard experimental arrangements, when carbon neither enters the system not leaves it, V
=1, because the only thermodynamic degree of freedom is here the temperature. Apart from
this, one may consider the above system as a single-component one (U = 1); indeed, the
metal itself is not involved in any chemical transformation and is not modified in the course
of experiments, so that it may be considered as just an external limitation similar, say, to
walls, flasks etc. With this in mind, we come to W =2, i. e., one can expect that TWO volume
phases can be in equilibrium here. And we have here indeed TWO such phases---carbon
dissolved in the metal (metal-C solid solution) and GRAPHENE (graphite).

It appears, however, that, staying in the context of phase equilibrium, graphene should be
considered not as an independent chemical form of carbon bur rather as the initial stage of
growth of the volume phase, which is graphite. This approach is attested by its being
virtually impossible to locate the point in an experiment where growth of a graphene film
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Fig. 40. A model scheme illustrating details of the phase transition for graphene - metal
system: A - vapor (1) over the substrate (2); B - graphene (1); dissolved atomic carbon (2);
chemisorbed atomic carbon (3); chemisorbed graphene island edges (4).
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transforms to that of a multilayer graphite film. We showed [11] that the reason for it is rooted
in the mechanism itself of nucleation and growth of the second and subsequent layers.

In the above consideration we have missed, however, a very important phase, namely, that
of carbon atoms chemisorbed on the surface. It might seem at first glance that its existence is
in contradiction with the Gibbs phase rule. This is, however, not so. Indeed, accepted in its
classical form, this rule relates only to volume phases. To take due account of the part
played by the surface, one has to add to the number of independent degrees of freedom also
surface tension, a two-dimensional analog of pressure. With this correction included, it is
THREE surface or volume phases that can be in equilibrium, a conclusion corroborated by
experiment.

§ 8. Growth of graphite on a metal surface

A graphene film of a given thickness can be
readily produced by segregation of carbon
from a Me-C solid solution onto the surface of a metal.

1. Segregation of carbon onto the nickel surface [36]

The solubility limit of carbon in nickel is high [114]. For instance, at T = 1170 K, N, =1 at.
%, to be contrasted with rhenium, in which at the same temperature Nj;,, < 0.01 at. %. Figure
41 visualizes the kinetics of carbon segregation on the surface of nickel at T = 900 K obtained
by AES; the carbonization temperature T, = 1100 K. Interestingly, accepting the reference of
nickel substrate screening (En; = 61 eV) by a graphene (~ a factor two), we come to the
conclusion that assuming layer-by-layer film growth the time taken by each layer to form is
the same (Fig. 41). This means that the flux of carbon atoms arriving from the bulk of nickel
onto its surface is constant, v. = const = 2.4 1013 at/cm? s. The constancy of the flux suggests
both fast migration of carbon from central regions of the ribbon to its surface and a large
amount of carbon accumulated in the bulk of nickel. For T < 800 K, diffusion of carbon in Ni
freezes out, with no carbon segregation to the surface of nickel observed.

Figure 15 in § 1 visualizes the behavior of nickel carbonized at T, = 1375 K at different T
translated by AES (equilibrium curve). The initial state is a graphene layer at T = T, = 1375
K. Now if we raise the temperature to T > T, + 15¢, graphene breaks down, and the carbon
left on the surface at T 2 T, + 400 will be surface carbide with N. = (2 + 3) 104 at/cm?2. If we
lower the ribbon temperature, it is only a graphene layer which will grow at (T, -- 400) < T <
T, (Fig. 15, § 1). One can readily see in Fig. 15 a small, but well reproducible wing in the
temperature region T, + (T. -- 40°) which can be identified with one graphene layer. A
similar wing is observed in spectra of many metal-carbon systems: Re-C, Rh-C, Mo-C.

One may forward the following assumption as a reasonable explanation. The conditions in
which the first and the subsequent graphene layers grow are essentially different. Indeed,
while the first layer grows on a metal, the second layer, while it has been nucleated on the
metal too, but it was under the first graphene layer (the physical processes involved in the
growth of thick graphite layers are discussed at length in § 9). It appears that in order for the
second layer to start growing, the concentration of surface carbon should be higher by some
amount than 6., which is made possible by setting the temperature of the ribbon below the
carbonization temperature. For T < T. -- 40°, a thick film of graphite grows; in our case, its
thickness can be readily estimated knowing the dependence of the limiting solubility of
carbon on temperature and the ribbon thickness [36].
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Fig. 41. Auger signals of carbon (1) and Ni (2) versus time in carbon precipitation from the
Ni-C solid solution at 900 K. Carbonization temperature is 1100 K, initial carbon
concentration in the substrate bulk is N¢ =4 *1012 cm-2 per each interstitial plane.

A, B, C, D, E - correspond to the formation of the first, second, etc. graphene layer

2. Segregation of carbon onto the surface of rhodium, rhenium, and platinum [27,41]
If rhodium is carbonized in the region of moderate and high temperatures, T. = 1400--1800
K, and thereafter the temperature is lowered, for instance, down to T = 1100 K, a graphite
film will also grow on the surface of rhodium, with its thickness depending on T.. Figure 6
(§ 1) plots the behavior of the intensity of the Auger signal of carbon and rhodium under
decreasing temperature of a sample carbonized at T = 1400 K. As with the Ni-C system, one
observes an equilibrium wing AT = 50° wide corresponding to one graphene layer, for T < T
-- 500, a thick graphite film grows rapidly and the Auger signal of rhodium melts into
background noise, with the Auger spectrum of carbon acquiring the typically “graphitic”
shape (spectrum 3 in Fig. 7).

A similar wing in the behavior of the carbon Auger signal intensity with temperature of a
carbonized sample is observed with the Re-carbon system as well (Fig. 42). At T <1710 K,
intensive growth of a thick graphite film becomes evident.

For the Pt-carbon system, however, there is no wing, and the intensity of the carbon Auger
signal grows monotonically with decreasing temperature (Fig. 43).
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Fig. 42. Carbon Auger signal versus heating time in annealing of polylayer graphite film of
about 8 layer thick. Carbonization time is 1770 K, time delay at each temperature is 5 min.
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Fig. 43. Auger signals of carbon (1) and Pt (2) versus annealing temperature in carbon
precipitation from the solid solution Pt-C. Carbonization temperature is 1670 K, initial carbon
concentration in the substrate bulk is Nc =1 *1011 cm-2 per each interstitial plane. Ic =55 a.u.
corresponds to the graphene layer with the surface carbon concentration N¢ ~ 3.5 *10%5 cm-2.
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3. Carbon segregation onto the surface of molybdenum [9]

In contrast to rhenium, rhodium, and nickel, carbon segregates to molybdenum surface only
after formation of the Mo,-C volume carbide has come to an end over all of the ribbon
thickness (§ 1). Therefore, in this case we deal actually with a solid solution of carbon in the
Mo,C volume carbide. The kinetics of carbon segregation at T = 1200 K to the surface of
molybdenum (T, = 1670 K) obtained by AES at T = 1200 K is visualized in Fig. 44. The falloff
of the molybdenum Auger signal intensity down to background level implies growth of a
thick graphite film.
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Fig. 44. Auger signals of carbon (1) and Mo (2) versus heating time in annealing of the
carbonated Mo at 1200 K. Carbonization temperature is 1670 K.

4. Formation of thick graphite films on iridium [41]

As already pointed out, exposure of heated iridium samples to benzene vapor brings about
formation of one graphene layer only. Experiments revealed that a thick film of carbon
grows under incidence of a flux of carbon atoms. Figure 45 displays graphs relating the
Auger peak intensities of carbon and iridium with the time of evaporation of carbon atoms
at T = 1600 K. We readily see that the iridium Auger peak intensity falls by a factor of 16 for
t =600 s, to melt into the background for ¢ > 800 s. The Auger spectrum of carbon obtained
from a thick (6. ~ 4) graphite film presented in Fig 46 (spectrum1) is completely similar in
shape to that of single-crystal graphite. Close results are obtained when carbon atoms are
evaporated onto iridium in the 1100--1900-K region.
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Fig. 45. Auger signals of carbon (1) and Ir (2) versus deposition time in atomic carbon

deposition on Ir(111) at 1600 K. The deposition flux is vc =7 *1013 cm2*s-1, Ic = 85 a.u.
corresponds to the graphene layer.
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Fig. 46. Carbon KVV Auger spectra for carbon films of about 4 layer thick, deposited onto
Ir(111) at the various temperatures, K: 1- 1800, 2 - 900, 3 - 300. the spectra are identical for
the range 1100 - 1800 K.
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Evaporation of carbon on graphene-coated Ir(111) at T < 1000 K initiates growth of a
disordered carbon film atop the graphene, with the carbon Auger spectrum acquiring the
typical shape of pyrographite (spectra 2 and 3 in Fig. 46).

When carbon is evaporated at T = 1100 K, its atoms migrate actively under the graphene
film to form the second layer of graphene on the surface of iridium. In this case, the growth
rate of graphene layers at v. = const falls off with increasing thickness of the graphene film,
because the probability for a carbon atom to be desorbed from the surface of the graphite
film increases progressively compared with that to migrate under the film down to the
metal.

For T <1000 K, the rate of growth of a carbon layer is constant for v. = const.

§9. Mechanism of growth of a thick graphite film on the surface of
supersaturated solid solution of carbon in a metal

The graphene film “raised over” the metal
does not interfere with nucleation and growth of
subsequent layers through segregation of carbon

from a supersaturated Me-C solid solution.

It is common knowledge that such atoms as C, Si, B, P, S, H, N, O diffuse over the volume of
the metal by migrating over the interstitial sites of the metal lattice [117]. Segregation of “non-
gas” atoms from the volume onto the surface culminates most frequently by formation of a
diffusant monolayer. Then why do we observe on the surface of carbon-containing metals and
alloys whose volume is supersaturated with carbon formation of a thick graphite film?
Information on the structure of a carbon adlayer on metals accumulated recently provide an
explanation for the anomalous behavior of carbon. We are going to use also present
concepts of the first-order phase transition of the type of two-dimensional condensation in a
carbon adlayer on metals, which suggests the possibility of coexistence on the surface of two
carbon phases, more specifically, of chemisorbed “gas” and two-dimensional graphene
islands. In the initial stage of film growth on a heated metal, as long as the critical coverage
0. has not been reached, carbon resides on the surface in the form of chemisorbed “gas” (A
in Fig. 47a). For 6 > 0, close-packed carbon islands form and attain equilibrium with the
chemisorbed carbon “gas” (B in Fig, 47a). A small enough carbon island may not have yet
graphitic structure and rests chemisorbed on the surface. On reaching a certain critical size,
the island acquires graphitic structure and becomes coupled to the metal by van der Waals
forces (C in Fig. 47a). Therefore, the adlayer under the graphite islands becomes filled by
chemisorbed carbon “gas” through diffusion of carbon from the bulk of the metal until
second-layer islands start to grow on having reached a certain coverage (D in Fig. 47a). The
central part of such an island rises from the metal surface up to the equilibrium height
defined by van der Waals forces. A first-layer graphene island may interfere with this
process, and the second-layer island will try to force it out of the way (E in Fig. 47b). As a
result, the first-layer graphene island will be acted upon by two forces, namely, that of
expulsion Fx ~ R2 (R is the island radius) and the other, from attraction from the side of the
metal Fu ~ R, which acts along the island periphery. As the area of the second-layer island
grows, the expulsive force may become larger than the attractive one, which will culminate
in the first-layer graphene island tearing away from the metal surface (F in Fig. 47), Thus,
this mechanism operating on the metal surface may give rise to growth of a thick graphite
film through segregation of carbon out from the bulk of the metal.
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Fig. 47. A model scheme showing sequential growth of a polylayer graphite film on a metal
by carbon precipitation from the substrate bulk: 1 - chemisorbed 2D carbon ‘gas’; 2 -
nucleation of a carbon island; 3 - graphene island; 4 - carbon 2D “gas’ under the graphene
island; 5 - non-graphitic edge of the island; 6 - finalization of the first layer growth and
nucleation of the second layer; 7 - finalization of the two graphene layers and nucleation of
the third layer; 8 - graphene islands of the third layer.
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This mechanism is supported by the observation of the edges of first-layer graphene islands
detaching from the surface during carbon segregation from a supersaturated Re-C solid
solution. In this experiment, rhenium was carbonized in benzene vapor at T. = 1800 K up to
formation of graphene on its surface, after which it was cooled rapidly down to 300 K, Cesium
atoms were adsorbed to saturation on the graphene film at 300 K, with the cesium becoming
distributed equally between the a-phase (atop graphene) and y-phase (cesium buried under
the graphene film), with Ny = Ny = 5 1014 at/cm? (see below). After this, the rhenium ribbon
was heated rapidly to T = T. = 1800 K. It was found that all of the cesium desorbed from the a
phase, leaving cesium buried in the y phase under the graphene layer with a concentration N,
~ 8 103 at/cm?. This cesium could be removed in one of two ways. In the first way, the ribbon
temperature was raised to T = 2200 K, where the graphene film broke down completely.
Incidentally, if one intercalates a thick graphene film on a metal at 300 K with Cs atoms and
raises thereafter the temperature to T ~ 1000 K, all of the intercalated cesium will end up
desorbed, as this was observed with single-crystal graphite [62]; in this case, the graphene
layer edges will not close onto the surface. Cesium will remain buried under the graphene
islands only in the lowest layer contacting the metal. In the second approach, cesium could be
removed completely from the surface by lowering T below T.! In this case, at T < T, the Re-C
solid solution supersaturates, thus initiating carbon segregation to the surface, which brings
about detachment of the edges of first-layer graphene islands, with the attendant escape of
cesium atoms from under the graphene traps and desorption from the surface (Fig. 48). The
desorption of cesium was followed by measuring the Cs* ion current, a highly sensitive
method, because each cesium atom desorbed in the form of the Cs* ion as a result of surface
ionization [39]. Figure 48 displays in graphical form the dependence of the Cs ion current on
time after the lowering of T from T. = 1800 K to T = 1570 K. This procedure removes all of
cesium from the y phase, and the variation of the Auger peak intensities of carbon and
rhenium visualized growth of the graphite film thickness.

The proposed mechanism of growth of a thick graphite film on the surface of a metal rests
on a number of conditions. First, carbon islands growing in the adlayer should have
graphitic structure, because only graphite is a valence-saturated state of carbon, in contrast,
for instance, to chemisorbed atoms and clusters or carbides. Second, for a thick graphite film
to grow, the edges of first-layer graphene islands should be able to break off the surface of
the metal. If the island edges detach at 6. < 1, a multilayer graphite “tower” will grow over
each graphene island, with the result that the graphite film will not be continuous in the
initial stages of its growth. Incidentally, in Me-C systems two types of carbon segregatation
on the surface were observed. In segregation of the first type, the dependence of the carbon
Auger signal on substrate temperature T has three characteristic regions (Fig. 49A). In region
“A”, the Me-C solid solution is not saturated, with chemisorbed carbon “gas’ present on the
surface. In region “B” (T < T), extending over ~ 40--70¢, the surface is coated by a graphene
layer (see, e.g., Fig. 49A). In this region, the solid solution becomes supersaturated with
decreasing temperature, and the graphite film will not grow above one monolayer
thickness. It appears reasonable to assign the absence of growth of a graphite film above
monolayer thickness to the observation that in order for the second-layer graphene islands
to nucleate, the coverage 6. should exceed a critical level which is larger than that required
for the first layer to form. Therefore with T decreasing still more, supersaturation grows to
an extent where the required coverage 6. is reached, at which the second-layer islands grow,
F. > Fp, and the edge of a first-layer graphene island detaches from the surface. Therefore, in
region “C” in Fig. 49A a multilayer graphite film grows layer by layer.
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Fig. 48. Desorption of Cs* ions in their release from the graphite island at temperature
decrease from 1870 K to 1570 K. A - thermal desorption spectrum. B - A model scheme
showing oversaturation of the solid solution Me-C, carbon precipitation onto the surface
and Cs* release. 1 - Cs atom under a layer of graphene - the output of cesium from the
islands is difficult; 2 - graphene island; 3 - rhenium substrate; 4 - carbon atoms in the phase
of two-dimensional “gas”; 5 - carbon atoms at the edges of graphene islands; 6 - graphene
islands of the second layer - the output of cesium greatly facilitated.
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Fig. 49. A model carbon Auger signal versus temperature and film structure for two possible
variants of carbon precipitation form the substrate bulk onto the surface: A - the first type; B

- the second type.
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Carbon segregation of the first type from supersaturated Me-C solid solutions was observed
on Ni(111) [118], Pd(100) [7], Pd(111) [7], polycrystalline Pd [16], Co(0001) [7], Mo(100) [8],
Re(1010) [11], polycrystalline Re [119], and Rh [27].

The dependence of the carbon Auger signal intensity on T in segregation of the second type
is displayed graphically in Fig. 49B. The carbon signal continues to grow as T decreases,
because in these conditions multilayer graphite towers surrounded by chemisorbed carbon
“gas” grow on the metal surface. Film growth does not pass here through the stage of
formation of a graphene film. This growth may be expected if the F, > F, condition is
reached before the formation of the graphene film came to an end. Segregation of the second
type was observed to take place on Pt(100) [7], Fe(100) [120], and Pt(111) [2].

§10. Three-dimensional phase transition in the Me-graphite system

This transition gives rise to growth of
the volume graphite phase, i.e., polylayer graphite films.

The two-dimensional phase transition in a carbon layer on a metal was studied in
considerable detail for the Ir(111)-C system (§5). It appeared reasonable to expect that under
certain conditions a three-dimensional phase transition would occur, in which volume
graphite phase of carbon would form. As pointed out in §8, many Me-C systems exhibit a
stable temperature interval AT ~ 40--70° within which a continuous graphene film can exist
(Figs. 6 and 15 in §1). Further cooling of the carbonized metal initiates intense growth of
graphite films. For illustration, consider the physical processes occurring in the Rh(111)-C
system as visualized by studying thermionic emission. Rhodium was carbonized at T, =
1720 K, after which the temperature was increased to T = 1820 K, and lowered subsequently
in small temperature steps. Figure 50 plots variation of the thermionic current in logl-vs.
ribbon heating current coordinates, with the top scale referring to the sample temperature.
Now what do we see? In region AB, the low-density chemisorbed carbon “gas” covering the
surface practically does not change the surface work function e = 4.95 eV, and the current I
- falls off in accordance with Eq. (1) of §5. Point B identifies the two-dimensional phase
transition, graphene islands form and thermionic emission rises, because for graphene
islands eqp = 4.35 eV.

In region BC, islands grow in area and coalesce to form a continuous graphene layer (C in
Fig. 50).In region BC, equilibrium obtains among the graphene islands (§7, item 6).

In region DC, the graphene layer is stable, with AES producing a wing (Figs. 6 and 15 in §1).
An intriguing and important feature is awaiting us at point D: lowering the temperature by 3-
-50 brings about a drop of the thermionic current by nearly four orders of magnitude! Auger
electron spectroscopy reveals a thick graphite film to have grown on the surface, which
suppresses the strong rhodium Auger signal. In region DE, the brightness temperature of the
sample decreases by AT ~ 300° too (sic!); this effect is seen by naked eye. A sharp decrease of
the brightness temperature was observed for the Rh-C and Re-C systems earlier [121,122] and
attributed to formation of a thick graphite film, which reduces markedly the spectral
coefficient of emissivity from e\ = 0.24 characteristic of clean rhodium to e\ ~ 0.8 for graphite
[123]. Now the true ribbon temperature decreases strongly too, which initiates a drop in
thermionic emission by several orders of magnitude. Therefore the ribbon temperature for
region EF in Fig. 50 is not specified. Nevertheless, if we repeat a pyrometric measurement of
ribbon temperature in region EF with due account of & = 0.8 and construct a Richardson
graph, the graphite work function can be found, which turned out to be 4.65 eV (§7).
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Fig. 50. Thermionic current from the surface of carbonated Rh (Tc = 1720 K)) in decreasing of
the current heating the ribbon.

Reverse heating (F — E) reveals a noticeable hysteresis, with the curve choosing region EG,
because the true temperature at point E is lower now by a few hundred degrees than the
former value of T = 1680 K, and additional heating is required to destroy the graphite film.
Knowing the solubility limit of carbon in rhodium and varying properly the carbonization
temperature T. (§1), one can readily calculate the number of “excess” carbon atoms freed by
the decrease of temperature (T < T.) and determine the effect of the thickness of a graphite
layer on variation of the brightness temperature. Experiments showed that for thicknesses
below 10 layers the sample temperature does not change. For thicknesses above 40--50
layers, the emissive optics of the system is governed by the graphite film.

§11. Graphitization of carbon films on a metal surface

Temperature is a major factor

mediating graphitization

Significantly, adsorption of carbon on a metal at low T either does not initiate formation of
graphene films or such films turn out to be heavily defective. This should apparently be
attributed to the large number of carbon clusters in the layer and the islands being too small
and not graphitic yet. Consider an illustrative example of graphitization of carbon films
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adsorbed at a low temperature on Ir(111) [114]. Obviously enough, these conditions depend
strongly on carbon layer thickness.

Recall, necessarily briefly, the methods used to detect the presence of graphene on the
surface of a metal.

1. Through catalytic dissociation of CsCl molecules. This method, proposed by A. Ya.
Tontegode [27], consists in probing the surface with a flux of CsCl molecules. One of the
products of dissociation of these molecules are cesium atoms. On the surface of refractory
metals, graphite, and other carbon films the relation V¢, < ¢ holds, and, therefore, each cesium
atom desorbs from a heated surface in the form of the Cs* ion, which facilitates markedly
detection of one of the products of dissociation and makes the method highly sensitive.

As shown earlier, it is only carbon present in the form of graphite that reduces markedly the
efficiency of dissociation of CsCl molecules. Therefore, the degree of dissociation & = I*/Iy*
can be found by measuring the total cesium current from a clean iridium surface, Ip* = evS,
and the current I* = evSe from the surface of iridium coated by a carbon film (v is the CsCl
flux density). On clean metals, a chemisorbed carbon film, carbon clusters, and surface
carbide ® ~ 1. By contrast, on the graphene phase of carbon o = 10-3--10-5, thus making it
possible not only to detect the presence itself of graphite on the surface but to determine the
relative area occupied by this phase. The shortcoming of this method is its becoming
inapplicable at T < 900 K, when cesium atoms no longer desorb from a metal coated by a
carbon film.

2. From the shape of the carbon Auger spectrum. The shape of the Auger spectrum of carbon
is extremely sensitive to the chemical state in which it resides on the surface (§3). This
method is applicable over a wide range of temperatures (in the present study, 300--2500 K).
3. From a change in the shape of carbon Auger spectrum in adsorption of alkali metals. It
was shown that adsorption of Cs, K, and Na on a graphene film atop a metal modifies
strongly the shape of the high-energy part of the carbon Auger spectrum, more specifically,
the negative spike in the spectrum splits into three peaks located energy-wise at 272, 276.5,
and 281 eV (Fig. 14, spectrum 5). At the same time, adsorption of alkali metals on a
monolayer of chemisorbed (non-graphite) carbon does not initiate such changes. This
method turned out fruitful in detection of the graphite phase.

4. By application of TDS. It is known that cesium present on refractory metals desorbs
completely from the surface at T < 900 K. Cesium atoms adsorbed on carbon (non-graphite)
films are desorbed totally in the 900--1100-K interval. If, however, cesium atoms are
adsorbed at 300 K on graphene-coated iridium to saturation, the TD spectrum will reveal
two phases: a low-temperature (~900 K) and a high-temperature (~2000 K) ones, the latter
being associated with cesium escaping from under the graphene film in the course of its
destruction. Thus the presence in a TD spectrum of the high-temperature phase implies
unambiguously the presence of the graphene phase of carbon on the metal surface in
submonolayer coverages.

5. From the work function. The work function of a chemisorbed carbon film, for instance, on
iridium is larger by 0.3 eV than that of graphene film. Therefore, graphitization should be
accompanied here by a decrease of the work function.

Graphitization of a film evaporated on iridium. Carbon atoms were evaporated at 300 K on
iridium up to 0~ 1.5; this coverage implies complete filling of the first layer with carbon, the
second layer containing carbon to 8 = 0.5. At 6 = 1.5, the surface work function varying from
5.75 eV to 4.75 eV becomes stabilized. Tests for graphite (involving cesium adsorption)
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demonstrated that the film prepared by this method is non-graphitic (Fig. 51, spectrum 2).
After this, the carbon film was annealed for 10 min at each temperature point and analyzed
again. It was found that only after annealing at T = 1300 K did adsorption of cesium atoms
initiate noticeable appearance of a fine structure in the carbon Auger spectrum (3 in Fig. 51).
The degree of graphitization increased with increasing temperature, until at T = 1500 K
graphitization of the carbon film came to completion; indeed, adsorption of Cs atoms
brought about now the appearance of a fine structure in the Auger spectrum of carbon like
that from a graphene film (Fig. 51, spectrum 5). The onset of complete graphitization is
corroborated also by a decrease of the surface work function from 4.75 down to 4.45 eV.
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Fig. 51. Transformation of carbon KVV Auger spectra in adsorption of atomic Cs to
saturation. The carbon film was got by atomic carbon deposition at 300 K (8¢ ~ 1.5) with
sequential annealing at various temperatures, K: 1- 300, 2 - 800, 3 - 1300, 4 - 1400, 5 - 1500, 6 -
1600. The total amount of the adsorbed Cs in saturation for the spectrum 6 is twice as high
as for the spectrum 2.

The processes involved in graphitization can be studied through dissociation of CsCl
molecules too. Figure 52 plots the variation of the degree of dissociation @ with the heating
time of a chemisorbed carbon layer (6 ~ 1.5--2) for two substrate temperatures. We readily
see that the major changes take place during t ~ 30 s of heating, while subsequent heating (~
10 min) produces very little effect. At T = 1300 K, ® drops to @ = 0.1 only, which suggests
incomplete graphitization. At T = 1600 K, the graphitization comes to completion, with @ =
10-3, which corresponds to a graphene film. Figure 53 illustrates the behavior of the ®(T)
relation for a carbon film with 6 = 1.5 chemisorbed at 300 K, which was studied under
stepped heating from 1200 to 1600 K (at each point, ® was measured 30 s after the
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Fig. 52. The dependence of Igm for molecular CsCl from annealing time of the carbon layer

deposited at 300 K with 8¢ ~ 1.5 for two substrate temperatures, K: 1 - 1300; 2 - 1600. The
deposition flux of molecular CsClis vescr =1 *1012 cm2*s-1.
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Fig. 53. The dependence of Igm for molecular CsCI from temperature for three surfaces:
1 - pure Ir(111); 2 - graphene single layer on Ir(111); 3 - carbon layer deposited at 300 K with
0c ~ 1.5 Exposure at each point is 10 s; vcscr = 1 *1012 cm-2*s-1.
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temperature had been raised). On reaching complete graphitization, decrease of
temperature reproduces the ®(T) relation obtained with a graphene film (Fig. 53). This
suggests that graphitization of a carbon film with 6 = 1.5 chemisorbed at 300 K occurs in the
1300--1500-K temperature interval. Interestingly, evaporation of carbon atoms on heated
iridium affects favorably graphitization, in that its temperature interval shifts toward lower
temperatures, 950--1100 K, and comes to completion at 1100 K.

One can reasonably suggest that carbon atoms adsorbing on a heated substrate at T ~ 1000 K
fit immediately into the thermally favorable graphite phase. In the case of a carbon film
chemisorbed at 300 K, a variety of different carbon structures form on the surface, and,
therefore, graphitization requires expending an activation energy to break different C-C
bonds, a factor that curtails graphitization.

Graphitization of a carbon layer formed on a graphene film atop iridium. The experiment
was started by producing a graphene film on iridium at T = 1700 K in benzene vapor, after
which carbon was evaporated at 300 K on the graphene to 0.1 < 6 < 150. The graphitization
of the carbon films thus formed was studied at T = 1300 K by CsCl dissociation (Fig. 54). We
readily see that evaporation on a graphene film of carbon atoms stimulates growth of ,
which is the more pronounced, the larger the evaporated carbon dose. For instance, for 6 ~
100, o = 0.6, and this carbon film approaches in its catalytic properties a metal, for which ® =
1. To make graphitization of thick carbon films with 6 ~ 100 complete, temperatures in
excess of 2200 K were required.

The decrease of o(T) for T= const evident in Fig. 54 can be assigned to partial graphitization
of carbon films.
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Fig. 54. The dependence of Igm for molecular CsCl from annealing time of the carbon layer
deposited at 300 K with 8¢, arb.un.:1-1.1;2-1.4;3-2.6;4 -9, 5 - 100. Annealing
temperature is 1300 K; vcscr = 1 *1012 cm-2*s-1.
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Graphitization of carbon films on iridium prepared by adsorption of benzene molecules.
Experiments demonstrated adsorption of benzene vapors on a heated iridium surface at
high temperatures, 1500--1800 K, to culminate in formation of a graphene film. At lower
temperatures, the carbon film prepared by adsorption of benzene undergoes graphitization
in the temperature region 1100 < T < 1400 K, with the process being only partial at T < 1400
K, to become complete for T > 1400 K (the test for graphite was effected by adsorption at 300
K of Cs atoms which brought about the change of the carbon Auger peak shape, namely, the
appearance of “splitting”).

It is instructive to follow the process of graphitization occurring in adsorption of benzene
molecules on iridium at 300 K to saturation, with subsequent annealing of the film.
Spectrum 1 in Fig. 55 corresponds to a benzene monolayer. At T ~ 800 K, desorption of
hydrogen [124] produced in the breakup of benzene molecules on iridium sets in, and a
carbon film, consisting apparently of carbon cores of benzene molecules and their cluster
fragments, forms on the surface. Tests on graphite performed after the annealing of such a
film at 900 and 1000 K (spectra 2 and 3) showed the film to be non-graphitic. Graphitization
starts at anneal temperatures T > 110 K, with the process coming to completion at T = 1400
K. The end result is formation on the surface of graphene islands over a relative area so ~ 0.5.
The graphitization is accompanied by a slight modification of the carbon Auger peak shape
(spectra 4 and 5 in Fig. 55).
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Fig. 55. Transformation of carbon KVV Auger spectra for benzene vapor adsorbed to
saturation onto Ir(111) at 300 K in surface heating at various temperatures, K: 1 - 300
(spectrum remains unchanged up to 600 K); 2 - 900; 3 - 1040; 4 - 1280; 5 - 1400 (spectrum
remains unchanged up to 1850 K). the spectrum 6 corresponds to the single graphene layer
on Ir(111).
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Significantly, the high temperature (T =~ 1400 K) required for complete graphitization of
carbon films prepared by low-temperature adsorption of benzene suggests that it is indeed
rupture of C-C bonds in carbon clusters that is the limiting stage of the process, because
complete graphitization of films of atomic composition takes place at T ~ 1100 K. Clusters
may form on the surface through adsorption of already existing clusters in evaporation, say,
of carbon from pyrographite ribbons, association of carbon atoms in the layer, and
adsorption and breakup of molecules of hydrocarbons producing cluster fragments.

A. Ya. Tontegode [27] and N. R.Gall, E. V. Rut'’kov and A. Ya. Tontegode [41] studied the
conditions favoring graphitization on other substrates as well, namely, Re, Pt, and Ni, which
are among the most widely used industrial catalysts. It was shown that thin carbon films
(one to two layers thick) undergo graphitization at moderate temperatures T ~ (1100 + 250)
K. Listed below in Table 9 are the temperature intervals within which one layer of carbon
chemisorbed at 300 K on different metals can be graphitized, with the upper T referring to
the onset of graphitization, and the lower one, to complete graphitization of the layer.
Examining the table shows that the conditions favoring graphitization are different for
different metals. On nickel, graphitization occurs at the lowest temperatures of all.

Me Ir(111) Re(1010) Pt(111) Ni(111)
1200 1100 950 750
T,K 1500 1500 1100 850
Table 9.
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Intercalation of Graphene Films on Metals
with Atoms and Molecules

E.V.Rut'kov and N.R.Gall
Ioffe Physico-Technical Institute of Russian Academy of Sciences,
Russia

1. Introduction

Our studies [1--3] resulted in a first observation of intercalation of graphene films on metal
surfaces, which consists essentially in penetration (diffusion) of foreign atoms and
molecules between the surface of a metal and the graphene film. The fact of intercalation
itself implies a weak binding of graphene to the metal surface (§ 6) and finds a reasonable
explanation in the graphene layer being valence saturated. Intercalation is usually observed
to occur in layered solids (graphite, MoS,) whose interlayer space may become occupied by
some penetrating atoms and molecules. For instance, exposing a heated graphite crystal to
cesium vapor initiates spontaneous penetration of cesium atoms between the graphite layers
to form the CgCs intercalation compound, in which graphite layers with concentration N. =
3.56 105 cm~2 alternate with cesium layers with N¢, = 5 1014 cm-2, and the distance between
neighboring graphite layers increases from 3.35 Aina graphite single crystal to 5.94 Ain
CsCs [4, 5]. Interestingly, intercalation leaves the structure and lattice constant of the
graphite layer and, hence, its individual features unchanged.

Our research group has studied in considerable detail the various aspects of intercalation of
graphene films on metals with a range of atoms, more specifically, K, Cs, Na, Ba, Sr, Pt, Si,
C, Ag, Al, Ir, Cu, Mo, as well as with molecules of the Cs fullerenes [1--3].

2. Intercalation with atoms of alkali metals (K, Cs, Na) [1--3, 6]

2.1 Adsorption of potassium atoms on graphene-coated iridium

Potassium atoms were adsorbed at 300 K on a graphene film atop iridium to saturation, i.e.,
until a reverse flux of potassium atoms desorbing from the surface became equal to the
incident flux. Next the surface was flash-heated. Three phases were observed in the thermal
desorption spectrum (Fig. 1). The potassium atoms in the a phase desorbing completely at T
< 850 K are produced by desorption of potassium from graphene; indeed, the temperature
of potassium desorption from the a phase matches nicely with the lifetime of potassium
adatoms on graphene. The  phase having a low adsorption capacity (~1011 at/cm?) is
attributed to the potassium adatoms decorating defects in graphene films (for a more
detailed account of the B phase, see [2]). The adsorption capacity of the p phase grows
strongly with removal of a part of carbon atoms from the graphene film [7]. Particularly
interesting is the y phase, with potassium desorbing from this state at T > 2000 K (sic!) when
the graphene film breaks up. This desorption phase is associated with the release of
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Fig. 1. Thermal desorption spectra of K+ ions in heating of a graphene layer on Ir(111). K
was deposited at 300 K with the flux vk = 1.0 *10!1 cm-2*s-1 for 40 s.

potassium atoms buried under the graphene film. Figure 2 illustrates filling of the y phase
with potassium for vk = 6 101 cm-2s-1 reached in 10 min for different substrate temperatures
in the 300 < T < 900 K region, and the kinetics of this process in the 300--670 K interval is
plotted in Fig. 3.

Ig N, (Ig of concentration of K-atoms), aticm’

o

460 ' 660 l 8(;0
T.K
Fig. 2. K atomic concentration in logarithmic scale for K stored behind the graphene layer on

Ir(111). K was deposited at various temperatures with the flux vk = 6.0 *10!1 cm-2*s-1 for 10
min at the each temperature.

In the 300 < T < 550-K region, the y phase was filled in 10 min to its maximum possible level
of Ny = (2--3) 1014 at/cm?, which did not change during subsequent exposure to a potassium
atom flux. There is more than one experimental verification of the potassium in the y phase
residing indeed under the graphene film [6]. Consider only two of them.

Verified by the work function. Potassium present with a concentration Nx ~ (2--3) 104 at/cm?
on the surface of graphene was experimentally shown by CPD to reduce the surface work
function by close to 2 eV. The potassium in the y phase adsorbed to the same concentration
reduces the work function by 0.3 eV only.
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Fig. 3. K atomic concentration for K stored behind the graphene layer on Ir(111). K was
deposited versus exposure time at various temperatures T (K): 1 - 300; 2 - 530; 3 - 590; 4 - 630;
5-670. The K flux was vk = 6.0 *1011 cm2*s-1.

Verified by AES. This is probably the most direct method of all, because it was found that
filling of the y phase with potassium to N, = (2--3) 1014 at/cm? (following desorption of
potassium from the a phase) reduces the intensity of the iridium Auger peak by a factor 1.4,
although that of the carbon Auger peak does not change, thus implying that potassium is
sandwiched between metal and the graphene film, i.e., resides in the intercalated state. The
presence of potassium in the y phase suggests that the graphene film is physisorbed on
iridium, and that after intercalation with potassium it rose above iridium by a considerable
distance, because the diameter of the potassium atom dy = 4.72 A, and that of the potassium
ion, d. =2.66 A [6].

It is common knowledge that graphite can be intercalated with atoms and molecules.
Obviously enough, insertion of foreign atoms between layers should increase the
interplanar distance h. This is evidenced by the data [4] listed below in Table 1.

Intercalant | Cs K Li Rb Br HNO; HCl; FeCl;
h, A 5,94 5,35 3,71 5,65 7,04 7,84 7,94 9,37
Table 1.

Similar results are obtained in adsorption at 300 K of Cs and Na atoms on Ir(111)-graphene.

2.2 Adsorption of potassium atoms on iridium with graphene islands

The transition from a continuous film to graphene islands brings about appearance of a
number of features in thermodesorption spectra. The first of them is the sharp increase of
the capacity of the B phase, which should be assigned to potassium atoms decorating the
edges of graphene islands.

Second, as the area of the islands Sy decreases, the time lag t* in filling of the y phase after
the beginning of potassium evaporation grows rapidly. Figure 4 displays graphs illustrating
y phase filling for different Sp. We readily see that t* grows strongly with increasing area
free of graphene islands.

Assuming all potassium atoms to roll off the graphene islands onto iridium, we find that for
all Sy filling of the y phase starts at the same concentration of potassium on iridium, ~2.5 1014
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at/cm?. Significantly, in the case of a continuous graphene film on iridium, filling of the y
phase with potassium comes to completion after the concentration of atoms on the graphene
surface has reached ~5 1013 at/cm2.

1,0 T
0,8 4
0,6 4

04

graphene island area, arb.un.

0,2 - —

0,0 T T T T T T

t, min

Fig. 4. Dependence of the initial time of K penetration into the y-phase t* versus the relative
graphene island area on iridium Sp. K was deposited at 300 K with the flux vk = 8.4 *10'lcm2*s1.

Figure 5 plots the dependence of the maximum filling by potassium of the y phase on the
relative area of graphite islands. We see N, to scale directly proportional to Sp.
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Fig. 5. Maximal K concentration under graphene (in the y-phase) Nk versus the relative
island area on Ir(111). K was deposited at 300 K with the flux vk = 2.0 *1012cm2*s1. Nk was
determined by TDS method.

Consider now how could one explain these results. Obviously enough, the first centers to be
filled by adsorbing potassium atoms should be those with strong binding; here they would
be edges of the graphite islands (the B phase). The next to be filled are less energetically
favorable centers; potassium adsorbs on iridium. For 6 > 0.1, a substantial part should be
played by Coulomb repulsion among positively charged potassium adatoms, and it is
apparently this repulsion that prevents complete filling of the potassium monolayer on
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iridium, so that for Nx > 2.5 1014 at/cm? potassium atoms acted upon by Coulomb forces will
start occupying the free surface of graphene islands. This is followed by effective filling of
the y phase. Just as in the case of a continuous graphene film, potassium from the y phase
for graphene islands desorbs from the surface at high temperatures (T = 1900 K). That
potassium persists for a long time at high temperatures in the y phase suggests that valence-
non-saturated carbon atoms at the edges of graphene islands are chemically bound to atoms
in the surface layer of iridium. It is the closed island edges that prevent potassium from
escaping from under the islands (“bottom-up saucer” island, Fig. 6).

graphene

K Ir

Fig. 6. Schematic graphene island on a metal with atomic K in the y-phase.

5.3 Adsorption of cesium atoms on graphene atop rhenium [7--11]

One more example of a substrate metal, rhenium, may be in order here to demonstrate that

graphene islands are physisorbed in this case too. A rhenium ribbon was carbonized in

benzene vapor at T, = 1700 K up to formation of a graphene film, after which the
temperature was lowered to 300 K by turning off the heating current. Experiments showed

that in this way one can preserve a graphene layer on iridium at temperatures of 300--1100

K, because volume diffusion becomes frozen at these temperatures. Thereafter, cesium

atoms were adsorbed at 300 K on the graphene layer atop iridium in a constant flux ocs = 2

1012 cm~2s-1 to saturation, i.e., until the reverse flux became equal to the incident one. After

this, the temperature was flashed (Fig. 7). We readily see that cesium desorption occurs in

two phases, with the first of them (a phase) observed at T ~ 900 K, and the second (y phase),

at high temperatures, T > 2100 K (sic!). The temperature of cesium desorption from the a

phase matches with the lifetime of cesium on a graphene film (§ 7) and can be identified

with cesium escaping from the surface of the graphene film. The high temperatures of
cesium desorption from the y phase are associated with cesium becoming freed from under

the graphene film when it breaks up. The maximum adsorption capacity of cesium in the y

phase, Ny = 8 1013 at/cma?. Significantly, in these experiments the adsorption capacity of the {3

phase of cesium (similar to the potassium  phase for the iridium-graphene system), which

is related with graphene defects, was at a level of Ng ~ 10! at/cm?, and is not reflected in

Fig. 7. Just as for the Ir-C system, we are going to present here two arguments in support of

cesium in the y phase being buried under the graphene film.

1. The work function of the surface of a graphene film decreases after maximum filling by
cesium of the y phase by ~0.25 eV, although the same amount of cesium present in the a
phase causes a decrease of the work function by ~1.25 eV.

2. After desorption of the cesium a phase, the Auger peak intensity of carbon recovers to
the level corresponding to a clean graphene film, whereas the rhenium peak intensity is
found to be lower by a factor ~1.3 than that before the beginning of cesium adsorption.
This implies that cesium in the y phase is sandwiched between the graphene film and
the metal.
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Fig. 7. Thermal desorption spectra for Cs+ ion after Cs deposition on a graphene layer on
Re. Cs was deposited at 300 K with the flux vk = 8.5 *1011 cm2*s-1 for 15 min. 1, 2 - a- and y-
desorption phases, 3 the temperature - time dependence T(t).

Figure 8 illustrates filling of the y phase by evaporation of cesium atoms for vcs = 3.3 1012
cm~2s-1 during 10 min, measured for different substrate temperatures within the interval
300 < T <900 K. Examining Fig. 8, we see that intensive filling of the y phase by cesium
starts at T < 800 K. Just as in the case of potassium atoms, the maximum adsorption capacity
of the cesium y phase does not depend on the sample exposure time to the flux of cesium
atoms.
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Fig. 8. Cs atomic concentration in logarithmic scale for Cs stored behind the graphene layer
on Ir(111) versus temperature. Cs was deposited at various temperatures with the flux vcs =
3.3 ¥1012 cm-2 *s-1 for 10 min at the each temperature.

Thus, the assumption of a graphene film on a metal being physisorbed is valid not only for
iridium but for rhenium as well. Similar experiments on adsorption of K, Na, and Cs atoms
performed on graphene grown atop other metals as well---rhodium, molybdenum,
platinum, and nickel, provide convincing support for the general physisorptive character of
graphene bonding with a metal surface.
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2.4 Intercalation of graphene on a metal with alkali atoms [2, 3, 12, 13]

Application of TDS (in studies of adsorption of Cs atoms on graphene atop rhenium)

involving detection of the ions released in surface ionization increased strongly the

sensitivity of the method in the initial stages of adsorption, when the surface work function
does not yet change and each desorbing Cs atom escapes in the form of the Cs* ion.

The following features observed at T = 300 K appear noteworthy.

1. At cesium concentrations on graphene atop rhenium below N¢s ~ 1 1012 at/cm?, cesium
atoms reside only in the a phase, i.e., on the surface of the graphene film.

2. For Ncs > 1 1012 at/cm?, surface migration of cesium atoms sets in (rather of cesium
ions, because cesium on the surface is positively charged), which is apparently initiated
by Coulomb repulsion. In the process, cesium transfers to the back side of the ribbon to
the a state, which is corroborated by the observation that the thermodesorption
spectrum contains only the a phase with the cesium concentration Ncs = Y20cstexp.

3. After the cesium concentration on both sides of the rhenium ribbon has reached the
level Ncs = 1 10%3 at/cm?, cesium atoms start to diffuse actively into the space under
graphene, signaling filling of the y phase. The total concentration of cesium on the
surface becomes Ncs(tot) = Y20cstey, because half of the material (cesium) escapes to the
back side of the ribbon (this is why the a and p phases of cesium on the front side of the
ribbon are easy to fill by evaporating it on the back side of the sample). It is apparently
only at noticeable cesium concentrations (=1 1013 at/cm?) that the forces of electrostatic
repulsion among cesium adatoms with a charge close to 1 become strong enough to
overcome an activation barrier and start to diffuse under the graphene film. The nature
of this activation barrier remains unclear, but it could be related, for instance, with the
Coulomb repulsion of the cesium adatom from a positively charged defect in a
graphene film, and it is possibly this defect that mediates efficiently the escape of
charged adatoms migrating over the surface.

The process of filling of the y phase by the other alkali atoms, sodium and potassium,

exhibits basically the same features as that of the filling by cesium, which should be

assigned to these alkali atoms having a noticeable positive charge on the graphene surface.

Cs, Na, and K atoms fill actively the y phase in the 300--700-K temperature interval, where

evaporation of atoms can result in building up on the surface of a certain “critical”

concentration of adatoms which would initiate filling up of the y phase. For T > 700 K, the
lifetimes of alkali metals on graphene become too short (§7), which reduces the equilibrium
surface concentration, with the result that the migration transfer under the graphite layer

drops sharply (Figs. 2 and 8).

2.5 Why do Cs atoms find it easy to diffuse under the graphene film but hard to
escape from under it?

There are presently no grounds to doubt that adatoms of alkali metals are “pushed” under
the graphene film by their electrostatic repulsion. It was observed that for the intercalation
of single-crystal graphite by alkali metals to begin, they should first build up to a certain
concentration on the crystal faces [14]. This reminds one of the problem where one should
force into a rubber tube balls of a slightly larger diameter; it can be solved by applying a
certain force F (Fig. 9A). As the pushing “finger” acts in our case repulsion among positively
charged adatoms (Fig. 9B). The above is supported by experiments aimed at studying Cs
migration under the graphene islands; indeed, single Cs adatoms were found to practically
not migrate under graphene at all [15].
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Fig. 9. A. Schematic structure of solid balls movement inside a ribbon tube under the action
of an external force: 1 - ribbon tube, 2 - solid ball. B. Schematic structure for electropositive
atomic metal penetration between the graphene layer and metal substrate: 3 - adsorbed Cs,

4 - graphene layer, 5 - metal substrate.

Now about the question of why it is easy (T = 300 K) for atoms of alkali metals to transfer
under a graphene film but difficult (at T > 2000 K!) to escape from under it, i.e., why the
entry--escape ways are so strongly asymmetric.

Studies of the intercalation of graphene on Rh(111) with Cs atoms revealed that after
desorption of the Cs a phase from the graphene surface, the cesium intercalant emerges
partially from under the graphene film and desorbs likewise at low temperatures, 900--1000
K. The emergence of cesium from under graphene is signaled by the formation of diffusion

“tails” in thermodesorption spectra (Fig. 10).

+
|CS

N T=1100 K

t, sec
Fig. 10. Thermal desorption spectroscopy for Cs+ ions from the graphene layer on Rh(111) in
the temperature increase form 300 to 1100 K. Cs was deposited at 300 K up to the

concentration Nc¢s = ves*t = 4.4 *1014 cm-2,
Significantly, the larger was the amount of Cs adsorbed into the a phase, the deeper
penetrated Cs atoms and in larger numbers under the graphene layer, and the longer was

the diffusion “tail” in the TDS spectra.
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Thus, as T increases, Cs emergence from under the layer is initially not blocked in any way,
which makes it difficult to separate the a phase of the Cs emergence from the onset of the Cs
escape from the y phase. We are turning now to the second question of what forced adatoms
to stay in intercalated state, so that they escape from under the graphene film only when it
breaks up, and this may require quite high temperatures, often above 2000 K (sic!).

The answer to this question may be contained in Fig. 11. As T increases, Cs escapes from the
a phase, i.e., from the graphene surface (1 in Fig. 11A), the next to desorb is Cs from the
defects in the layer (2 in Fig. 11B), and it is through them that adatoms penetrate under the
layer in the first place. The turn to emerge comes after that to Cs adatoms bound close to
graphene island edges (3 in Fig. 11C). The Cs adatoms left far from the layer edge do not
have time enough to migrate to the edge closing to the metal (4 in Fig. 11D). These adatoms
remained trapped under the “bottom-up saucer” islands (Fig. 6).
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Fig. 11. Schematic model ( A - D) showing the process of Cs liberation from the y-phase and
the island edge closure to the metal substrate after the temperature increase for the
intercalation system Me-Cs-graphene. 1 - atomic Cs above the graphene layer, a- phase; 2 -
graphene; 3 - atomic Cs desorbing from the layer defect; 4 - intercalated Cs near the island
edge; 5 - ‘locked” atomic Cs under the layer; graphene traps.

2.6 Excitation of edges of graphene islands

Under certain temperatures, the graphene island edges bound to metal should open
periodically stimulated by thermal excitation. Rupture of the Me-C chemical bond may open
the way for a part of the intercalant cesium to escape from under the graphene film and
desorb. This accounts for a certain, albeit low-density, flux vcs of Cs atoms leaving at T >
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1000 K. For instance, for the Ir(111)-graphene system with a cesium concentration under
graphene Ny ~ 2 1014 at/cm? and T = 1100 K, ocs ~ 109--1010 cm-2s-1. The Cs flux decreases
with time, primarily because of the edge region becoming depleted in cesium, which makes
it ever more difficult for the remaining adatoms to reach the island edge. Experiments
demonstrate that removing Cs from under a graphene film without destroying it takes up
several hours at T ~ 1100 K on Ir(111), although the lifetime of Cs, both on graphene and on
iridium, at this temperature is only ~ 0.01 s (§ 7).

Figure 12 plots the variation of the flux of Cs atoms emerging from under graphene on
Rh(111) with the substrate temperature varied from T; = 1300 K to T; = 1350 K, for the Cs
concentration under the graphene islands Ncs(y) = 5 1013 at/cm?.
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Fig. 12. The flux of Cs* ions out of graphene islands in their thermal excitation. The
temperature was T; = 1300 K and T»= 1350 K, relative island area was sp~15%. The islands
were grown on Rh(111), and Cs was intercalated to saturation at 300 K.

We immediately see a sharp rise of the cesium flux with increasing temperature associated
with the increase of thermal excitation of graphene. As the temperature returns to its initial
level Tj, the cesium flux density falls off rapidly too. Experiments with cyclic variation of
temperature T; — T> — T7 can be performed many times, and the results will be the same,
except for the gradual decrease of the burst in the flux density of Cs atoms escaping from
under the graphene (Fig. 12).

Knat'ko et al. [1989] showed that illumination with light or electron bombardment of a
graphene film on Cs-intercalated iridium heated to ~900 K initiates emergence of these
adatoms from under the graphene islands, which was visualized by monitoring the Cs*
current. This effect was observed at photon energies varied from 2.3 to 1.5 eV, with the low-
energy threshold remaining not quantified. It was assumed that the adatoms escape from
under the graphene islands through some “valves” forming in the rupture of bonding of
island-edge C atoms with iridium initiated by irradiation by light or electrons. The transport
of particles taking place in the absence of external stimulating factors was explained as due
to diffusion via defects present in the graphene film. The kinetics of these processes
stimulated by light and electrons was studied, and a model reproducing them proposed
[15]. It was shown that the burst of the Cs* ion current can be attributed to the emergence of
adatoms buried under graphene close to the island edges. Filling of the near-edge region
after its having being depleted by irradiation is a very slow process, which sets in probably
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following formation of a compact Cs cluster diffusing as a whole to the edge of an island
from its central region. Thus Knat'ko et al. [1989] established an unusual pattern of
migration of intercalated Cs atoms, in that they move in compact clusters rather than singly,
with the rate of migration growing with increasing concentration of the intercalated atoms.
Besides the edges of graphene islands, thermal excitation may set in in any part of an island,
accompanied by the appearance of a graphene hillock and increase of the graphene-metal
distance at this point [16].

Even at T = 300 K, one may expect excitation of any part of graphene islands bound with the
metal by weak van der Waals forces; indeed, such bubbles form and disappear all the time
over the film. It appears reasonable to assume that from time to time, each carbon atom in
the graphene network, is capable, while participating in thermal random motion, of
building up on the bond with the surface an energy high enough to be able, in moving away
from the surface, to drag along its nearest neighbors and form a graphene “bubble”.

A graphene film could be said to remind one, as a suitable figure of speech, the surface of a
rough sea, with crests and hollows coming to life and disappearing continuously, with the
sea roughness becoming the stronger, the stronger is the gale (the temperature in the case of
graphene).

Tontegode (1985) [16] resorted to the relation of Frenkel T = 1oexp(E/kT) to estimate the
kinetic energy E building up on a particle bond in random thermal motion in a given
observation time Tt at a temperature T, which is expended in formation of a “bubble”. In this
sense, the motion of a carbon atom over the network on the surface resembles largely the
process of desorption, the only difference being that the graphene network itself, not unlike
a spring, restores the carbon atom to its original position.

Estimates show that for a binding energy of a carbon atom with the metal in a graphene film
of ~0.2 eV, a graphene “bubble” should accumulate four atoms in a time t =1 s (for 1o = 10-13
s) at T = 300 K, while at T = 1500 K the “bubble” will be quite large and contain ~20 atoms.
Formation of graphene “bubbles” facilitates migration of intercalated atoms.

2.7 Compression of a layer of Cs atoms under graphene islands

The first successful monitoring of the area of graphene islands with carbon atoms trapped
underneath was made in the course of their destruction. The experiment started with
intercalation of a graphene film on rhodium at 300 K with cesium atoms. Next the cesium
was removed from the surface at ~900 K, after which the temperature was raised to T; >
1250 K, and the relative island area Syp; was determined. Next the surface was flash heated,
and the amount of cesium N; under the islands of area Syp; deduced. The experiment was
repeated from the very beginning, but now the temperature was raised to T> > Tj, the
magnitude of Sp» < Sp; found, and N; derived. The results obtained are summarized
graphically in Fig. 13A, in which each data point is essentially a separate experiment.

We readily see that a decrease of the relative island area from 100% (continuous layer) to
~20% (curve 1 in Fig. 13A) does not actually entail a noticeable decrease of the total number
of cesium atoms on the surface (curve 2 in Fig. 12A). This implies that while the islands may
shrink markedly in area, they do not “let go” the cesium atoms buried under them (Fig.
13B). It is as obvious also that although the number of cesium atoms under the islands
remains unchanged, their concentration grows through the decrease of islands in area
(curve 3 in Fig. 13A for T = 1150--1270 K).

We note also that for T > 1300 K graphene islands become so small that they can possibly no
longer keep trapped the cesium atoms confined under them, with the result that the average
concentration of intercalated cesium will start to decrease. Apart from this, the concentration
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Fig. 13. Compression of graphene islands with intercalated Cs. A. Temperature dependences
of: 1 - relative graphene island area; 2 - Cs concentration relative the total surface area; 3 -
calculated Cs concentration relative to the actual area occupied by graphene. B. Schematic
structure of the process:

of the graphene islands themselves will decrease as they break up with increasing
temperature. Recalling the well known expression for particle lifetime on the surface, r =
Toexp(E/kT) (to is the prefactor, E, the desorption energy, is in our case E ~ 2 eV [17]), we
come readily to the estimate that graphene traps increased the lifetime of cesium adatoms
on rhodium surface ~106 times.

Thus, we have revealed a new effect inherent in intercalation of an alkali metal under
graphene films and consisting in a substantial increase of its concentration in the
intercalated state under heating of the adlayer. While annealing reduces the graphene island
area, their edge atoms bound with the metal by chemisorption forces do not let cesium
emerge from under the graphene; this gives rise to compression of the cesium layer, and it is
under the islands that its surface concentration exhibits a noticeable increase.

3. Intercalation with barium [18, 19]

It was found that Ba intercalates under graphene on iridium and rhenium, but the pattern of
the processes involved depends essentially on the temperature of the substrate metal. We
are going therefore to consider these processes separately for T < 1000 K and T > 1000 K.
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3.1 Adsorption of Ba on Ir-C for T <1000 K

In the case of Ba adsorbed on iridium at 300 K intercalation does not seem to occur, which can
be deduced from a characteristic change in shape of the carbon Ci, Auger peak (to be
discussed in detail below), but because of strong Ba-Ba bonding on the graphene surface Ba
undergoes condensation, which complicates monitoring the intercalation process. Adsorption
of Ba on iridium at 300 K does not probably result in intercalation, which is suggested by a
characteristic change in the shape of the Cyv Auger peak of carbon (to be discussed in detail
below), but strong Ba-Ba binding gives rise to condensation of Ba on graphene surface, which
makes difficult monitoring the intercalation processes. These difficulties are sidestepped by
invoking adsorption of Ba on heated Ir-C. Consider Fig. 14A,a displaying the dependence of
the Ba, Ir, and C Auger peak intensities observed in Ba adsorption on Ir-C at 830 K. In the
course of adsorption, the Auger peak of Ba grows in amplitude and that of iridium falls off,
while the carbon Auger peak does not change. This implies that barium accumulates only
under the graphene as intercalant (Fig. 14B). For t > 150 s, the concentration of intercalated Ba
becomes as high as 5 1014 cm~2 (which is close to its monolayer concentration on the surface of
transition metals) and changes no more. The efficiency of intercalation is ~0.3, in other words,
30% of the Ba flux striking the Ir-C surface becomes intercalated, with the remaining 70%
desorbing. If we heat now this system, approximately 50% of the intercalated barium desorb at
T <1300 K, while the barium left under the graphene with the concentration of 2 1014 cm-2
leaves the surface only at T > 2000 K, when the islands break up. This experiment provides one
more argument for the absence of any “blocking” of Ba escape from under graphene in the
initial stage, as this was observed in the case of cesium.
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Fig. 14. Ba intercalation under a graphene layer on Ir(111). A. Auger signals of carbon (1),
barium (2), and iridium (3) versus total amount of deposited Ba onto Ir-C at 880 K. The
deposition flux is v, = 3.2 *1012 cm-2*s-1. B. Schematic structure of the process:
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3.2 Adsorption of barium on Ir-C at 1000 < T < 1500 K

Ba atoms with activation energy for desorption E = 1.9 eV desorb intensively from graphene
on iridium at 880 K. Therefore observation of existence of barium islands on Ir-C at
substantially higher temperatures, 1000 < T < 1500 K, came as a total surprise [19]. One
studied the specific features of growth and dissolution of two-dimensional barium islands
on Ir-C [17, 21]. Barium in these islands was bound strongly with the substrate with an
energy of 3.4 eV and was present in a concentration of 2 1014 cm-2, which means that the Ba
islands were not close packed. In this temperature region, Ba did not intercalate with
graphene. One had to account for the high binding energy of barium with the substrate in
an island, 3.4 eV, which exceeds substantially the energy required for Ba sublimation, ~1.8
eV, and that for desorption of a Ba atom from Ir-C, which is 1.9 eV. We assumed that Ba
adatoms are adsorbed at the centers of benzene rings in the graphene film, so that when the
latter performs random thermal vibrations, they come closer to the surface atoms of iridium
and compress slightly the graphene film to form an electron bond with iridium with a
binding energy increased from 1.9 to 3.4 eV (Fig. 15). It appears actually a reasonable
assumption, because the energy of desorption of a Ba atom from the iridium surface is high,
5.7 eV. If such a Ba monolayer is heated to T ~ 1600 K, about half of the barium will desorb,
while the other half will migrate under the film to become an intercalant. If now we adsorb
Ba again at 1000 < T < 1500 K on graphene confining intercalated barium in a concentration
of 5 1013 cm~2, strongly bound Ba islands do form, but only on a part of the surface [18]. It
appears probable that the intercalated Ba is distributed nonuniformly in these experiments,
so that regions with its maximum concentration of 5 104 cm-2 border areas with no
intercalated Ba present, but it is in these regions that strongly bound Ba islands form on
graphene (Fig. 16). At concentrations of intercalated Ba in excess of 2 10 cm-2, strongly
bound islands do not form at all. Neither do they form on the surface of a graphene film on
iridium at film thicknesses above two monolayers. Similar results were obtained by us in
studies of strontium adsorption on Ir-C [18--21].

Fig. 15. Schematic structure of the graphene layer (1) on iridium (2) with strongly (3) and
weakly (4) bonded atomic Ba.

Fig. 16. Schematic structure of the graphene layer (1) on iridium (2) with 2D Ba island (3)
and intercalated Ba (4).

4. Intercalation with platinum [22]

It was found that a graphene film on a metal is intercalated efficiently with atoms having low
ionization potentials (Cs, K, Ba,...), which are positively charged on graphene and are strongly
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bound with it by mirror image forces. An intriguing question arises immediately of whether
atoms with high ionization potentials, which are not charged on a graphene film and bound
with it only weakly by van der Waals forces of polarization origin, would intercalate a
graphene film on a metal. In an attempt at finding an answer to this question, we studied
adsorption and intercalation of Ir-C with atoms of Pt, Si, and C.

Platinum was evaporated by sublimation from heated Pt ribbons. Pt adsorbed on Ir-C at 300 K
grew to form a thick film on the graphene film. It was found that Pt atoms adsorbing on a
graphene film atop iridium heated to 1000 K intercalate with Ir-C with an efficiency x = 1. This
intriguing result implies that each Pt atom incident at 1000 K on a graphene film penetrates
under it to become an intercalant species. Figure 17A shows how the Auger peaks of carbon,
platinum and iridium vary as a result of adsorption of Pt on Ir-C at a higher T = 1200 K, when
the intercalation efficiency is slightly lower (x < 1), and part of Pt atoms desorb from the
graphene film. Interestingly, in contrast to Cs, K, and Ba atoms which form in intercalated state
a monatomic film, Pt grows under the graphene in a thick, multilayer film, which, on the one
hand, is strongly chemically bound with iridium, while on the other is coupled weakly,
probably by van der Waals forces, to the graphene film (Fig. 17B). This is probably what
accounts for our observation [2, 3] of the effect of bi-intercalation, in which consecutive
adsorption first of Pt atoms, and subsequently, by atoms of Cs, brings about growth under the
graphene film of a thick Pt film, with a Cs monolayer forming on top of it (Fig. 18).
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Fig. 17. Pt intercalation under a graphene layer on Ir(111). A. Auger signals of carbon (1), Pt
(2), and iridium (3) versus Pt deposition time onto Ir-C at 1200 K. The deposition flux is
vpe=1-1013 cm2-s-1. B. Schematic structure of the process:
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Fig. 18. Schematic structure of the layer in bi-intercalation: first Pt is deposited onto the
graphene layer on Ir(111) at 1000 K; than Cs was deposited at 300 K and the system was
annealed at 800 K to remove a-phase Cs.

The condition x = 1 means that a Pt atom physisorbed on graphene can migrate in its
lifetime against desorption from the center of the island to its edge, which is possible if
migration over graphene is very efficient. For the process to be efficient enough, the
graphene film should be smooth, and the potential relief for migration, fine; also, the
graphene islands should not be very large. Because Pt adatoms on graphene residing atop
iridium are electrically neutral, decoration of the graphene island edges by them leaves it
neutral, as a result of which intercalation with Pt occurs without the concentration threshold
characteristic of the intercalation with Cs, K, and Ba; this means that already the very first Pt
atoms adsorbing on graphene with iridium heated to 1000 K penetrate under the film.
Interesting data were obtained on the efficiency of intercalating Ir-C with Pt atoms at lower
temperatures, 300 < T < 1000 K, as well. For instance, if platinum is evaporated on a
graphene film on iridium at 300 K, then at room temperature no intercalation is observed;
instead, Pt is adsorbed to form a monolayer (with Np; ~ 1 1015 cm~2, which reduces the
Auger peak of carbon (with E = 272 eV) by a factor 1.5, and that of iridium (E = 54 eV), ~ 3
times. After this, the temperature was raised in steps of 1000, with exposure of the sample
for 30 s at each temperature. As the temperature increased, the Auger peak of iridium was
found not to change, while that of carbon grew by a factor 1.5. This means that as the
temperature was raised, all of the adsorbed Pt monolayer became intercalated, apparently
already at T <1000 K, when Pt does not yet start to desorb.

5. Intercalation with silicon [2, 3, 22]

Silicon was deposited by sublimation from heated ribbons. Si adsorbed on Ir-C at 300 K
grows to form a thick film which reduces the Auger peaks of carbon and iridium until they
melt into the background. As T increases, the pattern of carbon film growth changes
substantially, Figure 19A plots the variation of the intensities of Auger peaks of carbon,
silicon, an iridium in the course of Si adsorption on Ir-C at 1000 K. The growth of the silicon
Auger peak suggests that silicon builds up in the near-surface region, and the constancy of
the carbon peak, that silicon accumulates under the graphene film. After 150 s of deposition,
the Auger peaks of silicon and iridium stop to change, hence, stops to change also the
composition of the near-surface region >(10--15) A thick, which is accessible for AES. Studies
of silicon adsorption on clean iridium [23] revealed that up to the concentration Ns; ~ 3 1014
cm-2 all of the silicon incident on the surface accumulates in the form of a surface chemical
compound, surface silicide. Silicon atoms arriving onto the surface after this state has been
filled diffuse into the bulk of iridium to form in its near-surface region volume silicide (Fig.
19B). It was found that the curves plotting the variation of the silicon Auger peak intensities
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vs. deposition time of the same silicon flux on iridium and iridium coated by a graphene
film at 1000 K practically coincide (if one accounts for the attenuation of the silicon Auger
peak intensity by the graphene film). This means that silicon intercalates into Ir-C at 1000 K
with an efficiency x ~ 1. When Si adsorbs on Ir-C at higher temperatures T > 1300 K, a
sizable part of it becomes bound in the intercalated state, with the remainder desorbing.
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Fig. 19. Si intercalation under a graphene layer on Ir(111). A. Auger signals of carbon (1), Si
(2), and iridium (4) versus Si deposition time onto Ir-C at 1000 K. (2) - Si Auger signal in its
deposition onto Ir-C at 1500 K. The deposition flux is vs; = 1 *1013 cm2*s-1. B. Schematic
structure of the process: 1 - graphene layer; 2 - surface silicide; 3 - bulk silicide

6. Intercalation with carbon [2, 3]

The experiments which demonstrated that atoms of Pt and Si intercalate with an efficiency
=1 under a graphene film adsorbed on iridium heated to T = 1000 K stimulated interest in
looking for other atoms which could be intercalated with intrinsic carbon atoms. In these
experiments, carbon atoms (emitted by a source developed by us and not producing C
clusters [24]) were deposited at 300 < T < 1800 K on a graphene film atop iridium, with the
film thickness probed by AES. At all these temperatures, a thick carbon film was observed to
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grow, but its nature (graphitic or non-graphitic) and the growth mechanism involved were
found to depend strongly on T.

Adsorption of C atoms on a graphene film atop iridium heated to T <700 K produces a thick
carbon film of non-graphitic structure (Fig. 20), which is evidenced by some of its
characteristics. First, the shape of the Cy,v Auger peak becomes non-graphitic (the spectrum
contains one peak at 247 eV, while graphite features two peaks at 247 and 263 eV). Second,
adsorption of Cs atoms on such a film does not demonstrate a characteristic splitting of the
Cikvv Auger peak (a point to be discussed below), which is observed when Cs atoms are
adsorbed on a graphite film. Third, the work function increases from 4.45 eV, a figure
typical of graphite, to 4.75 eV, an energy identified with chemisorbed carbon. And finally,
fourth, the degree of dissociation of CsCl molecules increases from 10-4 on graphene to 10-1
in the case of a thick carbon film. From this we can infer that adsorption of C atoms on
graphene atop iridium heated to 700 K translates into formation of a thick non-graphitic
carbon film, which grows on graphene with no intercalation mechanism involved.
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Fig. 20. A scheme of carbon film structure in atomic carbon deposition onto the graphene
layer on Ir(111) at various temperatures: (a) - T > 1000 K; (b) - T <900 K.

The situation is radically different for the formation of a carbon film when C atoms adsorb
on graphene atop iridium heated to higher temperatures, T ~ 1100 K (see Fig. 20).
Accumulation of carbon in the adlayer likewise was not observed, with all the C atoms
striking the surface either intercalating under the graphene islands or desorbing.
Intercalation started with formation under the graphene film of graphite islands, and after
their coalescence, of a second graphene film above the first one. It was found that after the
growth of the second graphene layer has come to completion, the rate of growth of the third
graphene layer drops by a few times. This finds a ready explanation in that C atoms have to
diffuse from the top of the film to its base, i.e., the iridium surface, where graphene islands
of the next layer nucleate; this brings about loss of C atoms because of the increasing
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probability of their desorption and of decreasing film growth rate. We note that at T <700 K
the rate of film growth in thickness is constant for oc = const. Thus, in adsorption of C atoms
on Ir-C at 1100 K carbon accumulates not in the adlayer but rather in intercalated state
under the graphene film, where a thick carbon film with graphitic structure grows.

7. Intercalation with silver [25, 26]

Ag was evaporated by sublimation of Ag wires wound on a heated W spiral. Adsorption of
silver onto graphene atop iridium did not result in intercalation at any temperature; indeed,
at T <900 K, a thick silver film grew, while at T > 900 K, silver atoms desorbed. It is possibly
because of their tendency to aggregation that Ag atoms form at the edge of a graphite
island, a place best suited for starting intercalation, Ag> and Ags clusters, which interfere
with penetration of silver under the island.

If, however, one intercalates Ir-C preliminarily with Cs atoms to N ~ 2 1014 cm~2, and only after
this deposits a thick silver film at 300 K and raises then the temperature to 1000 K, then silver
will effectively roll off under the graphene in an amount of ~ 1 monolayer, the remaining
silver desorbing. It appears reasonable to suggest that silver penetrates under the graphite
islands when their edges are raised; it was found that it expels the intercalated cesium.

8. Intercalation with aluminum [27]

Evaporation of aluminum on graphene atop iridium or rhenium at room temperature brings
about growth of three-dimensional aluminum islands on graphite. There is no noticeable
intercalation of aluminum under the film, which is evidenced by the Auger signal intensities of
carbon and the substrate being attenuated by the growing adsorbate film to the same extent.
The results obtained in annealing of three-dimensional aluminum islands (Na; ~ cm—2)
adsorbed on graphene atop iridium are presented in Fig. 21A. We readily see that up to
~700 K the system remains practically unchanged. At high temperatures, the Auger signal of
aluminum begins to fall off, and that of carbon, to rise, with the substrate (iridium) signal
remaining initially constant, to increase slightly afterwards. For T > 1200 K, all the three
Auger signals reach constant levels remaining unchanged up to 1500 K. At high
temperatures, the aluminum signal drops to zero, that of iridium grows almost twofold, and
that of carbon, remains unchanged.

To gain understanding of the observed variation of Auger signals, consider Fig. 21B. At T =
700 K we see the onset, and at 1200 K, completion of a rearrangement of the adsorption
layer, in which three-dimensional aluminum islands adsorbed on top of the graphene layer,
dissolve, and the Al atoms released in the process partially evaporate, and partially
intercalate under the graphene. For T > 1200 K, there is no aluminum on the outer side of
the graphene, and the Auger signal of carbon has the same intensity as before the beginning
of aluminum evaporation. By contrast, the Auger signal of the substrate became
substantially smaller in amplitude as a result of its being screened both by the graphite layer
and by the intercalated aluminum; indeed, its intensity is close to one half the initial (before
Al evaporation) level (we used the iridium Auger signal with E = 54 eV).

With the heating continued (T > 1500 K), aluminum escapes from the adlayer, apparently
through thermal desorption and, possibly, by partial dissolution in the bulk of the substrate,
and its Auger peak drops to zero. By contrast, the Auger peak of iridium grows to its initial
level, and that of carbon retains its initial amplitude (Fig. 21A).
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Fig. 21. Al intercalation under a graphene layer on Ir(111). A. Auger signals of Al (1), carbon
(2), and iridium (3) versus temperature in a stepwise annealing of the Al film deposited onto
Ir-C at 300 K. Initial Al surface concentration was ~2*1015 cm2. B. Schematic structure of the

process: at 300 K (left) and at 1200 K (right).

The absolute amount of aluminum intercalated under the film was found to be Naj ~ 5 104
cm-2 [27].

The net result of direct evaporation of aluminum on graphene at T > 950 K is that it ceases to
accumulate on top of the graphene layer but intercalates under it instead. This is evidenced by
Auger signal of carbon remaining unchanged whereas that of aluminum grows, and the signal
of iridium, falls off, albeit insignificantly. This suggests that the aluminum entering the adlayer
does not build up on top of the graphite layer and, hence, does not reduce its Auger signal but
rather accumulates sandwiched between the graphite film and the metal surface.

An experiment was conducted [27] to measure the efficiency of aluminum intercalation
under graphene on (111) iridium, i.e., the fraction of particles penetrating under the film
relative to the total number of atoms incident on the surface. Estimates showed the
intercalation efficiency to be ~14% at 1000 K, to fall off to 7% at 1100 K. The same figures are
obtained when using rhenium as a substrate metal, thus supporting the earlier conclusion of
the properties of graphene being practically independent of the nature of the metal it was
formed on. The limiting concentration of aluminum accumulating in intercalated state on
the surface of rhenium also matches with the composition of the surface aluminide ReAl.
The low efficiency of intercalation should apparently be assigned to desorption of the larger
part of the aluminum incident on the surface of graphene. It appeared worthwhile to see
whether the aluminum intercalation efficiency would change if graphene covered not all of
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the metal surface. For this purpose, we grew successively on a rhenium sample a graphene
film of area s covering 40, 70, and 90% of the metal surface, and studied the process of
intercalation. The fraction of the substrate surface coated by graphite was assumed to be
proportional to the carbon Auger signal intensity from the graphene film.

As follows from these experiments, within experimental error the intercalation efficiency is
practically independent of the amount of aluminum that has already penetrated under the
film, while remaining dependent on the fraction of the surface coated by the island, to
increase at T = 1100 K from W ~ 0.35--0.1 for s = 90% to W ~ 1 for s < 70%. Significantly, the
figures obtained exceed by far the efficiency of intercalation of aluminum atoms under a
continuous graphene film.

While it would appear reasonable to assume that the quality of the graphene film itself does
not depend on whether it is continuous or not, in the second case the number of island
boundaries would certainly increase, as would possibly decrease their size. Indeed, the
island breakup starts from the edges [3], which is not strange at all, particularly if we
remember that the binding energy of a single carbon atom within the layer is ~9 eV [28], and
at the island edges, substantially lower, ~3 eV on rhenium [10] and ~4.5 eV on iridium [3]. It
may be that the noticeable difference between the efficiencies of intercalation under a
monolayer and a submonolayer film suggests that it is the edges of graphene islands that
are the defects involved in intercalation of particles under graphene, as was supposed in
Ref. [2]. After the islands had coalesced to form a continuous monolayer, the penetration
with respect to intercalating particles decreases. And conversely, the increase of the
efficiency to a value approaching unity means that the islands have become close in size to
the migration path lengths of aluminum atoms they can travel in their lifetimes over
graphite surface at a given temperature. Scanning tunneling microscopy suggests that the
island size is 3000--8000 A, and, hence, the migration path lengths of aluminum atoms at
1000--1100 K should be of the same order of magnitude.

The above increase in the intercalation efficiency is very likely of a universal nature, so that
it will be characteristic of many types of intercalating particles.

9. Intercalation with iridium [29]

Adsorption of iridium atoms on graphene. Iridium atoms were provided by a second
evaporating iridium ribbon, which was freed thoroughly of impurities and heated to ~2400
K. The expected flux of Ir atoms subliming from the ribbon was ~1015 cm~2s-1 [30], a level
high enough to provide formation of several layers of iridium atoms on graphene surface in
a reasonable time.

The main difficulty of the experiment consisted in the need to discriminate by AES the
evaporated iridium from the iridium of the substrate. To overcome it, formation of the
graphene film was preceded by evaporation on iridium of molybdenum atoms to a
concentration of ~0.1 of monatomic density (molybdenum is identified adequately by AES).
Molybdenum atoms were provided by well cleaned molybdenum ribbons heated to high
temperatures. Thus, already after formation of graphene, AES offered a possibility of
probing carbon in the form of graphene (E = 272 eV), molybdenum (E = 221 eV), and
iridium (E = 176 eV) (Fig. 22a). In these conditions, the intensities of the molybdenum and
iridium Auger signals decreased ~1.6 times, a figure characteristic of screening by a
graphene film [31]. Next, 2--3 layers of iridium were evaporated on graphene at 300 K; this
resulted in a decrease of the Auger signal intensities of carbon and molybdenum by about a
factor 3 (Fig. 22b).
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Fig. 22. A model scheme for the adsorption system Ir - graphene with intercalated atomic
Mo as an inner standard: a - Ir substrate (1) with chemisorbed Mo (2) under graphene (3).
Mo surface concentration is ~0.1 ML; b - the same system with Ir film of ~2 ML thickness (4)
deposited above the graphene at 300 K; ¢ - the result of the system annealing at 1200 K.

Annealing of the Ir(111)-Mo-graphene system. Figure 23 illustrates the results of annealing
of an iridium film on graphene obtained by AES. The intensity of the carbon Auger signal at
T = 1100 K was found to recover to the initial level corresponding to a clean graphene
surface. At the same time, the molybdenum Auger signal intensity did not change. This can
be understood by examining Fig. 22c. The evaporated iridium has diffused under heating of
the sample under the graphene; the graphene surface became free of the adsorbate, with the
intensity of the carbon Auger signal growing back to the original level (Fig. 23). At the same
time, the iridium film confined under graphene continues to screen the layer of
molybdenum, and its Auger signal intensity remains unchanged (Fig. 22c). The decrease of
the iridium Auger signal in intensity should apparently be attributed to transition of Ir
atoms to the intercalated state and to their screening by the graphene film (Fig. 23).

Direct experiments with evaporation of Ir atoms on graphene performed at moderate
temperatures of 1100--1300 K suggest accumulation of iridium under the graphene; indeed,
the molybdenum Auger signal intensity decreases, while the surface of graphene remains
free of the adsorbate. For T > 1300 K, desorption of iridium atoms from the heated passive
graphene surface begins to play a prominent part, with the result that buildup of Ir atoms in
intercalated state decreases strongly.

Experiments with intercalation of graphene with iridium atoms provided supportive
evidence for the overall pattern of this process for polyvalent atoms, namely, intensive
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Fig. 23. Carbon (1), Ir (2), and Mo (3) Auger signals versus annealing temperature in a
stepwise, within 100 K, heating of the Mo film initially deposited onto graphene at 300 K.

penetration of the adsorbate under the graphene is observed to occur at moderate and high
temperatures (1000--1500 K). Recall that atoms with low ionization potentials (primarily the
alkali metals) intercalate under graphene at low temperatures, T < 700 K; also, the lower the
temperature, the more efficient is the diffusion of adatoms under the graphene film.

10. Intercalation with copper [32]

Evaporation and annealing of a copper film on iridium. Copper atoms were evaporated on
an iridium surface at 300 K until the Auger signal intensity of the substrate dropped to one
half its original level, which we estimated as corresponding to a copper concentration of
about two monolayers. The main events occurring under stepped annealing of such a film
are observed at T ~ 1100 K; more specifically, within a narrow temperature interval of the
order of 50 K, the Auger signal of copper drops sharply in intensity to melt into the
background noise, whereas that of iridium recovers to the original level identified with a
clean surface. The most probable mechanism accounting for the surface cleaning is
desorption of copper from the iridium surface. While this experiment does not permit us to
exclude completely the possibility of copper dissolution in the bulk of the substrate, later
experiments with graphene (see below) make this assumption highly unlikely.

Evaporation and annealing of a copper film on graphene atop iridium. Two copper
monolayers were evaporated at 300 K on graphene (Fig. 24a), after which the system was
annealed in steps at a number of temperatures. The variation of Auger signal intensity from
the iridium substrate (E = 176 eV), copper (E = 60 eV), and carbon (E= 272 eV) is displayed
in graphical form in Fig. 25. We readily see that at the transition from 1100 to 1200 K the
Auger signal of carbon increased sharply to become equal to that from clean graphene
surface. There still remains a noticeable Auger signal of copper, though; and since the Auger
signal intensity of the substrate is substantially lower than that of the initial, copper-free
“graphene on iridium” system, the only reasonable interpretation of the above observations
appears to be that copper atoms escaped from the surface under the graphene film to
become an intercalant (Fig. 24b). The graphene-involved decrease of the Auger signal of
copper (E = 60 eV) to about one half its original value suggests that practically all of the
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Fig. 24. Schematic structure of the layer transformation for the system Ir(111) - graphene -
Cu: (a) - Cu film of ~2 ML thickness is deposited upon graphene on Ir(111) (T=3000K); (b) -
the same layer after annealing at 1200 K.
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Fig. 25. Cu (1), Ir (2), and carbon (3) Auger signals versus annealing temperature in a
stepwise, within 100 K, heating of the Cu film initially deposited onto graphene at 300 K.
Time delay is 30 s at each temperature.

copper atoms initially adsorbed on graphene ended with being confined under it [32].
Further annealing brought about one more intriguing observation, namely, the Auger signal
of copper is observed now under annealing up to ~1700 K, i.e., a temperature 500 K (sic!)
higher than that in the case of clean iridium surface.

This seems to imply that in the first experiment copper atoms mostly desorbed from the
clean surface of iridium, whereas in the second experiment the graphene “roof” interferes
with this process, with copper atoms left confined to the surface up to high temperatures.
Obviously enough, the channel of copper dissolution in the bulk of the metals (if it does
exist) remains available in the presence of a graphene film too; moreover, the graphene
“roof” which confines Cu atoms at high temperatures (21700 K) enhances the probability for
adatoms to dissolve in the bulk of the substrate metal, as this was observed [33] to occur for

cesium atoms intercalated in the same iridium-graphene system.
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Thus, graphene adsorption on iridium surface acts as a kind of a trap for intercalated copper
atoms by increasing substantially the temperature at which the sample is freed completely
of the adsorbed atoms.

Graphene acts as a trap for atoms with both high and low ionization potentials, for instance,
Cs, K, Na [2, 3, 32]. These two types of systems differ, however, radically from one another.
First, atoms of alkali metals intercalate actively under graphene only at low temperatures, T
<700 K. Second, such atoms can be freed completely from under graphene only if all of the
graphene islands break up under heating; the temperatures involved may, however, be
quite high indeed---for instance, intercalated cesium escapes from under graphene islands
on Re(10-10) at T ~ 2200 K (sic!) [2].

In the case of polyvalent atoms and atoms with high ionization potentials, breakup of
graphene islands is not required altogether; indeed, the intercalant can escape from under a
continuous graphene film through the same defects that were possibly instrumental in its
penetration there in the first place (Fig. 26).

‘ graphene
oTorzor=orc Sl

Fig. 26. A model scheme for atomic Cu thermal desorption from the intercalated state.

Now we are turning to the question of why atoms of copper or of other polyvalent high-
ionization potential metals diffuse readily under a graphene film on a metal at T ~ 1100--
1200 K, whereas their total removal from the intercalated state requires substantially higher
temperatures. It might appear strange that the graphene film behaves in such a, say,
anisotropic manner, namely, it is easy to penetrate when atoms transfer from the adsorbed
to intercalated state, i.e., from the outer surface inward, but is difficult to cross in the
opposite direction,

Let us turn to Fig. 26. As demonstrated by direct studies of migration of Si adatoms on
Ir(111), silicon adatoms migrate freely both over a clean iridium surface by wandering from
one side of the ribbon to the other (originally clean) in the 1200 K--1500 K temperature
interval, and over iridium with the graphene layer forming [2, 3]; in other words, graphene
does not interfere with the migration of adatoms over the metal surface. The same results
can be expected with other polyvalent atoms as well (Pt, Cu, Al, etc.); indeed, they migrate
easily and uniformly under the graphene film on a metal at temperatures of 1100--1200 K.
But then how can an intercalated atom leave an adsorption system? Adatoms in intercalated
state get a chance to desorb when two events coincide. First---adatom occurs close to a
defect in the graphene film, i.e., on the open surface, as it were, without a graphene roof
overhead (Fig. 26). Second---if the adatom receives at exactly this instant a heat pulse from
the substrate strong enough to desorb or transfer to the graphene film with subsequent
desorption. Otherwise, the adatom will continue its migration further under the graphene
film and, even if it is hit by a thermal pulse from the substrate strong enough to break the
adsorption bond, will not leave the system, because it will be repelled back from the
graphene film. Obviously enough, in this case desorption will become strongly complicated,
so that atoms confined under the graphene will be forced to stay in the system up to very
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high temperatures. For illustration, Table 3 lists for the Ir(111)-graphene system the
temperatures required for the adatoms to escape from a clean metal surface, T;, and from

the intercalated state, T>.

Element Cs K Al Cu Ag

T, K 900 900 1500 1250 1000

Ty, K 2000 2000 1900 1900 1900
Table 3.

Now atoms with low ionization potentials (Cs, K, Na) behave in a radically different way.
Diffusion under the graphene film, migration under it and escape from under the graphene
are essentially cooperative effects involving electrostatic repulsion of charged adatoms [2, 3].
It can be maintained with confidence that migration of single adatoms of alkali metals under
a graphene film is all but suppressed [15].

Thus, the graphene “roof” reduces by many orders of magnitude the probability of
desorption of adatoms from the surface compared with that from the open surface of a
metal (Table 3).

11. Intercalation with fullerene molecules [34--36]

The density of the flux of C¢yp molecules was estimated from the time taken up by formation
of a fullerene monolayer Ny on clean iridium at T = 300 K, when the Auger signal intensity
of the substrate dropped to one fourth of its initial level, with vcso = Npm/tm, where Ny = 2
1014 mol/cm?.

If a fullerene monolayer is evaporated at 300 K on graphene atop iridium, the Auger signal
intensity of the substrate drops practically down to background level. Heating such a film to
T =800 K brings about complete desorption of C¢o molecules, because one observes recovery
of the Auger signals of the graphene film and iridium. Thus, C¢ molecules do not dissociate
on the passive Ir-C surface and do not intercalate with it.

After this, a thick fullerite film (~ 3Num) was produced on the graphene (Fig. 27a). The
intensity of the iridium Auger signal passes into background noise, while the carbon Auger
peak took on “fullerene” shape with an energy of 269 eV. The results produced by heating
of such a film to 800 K were as follows: only part of the C¢p molecules desorbed, while a
sizable part of Csp molecules diffused under the graphene film to become intercalated (Fig.
27b). The disappearance of the iridium Auger signal after the substrate had been heated to
800 K implies that Cso molecules had diffused under the graphene in an amount equivalent
to not less than one monolayer. The Auger spectrum of carbon was in this case actually a
superposition of the Auger spectra of graphene and a fullerene monolayer, with an energy
of 271 eV. Experiments on adsorption of Cg on clean iridium demonstrated dissociation of
Cso molecules within the 900 < T <1200 K [37] (Fig. 27C).

In the 1400 < T < 1600 K interval, the carbon Auger signal falls off somewhat in intensity,
and the substrate Auger signal becomes visible (Figs. 27 c and d). This temperature interval,
1400--1600 K, is associated with active migration of carbon over the surface involving
transfer onto the back side of the ribbon (Fig. 27 d), which was supported by direct evidence
in studies of migration on clean iridium. For T > 1600 K, the carbon film under the graphene
undergoes intensive graphitization which changes the Ci, Auger spectrum shape to
“graphitic”. At T = 1600--2100 K, the intensity of the Auger signal of carbon can be
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Fig. 27. Schematic representation for intercalation of the graphene layer on Ir(111) by
molecular Cg. 1 - deposited polylayer film of molecular Ceo; 2 - single carbon atom; 3 -
graphene layer; 4 - iridium substrate. Temperature, K: (a) - 300; (b) - 800, (c) - 1200; (d) -
1600; (e) - 1900; (f) - 2200.

explained as due to screening by ~ two graphite monolayers (Fig. 27,e). Heating the
substrate at temperatures above T ~ 2200 K cleaned efficiently the surface of carbon.

Thus, Cs molecules adsorbed in the form of a thick fullerite film (unlike a Csp monolayer)
intercalate under the graphene atop iridium. This might be because the Cg molecules at the
“bottom” of the fullerite film cannot desorb fast enough at T = 800 K and do not break up on
the passive graphite surface, but rather transfer by diffusion to the intercalated state.
Graphene on rhenium can be intercalated with fullerene molecules just as this is done with
iridium [36].

12. Electronic properties of graphene on metals with adsorbed and
intercalated atoms [38--42]

As shown by calculations [43, 44] corroborated by experimental studies of the valence band
of single-crystal graphite by photoelectron [45] and Auger electron [46] spectroscopy, the
densities of both filled and empty electronic states of two-dimensional graphite drop
dramatically close to the Fermi level.

In describing the interaction of particles with the metal surface, we shall follow the scheme
suggested by Gurney [47]. As a single atom approaches the surface of a metal, interaction
with it broadens the discrete level of the valence electron of the atom into a quasi-level and
displaces it from its original position (Fig. 28). In this schematic description, one species of
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Fig. 28. Schematic transformation of the valence electron level of atomic Ba and molecular
BaO in their moving towards the graphene layer on a metal. eg is the graphene work
function, V - atomic particle ionization potential.

adatoms differs from another in the shape and position of the quasi-level only. The adatom
charge is determined both by the position of the center of the quasi-level relative to the
Fermi level and its width. For the transfer of valence electrons from Cs and Ba adatoms to
the valence band of graphite to be efficient, a sizable part of the quasi-level should be
located in both cases above the Fermi level. Adsorption and intercalation with both Cs and
Ba adatoms brings about filling of the empty band in the valence band of graphite lying
above the Fermi level by depersonalized electrons. It thus appears reasonable to expect that
the Cixyv Auger transition in two-dimensional graphene involving two electrons from the
valence band should be sensitive to its filling. Discussion of the electronic properties of Re-C
and Ir-C containing Cs and Ba can be found in Refs. [38--42].

Graphene residing on a metal is made up of atoms of two kinds, adsorbed and intercalated
ones, albeit in somewhat different conditions. We start with experiments [28] in which
adsorption of Ba atoms on graphene atop iridium heated to 900 K was performed by high-
resolution (AE/E ~ 0.1%) AES. It was found that Ba fills only the intercalated state up to high
concentrations, ~5 104 cm-2, at saturation. As evident from Fig. 29, before the intercalation
the Cyyv Auger peak has a characteristic graphitic shape with energies 247 and 263 eV in the
positive part of the spectrum, but no carbidic peak at the energy 255 eV (spectrum 1). We see
that intercalation with Ba does not affect the “graphitic”, positive part of the spectrum,
while in its negative part, as the Ba concentration increases, first a peak at 276.5 eV (spectra 2
and 5), and after that, a second peak with an energy of 281 eV (spectra 3 and 4) appears on
the high-energy side. One may thus conclude that the intercalated Ba is in the charged state,
with its valence electron donated to the valence band of graphene to fill the levels adjoining
the Fermi level, which is evidenced by the change in the high-energy part of the Cy,v Auger
peak, because the transition in carbon is the kvv-type, and it involves two electrons of the
graphite valence band. A similar pattern was observed in intercalation of HOPG graphite
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Fig. 29. Carbon KVV differential Auger spectra for sequential stages of Ba adsorption on the
graphene layer on Ir(111) at 900 K. Ba concentration under the layer, 1014 cm2:1-0;2-1.5; 3
-2.5;4 - 5.0 (saturation). 5 - Cxyv Auger spectrum after system annealing at 1600 K (Npa ~

2*1014 cm2). 6; 7 - integral Cxvv Auger spectra for pure grapene (6) and for the state 4: Ba

adsorption to saturation (7).
with atoms of alkali metals [46, 48]. Heating an Ir-C ribbon to 1600 K forces part of the

intercalated Ba to desorb, with the remaining Ba with a concentration of 2 104 cm-2 being
identifiable with the Auger peak at 276.5 eV (spectrum 5).

Figure 30 [41] presents Civ Auger spectra obtained in adsorption of Cs on Re-C. This process
is paralleled by simultaneous filling of the adsorption (to a concentration Ng) and intercalation
(to a concentration N,) states, and at the completion of adsorption, to saturation Ny ~ Ny ~ 4
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Fig. 30. Carbon KVV differential Auger spectra for sequential stages of Cs adsorption on the
graphene layer on Re(10-10) at 300 K. Total Cs concentration over and under the layer, 104
cm21-0;2-1.0;3-20; 4-7.5 (saturation). 5 - Cxyv Auger spectrum after system annealing
at 850 K (N¢s ~ 1¥1014 em-?). 6; 7 - integral Ckyy Auger spectra for pure grapene on Re (6)
and for the state 4 - Cs adsorption to saturation (7).

1014 cm~2. We readily see that the valence-band electrons of Cs fill the same levels in the
graphite valence band as in adsorption of Ba, with peaks at 276.5 eV and 281 eV appearing
successively, besides the one at 272 eV, in the negative part of the spectrum.

Interesting relevant information on the behavior of intercalated Cs and Ba with oxygen
admitted to the instrument can be found in Ref. [42]. In this experiment, Re-C containing
only intercalated Cs, and adsorbed and intercalated Cs was exposed at 300 K to O (with a
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dose of 10-¢ Torr x 60 s = 60 Langmuirs), and Cyyv Auger spectra were recorded (Fig. 31). It
turned out that at 300 K the concentration of surface-adsorbed carbon on graphene is as low

as to be undetectable by AES (O is only physisorbed on the basal plane of crystalline
graphite). Exposure to oxygen did not affect the shape of the Ci,v Auger peak of intercalated
Cs, wherefrom we can infer that oxygen does not diffuse under the graphite islands on

rhenium. Interestingly, the shape of the Cy,v peak of adsorbed Cs did change; indeed, the
peak at 281 eV disappeared, which implies that as a result of oxidation part of the Cs
valence electrons returns from the valence band of graphite into the oxide molecule. Figure
28 illustrates this in the particular example of Ba, in which case oxidation of Ba adatoms on
graphene results in formation of a BaO admolecule with its inherent system of electronic

levels. It is a safe guess that because of the high ionization potential of the BaO molecule

(VBao = 6.97 €V, to be contrasted with Vg, = 5.21 eV for the Ba atom) the quasi-level of the

valence electron in the BaO admolecule lies below the graphite Fermi level and, thus, will be
filled in oxidation by electrons leaving the valence band of graphite.
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Fig. 31. Cs adsorption on the graphene layer on Re(10-10) at 300 K with subsequent
oxidation at Poy = 1*105 Torr. A. Carbon KVV differential Auger spectra. Total Cs
concentration over and under the layer, 1014 cm2: 1 - 0; 2" and 2" - 1.5; 3" and 3" - 7.0;

(saturation). The spectra 2’ and 3 are taken before exposure to oxygen; the spectra 2 and 3"
- after the exposure. B. Schematic representation of the process.

An interesting study [42] compared the possibilities of intercalating with cesium the surface
of iridium with graphene and a monolayer of chemisorbed carbon with a concentration Nc ~
3.9 1015 cm-2 produced by adsorption of C atoms on iridium at 300 K. It was found that, in



324 Physics and Applications of Graphene - Experiments

contrast to graphite, Cs does not intercalate under the monolayer of chemisorbed carbon;
indeed, there is no characteristic splitting of the Ci,v Auger peak and no high-temperature
(T 22000 K) y phase in the TD spectrum.

Another study [41] covered intercalation not only of graphene films on metals with Cs and
Ba, but that of thick graphite films on rhenium with cesium at 300 K. Figure 31 presents
Auger spectra of graphite on rhenium taken before (spectrum 1) and after (spectrum 2-4a)
intercalation with cesium. We readily see that intercalation of both graphene and graphite
with cesium atoms initiates similar changes in the shape of the carbon Auger spectrum. As
already pointed out, in the case of graphene the strong changes in the shape of carbon
Auger peak stem from its unique electronic properties, namely, the layer being two-
dimensional, there are many electrons in the valence band, and the levels are widely
separated. The same explanation can apparently be assigned to a thick graphite film,
because graphene layers are not coupled by electron exchange, and they are bound by van
der Waals forces. Incidentally, studying an Auger spectrum of carbon of a similar shape in
the case of intercalation into a thick graphite film required a substantially longer exposure
time than in the case of one graphene layer. There is nothing strange in it, because as the
number of graphite layers increases, the adsorption capacity of the system with respect to
cesium which intercalates between all graphite layers increases proportionally. Significantly,
heating a graphite film intercalated with cesium to T ~ 1000 K removes completely the
intercalated cesium (except for the first graphene layer on the metal). We may infer that this
heating temperature is high enough to remove cesium both from the surface and from the
bulk of graphite, because the edges of graphite “plates” in a thick film are not closed and,
thus, do not interfere with diffusion of Cs adatoms with their subsequent desorption.

If a thick, cesium-intercalated graphite film (its Auger spectrum is 4a in Fig. 31) is exposed
to oxygen, the Auger peak of cesium decreases by about a factor 5 (from 5a to 5b in Fig, 31),
and a high Auger peak of oxygen (6 in Fig. 31) appears in the spectrum. Explanation to this
interesting observation can be readily found in that the charged cesium adatoms residing on
the outer side of the graphite film become neutralized in the course of oxidation, and, thus,
will not interfere with the release of cesium sandwiched inside the graphite film, where
cesium adatoms are charged and, hence, repel one another. Thus, a layer of oxide of the
alkali metal grows on the surface of the graphite film, whose thickness is large enough to
bring about an increase of the Auger peaks of cesium and oxygen and a decrease of that of
oxygen. Experiments showed that the thickness of the oxide layer grows with that of the
graphite film intercalated with cesium.
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1. Introduction

Graphene is a two-dimensional sheet of carbon atoms arranged in a honeycomb lattice with
two crystallographically equivalent atoms (C1 and C2) in the unit cell [Geim (2009); Geim &
Novoselov (2007); Neto et al. (2009)] [Fig. 1(a)]. The sp? hybridization between one 2s orbital
and two 2p orbitals leads to a trigonal planar structure with a formation of a ¢ bonds between
carbon atoms that are separated by 1.42 A. These corresponding o bands have a filled shell
and, hence, form a deep valence band. The half-filled 2p, orbitals, which are perpendicular
to the planar structure, form the bonding (71) and antibonding (77*) bands in the electronic
structure of graphene [Fig. 1(b)]. The 7 and 7* bands touch in a single point exactly at
the Fermi energy (Er) at the corner of the hexagonal graphene’s Brillouin zone (K-points).
Close to this so-called Dirac point (Ep) the bands display a linear dispersion and form perfect
Dirac cones [Neto et al. (2009)] [Fig. 1(c)]. Thus, undoped graphene is a semimetal (“zero-gap
semiconductor”). The linear dispersion of the bands mimics the physics of quasiparticles
with zero mass, so-called Dirac fermions [Geim (2009); Geim & Novoselov (2007); Neto et al.
(2009)].

The unique “zero-gap” electronic structure of graphene leads to some limitations for
application of this material in real electronic devices. In order, for example, to prepare a
practical transistor, one has to perform a “doping” of a graphene layer inducing electrons or
holes in the electronic structure [Fig. 1(d)]. There are several ways of the modification of the
electronic structure of graphene with the aim of doping. Among them are: (i) incorporation
in its structure of nitrogen [Wang et al. (2009)] and/or boron [Dutta & Pati (2008)] or
transition-metal atoms [Mao et al. (2008)]; (ii) using different substrates that influence the
electronic structure of the graphene layer, e. g. metallic substrates for the graphene growth
[Wintterlin & Bocquet (2009)]; (iii) intercalation of different materials underneath graphene
grown on different substrates [Dedkov et al. (2008a; 2001); Enderlein et al. (2010); Gierz et al.
(2008; 2010); Shikin et al. (2000)]; (iv) deposition of atoms or molecules on top [Boukhvalov &
Katsnelson (2009); Coletti et al. (2010)]; etc.

The exceptional transport properties of graphene [Geim & Novoselov (2007)] make it a
promising material for applications in microelectronics [Morozov et al. (2008); Novoselov
et al. (2005)] and sensing [Schedin et al. (2007)]. This has recently led to a revival of interest



330 Physics and Applications of Graphene - Experiments

Fig. 1. (a) Crystal structure of the graphene layer where carbon atoms are arranged in the
honeycomb lattice. Unit cell of graphene with lattice constant a has two carbon atoms per
unit cell, C1 and C2. (b) Electronic dispersion of 7t and 7t* states in the honeycomb lattice of
free-standing graphene obtained in the framework of tight-binding approach. These branches
have linear dispersion (c) in the vicinity of the K points of the Brillouin zone of graphene. (d)
Position of the Dirac point and the Fermi level as a function of doping for the free-standing
graphene.

in graphene on transition metal surfaces [Coraux et al. (2008; 2009); Dedkov et al. (2008a;b);
Gamo et al. (1997); Hu et al. (1987); Land et al. (1992); Martoccia et al. (2008); N'Diaye et al.
(2006); Sasaki et al. (2000); Sutter et al. (2009); Wang et al. (2008)], as large area epitaxial
graphene layers of exceptional quality can be grown, which might be an alternative to
micromechanical cleavage for producing macroscopic graphene films [Bae et al. (2010); Kim
et al. (2029)].

The electronic interaction of graphene with a metal is both of fundamental and technological
interest in view of possible device applications. Recent theoretical calculations by V.
M. Karpan and co-workers [Karpan et al. (2007, 2008)] for graphene/metal interfaces
imply the possibility of an ideal spin-filtering in the current-perpendicular-to-the-plane
configuration (CPP) for the ferromagnet/graphene/ferromagnet sandwich-like structures.
The close-packed surfaces of Co and Ni were considered as ferromagnetic (FM) electrodes,
which perfectly coincide with graphene from the crystallographic point of view. The
spin-filtering effect originates form the unique overlapping of the electronic structures of the
graphene monolayer and close-packed surfaces of ferromagnetic Ni and Co. As discussed
earlier, graphene is a semimetal with electronic density in the vicinity of Er at corners (K
points) of the hexagonal Brillouin zone of graphene. If the Fermi surface projections of
ferromagnetic metals, fcc Ni or Co, on the (111) close-packed plane are considered, then in
both cases one finds only minority electron density around the K points of the surface Brillouin
zone. In this case, it is expected that the preferential transport of only minority electrons and
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perfect spin-filtering will appear in a FM/graphene/FM stack [Karpan et al. (2007; 2008)],
because graphene has electronic states only around K. The interaction between graphene and
ferromagnetic material will however change the electronic properties of the interface partially
quenching the spin-filtering effect in the sandwich-like structure, but a sizable effect can
still be detected by choosing the proper combination of FM materials [Yazyev & Pasquarello
(2009)] and this effect is predicted to increase strongly when multilayers of graphene are used
[Karpan et al. (2007; 2008)].

Besides spin-filtering, graphene might be the best material for the realization of spintronic
devices. Such systems usually require the effective injection of the spin-polarized electrons in
the conductive channel which can be made from graphene [Tombros et al. (2007)]. However,
prior to being able to implement graphene/ferromagnet systems in any kind of spintronic
unit, a study of their electronic, magnetic, and interfacial properties has to be performed.

In the present chapter the electronic and magnetic structures of the graphene/FM interface
will be discussed. From the theoretical side the different interfaces will be analyzed:
graphene/Ni(111), graphene/Co(0001), graphene/1MLFe/Ni(111). Here the electronic
structure of the interface as well as effect of induced magnetism in the graphene layer
are discussed. As for experiment, the crystallographic structure, morphology, electronic and
magnetic properties of a graphene/ferromagnet interface are considered for the case of the
Ni(111) close-packed surface. Electronic structure studies of this interface reveal the existence
of interface states, which originate from the strong hybridization of the graphene 7 and Ni 3d
valence-band states leading to the appearance of the induced magnetic moment on the carbon
atoms in the graphene layer that is confirmed by both x-ray magnetic circular dichroism
(XMCD) and spin-resolved photoemission (PES). Detailed analysis of the Fermi surface of
the graphene/Ni(111) system is performed via comparison of experimental and theoretical
data for this interface.

2. Methods of investigations of graphene on ferromagnetic surfaces

2.1 Methods of calculation of the electronic and magnetic structure

Binding between graphene and metallic surface can be either chemical or physical in
nature. Chemical binding typically implies a strong interaction through a charge sharing
between the substrate and the adsorbate, yielding modification of their electronic structures.
Physisorption, on the other hand, arises due to classical electrostatic or dispersion (van der
Waals) interactions. The latter ones are the long-range correlation effects, which are not
captured in the density functional theory (DFT) calculations because of the local character of
standard functionals. In such cases, local density approximation (LDA) is known to give rather
good results due to error cancellation. This is the reason of using for the graphene-containing
systems the LDA, instead of generalized gradient approximation (GGA). Clearly, this is not a
proper solution of the problem, and a better way would be to resort to methods beyond the
DFT approach, either phenomenological or quantum-chemical post-Hartree-Fock correlation
methods (see, e.g. [Paulus & Rosciszewski (2009); Pisani et al. (2008)]). An alternative
approach is an inclusion of the dispersion correction to the total energy obtained with
standard DFT approximation explicitly by hand with DFT-D method, that is atom pair-wise
sum over CgR™© potentials (see, e. g. [Grimme (2004)]). High accuracy is accessible with a new
exchange-correlation functional named van der Waals-density functional (vdW-DF), recently
developed by Dion et al. [Dion et al. (2004)]. This functional is parameter free and therefore
is considered ab initio in true spirit of DFT as it depends only on the total electron density.
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The latter approach is shown to be working well for graphene/metal interface, where weak
interaction between graphene and substrate is observed [Brako et al. (2010)].

In the previous theoretical studies on graphene/FM interface, the strong interaction for FM
= Ni(111) or Co(0001) was found [Bertoni et al. (2005); Karpan et al. (2007; 2008)]. While
existence of a non-magnetic configuration of graphene/Ni(111) interface, where graphene is
weakly bound with substrate, was theoretically predicted, this structure was shown to be
energetically unfavourable. The purpose of the present work is a comparison between theory
and experiment, therefore the most stable configurations will be in the focus of the study. For
them, standard GGA functionals are supposed to give reasonable result.

In our DFT studies, the electronic and structural properties of the graphene-substrate system
are obtained using the Perdew-Burke-Ernzerhof (PBE) functional [Perdew et al. (1996)]. For
solving the resulting Kohn-Sham equation we have used the Vienna Ab Initio Simulation
Package (VASP) [Kresse & Furthmuller (1996a;b)] with the projector augmented wave basis
sets [Blochl (1994)]. The plane-wave kinetic energy cutoff is set to 500 eV. The supercell used
to model the graphene-metal interface is constructed from a slab of 13 layers of metal atoms
with a graphene sheet adsorbed at both sides and a vacuum region of approximately 14 A.
When optimizing the geometry, the positions (z-coordinates) of the carbon atoms as well as
those of the top two layers of metal atoms are allowed to relax. In the total energy calculations
and during the structural relaxations the k-meshes for sampling the supercell Brillouin zone
are chosen to be as dense as 24 x 24 and 12 x 12, respectively.

2.2 Experimental methods of investigation

The presented experimental studies of the graphene/Ni(111) interface were performed
in different experimental stations in identical experimental conditions allowing for the
reproducible sample quality in different experiments. In all experiments the W(110) single
crystal was used as a substrate. Prior to preparation of the graphene/Ni(111) system the
well-established cleaning procedure of the tungsten substrate was applied [Dedkov et al.
(2008)]: several cycles of oxygen treatment with subsequent flashes to 2300°C. A well-ordered
Ni(111) surface was prepared by thermal deposition of Ni films with a thickness of more
than 200 A on to a clean W(110) substrate and subsequent annealing at 300°C. An ordered
graphene overlayer was prepared via thermal decomposition of propene (C3Hg) according to
the recipe described elsewhere [Dedkov et al. (2008;a;b; 2001); Nagashima et al. (1994)]. The
quality, homogeneity, and cleanliness of the prepared graphene/Ni(111) system was verified
by means of low-energy electron diffraction (LEED), scanning tunneling microscopy (STM),
and core-level as well as valence-band photoemission.

STM experiments were carried out in an ultra-high vacuum (UHV) system (base pressure
8 x 10~ mbar) equipped with an Omicron variable temperature scanning tunneling
microscope. All STM measurements were performed in the constant-current-mode at room
temperature using electrochemically etched polycrystalline tungsten tips cleaned in UHV
by flash-annealing. The sign of the bias voltage corresponds to the voltage at the sample.
Tunneling parameters are given separately for each STM image: U7 for tunneling voltage and
I7 for tunneling current.

Near-edge absorption spectroscopy (NEXAFS) and XMCD spectra were collected at the
D1011 beamline of the MAX-lab Synchrotron Facility (Lund, Sweden) at both Ni L, 3 and
C K absorption edges in partial (repulsive potential U = —100V) and total electron yield
modes (PEY and TEY, respectively) with an energy resolution of 80 meV. Magnetic dichroism
spectra were obtained with circularly polarized light (degree of polarization is P = 0.75)
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Fig. 2. Two ways of the graphene preparation on metal surfaces: (a) Segregation of
bulk-dissolved carbon atoms to the surface at high temperature Tsqqr; (b) Decomposition
(cracking) of hydrocarbon molecules at the surface of transition metals at high temperature

Tcrack .

in the remanence magnetic state of the graphene/Ni(111) system after applying of an
external magnetic field of 500 Oe along the < 110 > easy magnetization axis of the Ni(111)
film. All absorption measurements were performed at 300 K. The base pressure during the
measurements did not exceed 1 x 1079 mbar.

Angle-resolved PES (ARPES) experiments were performed at the UE56/2-PGM-1 beam-line
at BESSY (Berlin, Germany). The photoemission intensity data sets I(E, ky, k;) were collected
with a PHOIBOS 100 energy analyzer (SPECS) while the graphene/Ni(111)/W(110) sample
was placed on a 6-axes manipulator (3 translation and 3 rotation axes). The temperature
of the sample during the measurements was kept at 80K or 300K. The energy/angular
resolution was set to 80meV/0.2°. In case of the spin-resolved PES experiments the
mini-Mott-spin-detector (SPECS) was used instead of the 2D CCD detector. The spin-resolved
spectra were collected in the remanent magnetic state of the graphene/Ni(111) system (see
above) in normal emission geometry. The effective Sherman function was estimated to be
Seff = 0.1 and instrumental asymmetry was accounted via measuring of spin-resolved
spectra for two opposite directions of the sample magnetization. The base pressure during
all photoemission measurements was below 7 x 10~ mbar.

3. Methods of graphene preparation on metallic surfaces

There are two common methods of the graphene preparation on metallic surfaces: (i)
Segregation of the carbon atoms at the surface of bulk metallic sample, which was previously
doped with carbon [Fig. 2(a)] and (ii) Decomposition of the carbon-containing molecules on
the surface of transition metal [Fig. 2(b)]. In the first method the transition metal sample
with some amount of carbon impurities or the bulk crystal, which was preliminary loaded
by carbon (via keeping the sample at elevated temperature in the atmosphere of CO or
hydrocarbons) is annealed at higher temperatures. This procedure leads to the segregation
of carbon atoms at the surface of metal. The careful control of the temperature and the
cooling rate of the sample allows to obtain the different thicknesses of the grown graphene
layer: mono- vs. multilayer growth. In the second method the decomposition (cracking)
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of carbon-containing molecules at the particular temperatures is used. Here, mostly light
hydrocarbon molecules, like ethylene or propene, are used, but the decomposition of CO,
acetylene, and of heavy hydrocarbon molecules, like cyclohexane, n-heptane, benzene, and
toluene, also was successfully applied [Wintterlin & Bocquet (2009)]. In this method molecules
could be adsorbed on the surface of metal at room temperature and then annealing of the
sample leads to the molecule decomposition and hydrogen desorption; or molecules could be
directly adsorbed on the hot sample. The recent experiments demonstrate that both methods,
segregation and decomposition, practically lead to the graphene layers of the same quality.
In case of segregation the kinetic of single graphene layer formation is defined by the careful
controlling of the annealing temperature (but multilayers of graphene could be also prepared).
In the second method the restriction to the formation of only single-layered graphene is
defined by the fact that in this case the chemical reaction on the catalitically active metallic
surface takes the place. Here the speed of hydrocarbon decomposition drops down by the
several order of magnitude as soon the first grapehen monolayer is formed [Nagashima et al.
(1994)]. List of metal surfaces, which were used for the preparation of graphene layers is
compiled in Ref.[Wintterlin & Bocquet (2009)], where methods of preparation (segregation
vs. decomposition), main experimental method, and corresponding reference are presented
for different metallic surfaces (lattice-matched and lattice-mismatched).

4. Structure and bonding of graphene on ferromagnetic surfaces: Theory

The surface lattice constants of Ni(111), Co(0001), and the 1 ML Fe/Ni(111) system match the
in-plane lattice constants of the graphene layer almost perfectly (compare: an;/v/2 = 2.49 A,
aco = 2514, a; MLFe/Ni(111) = 252 A, and Agraphene = 246 A), that leads to the perfect
crystallographic order at the interface between considered FM substrates and graphene.
Several possible atomic configurations are usually considered for the interface between
graphene and close-packed FM surface. Three “high-symmetry” structures, which preserve
3m symmetry, are known as fcc — hep, top — hep, and top — fcc. The latter one is schematically
shown in Fig. 3: the C atoms are arranged above the Ni atoms of the first and third (fcc) layers.
In the fop — hcp configuration, the C atoms are placed directly above the Ni atoms of the first
layer (top site) and the second layer (hcp site). In the fcc — hep configuration, the C atoms
are placed above fcc and hcp sites. Three additional configurations were considered recently,
which were called bridge — top, bridge — fcc, and bridge — hcp. In these structures, one of
the carbon atoms is not placed in top, fcc or hcp sites but in-between [Fuentes-Cabrera et al.
(2008)].

In the present studies the electronic and magnetic structures of the graphene/Ni(111),
graphene/Co(0001), and graphene/1MLFe/Ni(111) systems were calculated for the slab
consisting of the graphene layer and 13 layers of FM material (in case of the latter system,
1ML Fe was placed on the both sides of the 11-layers Ni slab in fcc stacking). As a first step
the energy minimization for different structural arrangements of carbon atoms on FM surface
was carried out. The results of these calculations are compiled in Table 1.

It has been found that the lowest energy configuration for FM = Ni or Co corresponds to a
top — fcc geometry in which one carbon atom is positioned above a surface FM atom (C-top)
while the second carbon atom is situated above a third layer FM atom (C-fcc). This is in
agreement with other previously published first-principles calculations [Bertoni et al. (2005);
Eom et al. (2009); Karpan et al. (2007)] as well as with experiments for graphene on the Ni(111)
surface [Gamo et al. (1997)]. In contrary to the latter result, where LEED I — V-curve analysis
has been used in order to determine the interface arrangement, in experiments of C. Klink ef al.
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Fig. 3. Top- and side-view of a ball model of one of a possible arrangements of carbon atoms in
a graphene layer on the lattice matched (111) surface. The different positions of carbon atoms
in the graphene layer above FM interface atom (S) and on the hollow places above FM atoms
in the second (S-1) as well as third layer (S-2) are marked as top, hcp, and fcc, respectively.
dop_, are distances between layers in the system.

[Klink et al. (1995)], involving combined STM and LEED studies, the fcc — hcp configuration
is shown to be the most stable one. The same conclusion was made by R. Rosei et al. [Rosei
et al. (1983)], when using the extended-energy-loss fine-structure spectroscopy method. The
calculations including three additional “low symmetry” configurations showed that within
DFT employing GGA-PBE, none of the structures is stable at the experimentally relevant
temperatures; with local-density approximation (LDA), the bridge — top configuration was
found to be the most energetically favorable one [Fuentes-Cabrera et al. (2008)].

The situation is different in the case of the graphene/1 ML Fe/Ni(111) system where the
lowest-energy configuration was found to be top — hcp with one carbon atom staying above
Fe interface atom and the second one in the hollow hcp cite of the structure. The available
experimental data [Dedkov et al. (2008a)] confirms the three-fold symmetry of this system,
but cannot give any additional information about the stacking of the graphene and metallic
layers. Structural studies by means of, e. g. LEED I — V-curve-analysis or x-ray diffraction, are
necessary for this system.

The presented results (Table 1) demonstrate the reduction of the magnetic moment of the
surface atoms of FM material upon adsorption of graphene on top. This reduction originates
from the strong interaction between graphene 7t states and the 3d states of the FM interface
layer. Such interaction leads to the noticeable modification of the graphene and metal valence
band states, which will be discussed further in the text.

The electronic structure of a graphene sheet depends on its interaction strength with the
ferromagnetic substrate. Clearly, the stronger bonding between graphene and underlaying
metal, the shorter equilibrium distance dy between graphene and FM interface layer. As
expected, this calculated distance is nearly the same for top — fcc and top — hcp arrangements,
where one carbon atom of the graphene unit cell sits on top of a metal atom. But the
energy difference found between these two models shows that FM atoms of the second and
third layers also interact with the graphene layer. For the less strongly bound fcc — hcp
configurations of graphene on FM, the equilibrium separation is rather large, comparable to
the layer spacing of 3.35 A in bulk graphite (note: in our calculations, dy is slightly larger than
can be expected due to the inability to describe dispersion interactions by PBE functional),
indicating physisorption, and the characteristic band structure of an isolated graphene sheet
is clearly recognizable.
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FM Structure of the graphene/FM interface
Ni(111) top-fcc top-hcp fee-hep
do (A) 2.135/2.133 | 2.145/2.146 | 3.540/3.540
di (A) 2.005 2.020 2.020 2.020
dy (A) 2.031 2.017 2.015 2.036
AE (eV) 0.000 0.049 0.054
mem ()| —0.030/0.710 |—0.025/0.543| —0.026/0.514| —0.029/0.669
mc (ip) —0.019/0.031{—0.019/0.027|  0.000/0.000
Co(0001) top-fcc top-hcp fee-hep
do (A) 2.155/2.137 | 2.155/2.138 | 3.639/3.639
di (A) 1.954 1.963 1.956 1.952
dy (A) 2.046 2.035 2.043 2.046
AE (eV) 0.000 0.017 0.090
mgm ()| —0.053/1.784 |—0.060/1.600|—0.059/1.583| —0.055/1.771
mc ({p) —0.043/0.038| —0.048/0.044|  0.000/0.000
1ML Fe/Ni(111)|  top-fcc top-hcp fee-hep
do (A) 2.117/2.092 | 2.114/2.089 | 3.487/3.487
di (A) 2.039 2.029 2.019 2.028
dy (A) 2.061 2.044 2.057 2.062
AE (eV) 0.021 0.000 0.104
mem (up)| —0.028/2.622 |—0.034/2.486|—0.035/2.469| —0.022/2.616
mc ({p) —0.048/0.040{—0.050/0.039|  0.000/0.000

Table 1. Results for the atomic structure of the three graphene/FM interface models and for
the clean FM surface: dj is the distance between the graphene overlayer and the interface FM
layer (the two values for the two nonequivalent carbon atoms are indicated); d; is the distance
between the interface FM layer and the second FM layer; d; is the distance between the second
and third FM layers; AE is the energy difference between the energy calculated for the different
slabs and the energy calculated for the most stable geometry; mp); is the interface/surface FM
spin magnetic moment (the two values for the sp and d magnetizations are indicated); m is
the interface carbon spin magnetic moment (the two values for the two nonequivalent carbon
atoms are indicated).

We consider the case of the graphene/Ni(111) as a representative one for the description of
general features of the electronic structure of the graphene/FM interface with the analysis
of the region around the Fermi level further in the text. The majority and minority spin
band structures of the graphene/Ni(111) system (13 ML of Ni in the slab) with the top — fcc
arrangement of the carbon atoms are shown in Fig. 4. Due to the strong interaction between
carbon layer and FM substrate, noticeable modification of the both graphene and FM band
structure is observed. First of all, this is a nonrigid downward shift of the occupied graphene
bands compare to those in pure graphene: at the I' point, the 77 band is shifted by 2.25eV
while the ¢ band is only shifted by 1.15eV. The unoccupied o* band is also shifted by 1.01eV.
The interaction between graphene and metal layers implies a hybridisation of the graphene 7
bands with the nickel (cobalt, iron) 3d bands (and, in the second turn, with the FM 4s and 4p
bands).

Strong hybridization of the graphene 7 and FM substrate 3d valence band states results in
three occupied and two unoccupied hybridized states, with a strong contribution of the carbon
p» orbitals (see Fig. 5 for details). Four of them are clearly visible near the K point: HS1,
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Fig. 4. Calculated majority and minority spin band structures for a slab terminated by
graphene/Ni(111) interface for a most energetically favorable top — fcc configuration. For
the blue (darker) lines, the carbon p, character is used as a weighting factor.

HS2, HS3, and HS4, respectively (Tab. 2). The states H52 and HS4 can be attributed to the
carbon atoms just above the interface nickel atoms, while the states HS1 and HS3 only involve
the carbon atoms occupying the fcc hollow sites (Fig. 5). A 0.40eV gap opening between
the graphene occupied 7r and unoccupied 7t* bands at the K point for the graphene/Ni(111)
system is related to the HS3 and HS4. One more hybrid state HS5, observed near the M point
of the Brillouin zone, results from a hybridisation of the interface nickel py, py, and d orbitals
with carbon p, orbitals (Fig. 5).

The resembling situation is observed for the graphene/Co(0001) and graphene/
1ML Fe/Ni(111) interfaces where similar hybridized states can be clearly identified in the
calculated electronic structure (Fig. 5). The results of the analysis are summarized in Table 2.
In the row Ni(111), Co(0001), 1 ML Fe/Ni(111) one can clearly identify increasing the exchange
splitting between spin-up and spin-down counter-parts for every interface state, that can be
assigned to increasing the magnetic moment of the underlying FM substrate. The interesting
case is observed for graphene/1 ML Fe/Ni(111) where two Fe 3d quantum-well states of the
minority character exist in the energy gap above the Fermi level around the K point [M. Weser,
E.N.Voloshina, K.Horn, Yu.S.Dedkov (submitted)]. These states are strongly hybridized with
C p; states of C-top and C-hcp atoms that leads to increasing the magnetic moments of carbon
atoms compared to those in the graphene/Ni(111) system (Table 1).

The calculated magnetic moment of the FM substrate for three systems, which are considered
here are presented in Table 1. In all cases the deposition of the graphene layer on FM surface
leads to the reduction of the magnetic moment of the interface FM atoms and appearing
the induced magnetism of carbon atoms of graphene. For example, in the case of the most
stable top — fcc arrangement of the graphene/Ni(111) interface the magnetic moment of
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Fig. 5. Calculated majority and minority spin band structures for a slab terminated by: (a) graphene/Ni(111) interfaces (top —
fcc arrangement); (b) graphene/Co(0001) interfaces (top — fcc arrangement); (c) graphene/1 ML Fe/Ni(111) interfaces (fop — hcp
arrangement). The radius of the circles is proportional to the partial density of states at the interface between FM or C atoms (see
legend). The corresponding calculated majority and minority partial p, density of states of graphene is shown for every example in
the lower panel of the figure.
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St FM = Ni(111) FM = Co(0001) FM = IML Fe/Ni(111)

ate - - - - - -

spin T spin | spin | spin | spin | spin |

HS5|—-3.20 —3.32 —3.51 —4.01 —3.56 —4.05
HS4|—-0.12 —0.55 —0.12 —1.27 —0.28 —-1.72
HS3| 0.28 —0.16 0.27 —0.95 0.26 -1.19
HS2| 228 1.93 2.26 1.63 2.32 1.99
HS1| 3.27 293 3.44 2.81 3.75 2.77

Table 2. Binding energies (in eV) (positive sign for states below the Fermi level and negative
sign for states above the Fermi level) of the interface hybrid states (HS) extracted from the
calculated band structures of the graphene/FM system at the K and M points (see text for
details).

Ni interface atoms shows a reduction by about 20 % for 3d electrons. Our DFT calculations
predict an induced magnetic moment of the carbon atoms in the graphene layer, which is
equal to —0.019up and 0.031 yp depending on the position of the carbon atom on the Ni(111)
surface, due to the different behavior of the majority and minority spin interface states. The
same behavior is also observed for the graphene/Co(0001) and graphene/1 ML Fe/Ni(111)
interfaces where significantly large induced magnetic moments of carbon can be observed
(Table 1).

5. Electronic and magnetic structure of graphene on ferromagnetic substrates:
experiment

5.1 Growth and surface structure of graphene on Ni(111)

The quality of the samples at each preparation step was checked with LEED and STM. Since
Ni(111) and graphene have the nearly similar lattice parameters (the lattice mismatch is of
only 1.3 %), graphene forms the hexagonal (1 x 1) structure. Fig. 6(a) shows an overview of
a graphene domain on Ni(111) after thermal decomposition of propene. The graphene layer
is continuous and exhibits a highly ordered crystallographic structure without any visible
defects even over large areas. Fig. 6(b) represents a magnified topographic image of the
graphene lattice together with a typical LEED pattern of monolayer graphene on Ni(111) [inset
of Fig. 6(b)]. A higher magnification STM image of the graphene surface is shown in Fig. 6(c)
with the graphene hexagonal unit cell marked in the image.

So far several possible atomic configurations were considered for the graphene/Ni(111)
intrface. Three “high-symmetry” structures are known as hcp — fcc, top — hep, and top — fcc
and they are discussed in the previous section. In our case, graphene terraces have a
peak-to-peak roughness of 0.2 A and show a honeycomb structure with a lattice constant of
2.440.1 A [Fig. 6(b,c)], which agrees well with the expected 2.46 A lattice spacing of graphene.
STM images show that in the honeycomb unit cell carbon atoms corresponding to different
sites appear with a different contrast, which can be attributed to the differences in the local
stacking of the graphene sheet and the Ni(111) substrate. Therefore we interpret our STM
images in the following way: Fig. 6 shows a single layer graphene, where carbon atoms most
possibly occupy positions corresponding to one of the two non-equivalent configurations —
top — fcc or top — hep. However, it turns to be impossible to directly identify which of the
sites are occupied.

Additionally, some different orientations of the graphene relative to the Ni(111) substrate
could be observed [Dedkov & Fonin (2010); Dedkov et al. (2008b)]. These observations show
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Fig. 6. High-quality graphene/Ni(111) system. (a) Large scale constant current STM image
of the graphene/Ni(111) surface. Tunneling parameters: Ur = 0.002V; It = 48nA. (b)
Magnified STM image of the perfect graphene lattice. The inset shows a LEED image obtained
at 63eV. (c) High magnification STM image showing atomic structure of the graphene
monolayer. Tunneling parameters: Ur = 0.002V; IT = 48 nA. Graphene hexagonal unit cell is
marked in (c).

that although the interaction between nickel and graphene is relatively strong, different
adsorption geometries are locally possible.

5.2 Bonding and magnetism at the graphene/Ni(111) interface

In order to address the average spatial orientation of selected molecular orbitals (for example
7 or o) at the graphene/Ni(111) interface, we vary the sample orientation with respect to
the wave vector of the linearly polarized x-ray light and monitor the NEXAFS intensity. The
observed changes of the NEXAFS lineshape at the C K edge in the graphene/Ni(111) system
represent a nice example demonstrating the so-called search-light-like effect [Stohr & Samant
(1999)]. In such an experiment, the absorption intensity associated with a specific molecular
orbital final state has a maximum if the electric field vector is aligned parallel to the direction
of maximum charge or hole density, i. e. along a molecular orbital, and the intensity vanishes
if the electric field vector is perpendicular to the orbital axis. The detailed description of the
angular dependence of NEXAFS intensities can be found elsewhere [Stohr (1999); Stohr &
Samant (1999)].
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Figure 7 shows NEXAFS spectra of the graphene/Ni(111) system recorded at the C K
absorption edge as a function of the angle, 6, between the direction of the incident linearly
polarized x-ray light and the sample surface, e. g. between the electrical field vector of light
and the sample surface normal (see the insets of Fig.7). The reference NEXAFS spectrum
of the highly-oriented pyrolitic graphite (HOPG) crystal measured at § = 30° is shown in
the upper part of the figure. The spectral features in the two broad regions 283 — 289eV
and 289 — 295eV can be ascribed to C 1s — 7" and C 1s — ¢* transitions of core
electrons into unoccupied states (7%, 0}, and ¢5), respectively. Upon the comparison of the
NEXAFS C 1s — 7*, 0* spectrum of the graphene/Ni(111) system with the reference graphite
spectrum, considerable changes in the spectral shapes are observed, which can be attributed
to a strong chemisorption. A broadening of the 7* and ¢ resonances gives an evidence for
a strong orbital mixing at the graphene/Ni interface, indicating a strong delocalization of
the corresponding core-excited state. The characteristic double-peak structure at 285.5 and
287.1 eV can be qualitatively understood already with the ground-state DFT calculations (see
present calculations discussed in the previous section and Ref. [Bertoni et al. (2005)]), while the
dynamics of core-hole screening has to be considered for correct reproducing of the spectral
profile [Rusz et al. (2010)]. In the ground-state approximation the first 77* resonance can be
roughly associated with the unoccupied C 2p density of states located at the C atoms on top
of Ni atoms, while the second 7t* peak is mainly due to the C 2p density of states on the C
atoms located at fcc hollow sites. However, in a real experiment individual contributions are
considerably mixed and further affected by the core hole and its dynamical screening. The ¢*
resonances are also influenced by the interaction with the substrate: they are visibly broadened
and shifted by 0.6 eV to lower energies. The broadening is a result of the increased screening by
the substrate electrons. The reduction of the 77* — ¢* separation reflects the reduced anisotropy
of the potential for outgoing electrons due to the slight ripple in the graphene layer on Ni(111)
accompanied by a softening of the C-C bonds. A comparison of the present NEXAFS results
for graphene on Ni(111) with those recently obtained for graphene/Rh and graphene/Ru
[Preobrajenski et al. (2008)] indicates the existing of a very strong covalent interfacial bonding
between carbon atoms in the graphene layer and Ni atoms of the substrate.

In the following we would like to compare our NEXAFS results with the recently calculated C
K-edge electron energy-loss spectra (EELS) for the graphene/Ni(111) interface [Bertoni et al.
(2005)]. In this case, experimental NEXAFS spectra taken at § = 10° and 6 = 90° correspond
to the calculated EELS spectra for the scattering vector q perpendicular and parallel to
the graphene layer, respectively. The calculated EELS spectra are found to agree well with
the experimental NEXAFS data: (i) the spectra show the same angle (scattering vector)
dependence and (ii) the experimentally observed NEXAFS features are well reproduced in
the calculated EELS spectra. For example, two peaks in the NEXAFS spectra in the 1s — 7*
spectral region at 285.5eV and 287.1 eV of photon energy can be assigned to the double-peak
structure in the calculated EELS spectrum at 0.8 eV and 3.0 eV above the Fermi level [Bertoni
et al. (2005)]. According to the theoretical calculations [Bertoni et al. (2005)], the first sharp
feature in the NEXAFS spectrum is due to the transition of the electron from the 1s core
level into the interface hybridized state HS; above the Fermi level (around the K point
in the hexagonal Brillouin zone), which originates from the C p,—Ni3d hybridization and
corresponds to the antibonding orbital between a carbon atom C-top and an interface Ni atom.
The second peak in the NEXAFS spectrum is due to the dipole transition of an electron from
the 1s core level into the interface hybrid state HS5 above the Fermi level (around the M point
in the hexagonal Brillouin zone), which originates from C p,~Ni py, py, 3d hybridization and
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Fig. 7. Angular dependence of the absorption signal at the C K edge of the graphene/Ni(111)
system measured as a function of angle, 8, between polarization vector of incoming linearly
polarized light and the surface normal of the sample. Spectra were collected in the partial
electron yield mode and angle was changed with a step of 10° from top to bottom. The
reference spectrum of HOPG is shown in the upper part of the panel for comparison.

corresponds to a bonding orbital between C-top and C-fcc atoms, involving a Ni interface
atom (see discussion about interface hybrid states in the previous section). In case of the
NEXAFS C 1s — ¢, the theory also correctly describes the shape of the absorption spectra
[Bertoni et al. (2005)].

The strong hybridization between graphene 7 and Ni 3d valence band states at the
graphene/Ni(111) interface leads to the partial charge transfer of the spin-polarized electrons
from Ni onto C with the appearance of an induced effective magnetic moment of carbon
atoms (Section 4), which can be detected in an experiment sensitive to the magnetic state
of particular element, like XMCD. Figure 8 shows NEXAFS spectra of the graphene/Ni(111)
system obtained for two opposite magnetization directions with respect to the polarization
of the incident X-ray beam (upper panels) together with the resulting XMCD signal (lower
panels). The spectra collected at the Ni L, 3 edge in TEY mode and at the C K edge in PEY
mode are presented in the left-hand panel and in the right-hand panel, respectively. The
Ni Ly 3 XMCD spectrum (white line as well as fine structure behind the absorption edge)
is in perfect agreement with previously published spectroscopic data [Dhesi et al. (1999);
Nesvizhskii et al. (2000); Srivastava et al. (1998)]. The quantitative analysis of the absorption
spectra obtained on a magnetic sample with circularly polarized light can be performed with
the help of the so-called sum rules for spin- and orbital-magnetic moments [Carra et al.
(1993); Thole et al. (1992)]. The intensities of L3 and L, absorption lines and their differences
for the parallel and anti-parallel orientations of the projection of photon spin on the sample
magnetization direction are quantitatively related by the sum rules to the number of 3d holes
in the valence band of the ferromagnetic material and the size of the spin and orbital magnetic
moments.
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Fig. 8. XMCD spectra of the graphene/Ni(111) system: absorption spectra measured with
circularly polarized light for two opposite orientations of the sample magnetization are shown
in the upper part for the Ni Ly3- (a) and C K-edges (b). The corresponding differences
reflecting the strength of the dichroic signal are shown in the lower part of the respective
figures.

From the experimental Ni L, 3 TEY NEXAFS data [Fig. 8(a)] the bulk values of Ni 3d magnetic
moments were derived, using a number of 3d holes in the valence band of Nin; = 1.45[Sorg
etal. (2004)] and polarization of light P = 0.75. At room temperature and in TEY mode (more
bulk sensitive), Ni provides a spin moment of 3d electrons of yg = 0.69 ;g and an orbital
moment of y; = 0.07 up, respectively. These values coincide with the previously published
experimental results [Baberschke (1996); Srivastava et al. (1998)]. The experimentally obtained
spin-magnetic moment is very close to the calculated bulk value of pg = 0.67 up for the
graphene/Ni(111) system (Section 4). For the most energetically favorable configuration of
carbon atoms on Ni(111), top — fcc, the calculations predict a reduction of the spin-magnetic
moments of Ni interface atoms by 16 % down to 0.52 jp (Section 4). The experimental data
collected at the Ni L, 3 absorption edge in the PEY mode (more surface/interface sensitive)
also shows a slight reduction of the spin moment to pg = 0.63 jig. However, the observed
decreasing is not so pronounced as yielded by the theoretical calculation, which can be
explained by the large contribution of the bulk-derived signal to the XMCD spectra.

The most important and interesting results of these XMCD experiments on the
graphene/Ni(111) system is the observation of the relatively large dichroic contrast at the
C K absorption edge [Fig. 8(b)]. In order to magnify the measured magnetic contrast at the
1s — m* absorption edge, these XMCD spectra were collected in the PEY mode with the
circularly polarized light at an angle of # = 20°. We note that the observed differences in
the NEXAFS spectra collected at this angle visible in Figs. 7 and 8 are due to the different
polarization of light: in Fig. 7(a) the data are obtained with the linearly polarized x-rays, i.e.
the strong angular dependence of the absorption signal is due to the different graphene’s
orbital orientation; whereas the data in Fig. 8 are taken with the circularly polarized light,
i.e. both 1Is — 7" and 1s — ¢ transitions are nearly equivalently possible. The C K
XMCD spectrum reveals that the major magnetic response stems from transitions of the
1s electron onto the 7r*-states, while transitions onto the o*-states yield very weak (if any)
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magnetic signal. These results indicate that only the C 2p, orbitals of the graphene layer are
magnetically polarized due to the hybridization with the Ni 3d band. The sharp structure at
the 1Is — 71* absorption edge originates from hybridized C p.-Ni3d and C p.-Ni py, p, 3d
states (see earlier discussion and Section 4).

The appearance of XMCD signal at the C K-edge shows that indeed the Ni film induces
a magnetic moment in the graphene overlayer. However, at the C K absorption edge, the
electron transitions occur from the non-spin-orbit split 1s initial states to the 2p final states
and thus, in the analysis of the dichroism effect at the K edge one equation in the selection
rules is missed. This means that the XMCD signal at K edges provides the information only
on the orbital magnetic moment p,,;, [Carra et al. (1993); Huang et al. (2002); Thole et al.
(1992)]. The partial charge transfer from Ni to C atoms in the graphene/Ni(111) system was
calculated for the 22-atom (graphene)/Ni cluster [Yamamoto et al. (1992)] yielding 0.205¢™ per
C atom in graphene, which leads to the 2p-orbital occupation number of n,, = 2.205¢". Using
the C K NEXAFS spectra the procedure described in work [Huang et al. (2002)], the orbital
magnetic moment of y,,;, = 1.8 £0.6 X 10738 up per C atom was extracted. The relatively large
uncertainty arises mainly from the estimation of the number of C 2p holes, the background
subtraction of NEXAFS spectra, and from the error for the degree of circular polarization of
light.

The theoretical calculations presented in Section 4 also give the values for the spin magnetic
moment of —0.019 up and 0.031 pp for C-top and C-fcc atoms, respectively. However, the
magnetic splitting of the majority and minority parts of the interface hybrid states HSj3
and HS4 was found between 0.44 and 0.43 eV, respectively, which may yield higher values
for the magnetic moment. Due to the impossibility to directly extract the value of the spin
magnetic moment form the K edge XMCD spectra, we apply a simple comparison with the
magnetic measurements on similar systems in oder to estimate the average yg value for the
carbon atoms at the graphene/Ni(111) interface. For the Fe/C multilayers clear magnetic
signals of carbon were obtained by using the resonant magnetic reflectivity technique [Mertins
et al. (2004)]. Hysteresis loop recorded at C K absorption edge gave a clear proof of
ferromagnetism of carbon atoms at room temperature with a measured spin magnetic moment
of ug = 0.05up induced by adjacent Fe atoms. The observed ferromagnetism of carbon in
the Fe/C multilayered system was related to the hybridization between the Fe 3d orbitals
and the C p; orbitals, which are normal to the graphene-type layered spz-coordination. The
second comparison can be performed with carbon nanotubes on ferromagnetic Co substrate
[Céspedes et al. (2004)]. Carbon nanotubes were shown to become magnetized when they are
in contact with magnetic material. Spin-polarized charge transfer at the interface between
a flat ferromagnetic metal substrate and a multiwalled carbon nanotube leads to a spin
transfer of about 0.1 up per contact carbon atom. Additionally, a comparison of the XMCD
spectra obtained at the C K edge in graphene/Ni(111) (present work) and at the O K edge in
O/Ni(100) [Sorg et al. (2006)], reveals the approximately same magnitude of the XMCD signal.
For the O/Ni(100) system, where the induced spin-magnetic moment of 0.053 ;g on oxygen
atom was calculated, the theoretically simulated NEXAFS and XMCD spectra agree well
with the experimental data. Considering these analogous systems, we estimate the induced
magnetic moment for graphene on Ni(111) to be in the range of 0.05-0.1 jzg per carbon atom.
The experimentally observed effective magnetic moment of carbon atoms of the graphene
layer on Ni(111) was recently confirmed by spin-resolved photoemission measurements
[Dedkov & Fonin (2010)]. These data present the clear spin-contrast in the valence band
region and a spin polarization value of about — 60% at the Fermi level for the pure Ni(111)
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surface. The presence of graphene on Ni(111) strongly modifies the valence band spectrum
of Ni indicating the strong interaction between valence band states of graphene and Ni. In
the graphene/Ni(111) system the spin polarization of Ni 34 states at Er is strongly reduced
to about — 25%. The significant modifications of the spin-resolved structure of Ni 3d states as
well as the reduction of the spin polarization at Er is considered as an indication of decreasing
the magnetic moment of Ni atoms at the graphene/Ni(111) interface. These spin-resolved
photoemission measurements demonstrate the clear spin contrast for the graphene 7t states
with the maximum spin-polarization of P = —12 £ 2% at room temperature. The two
spin-resolved 71 components are clearly resolved giving the exchange splitting of about
34 £ 9meV for these states, which agrees well with the value extracted from theoretical
calculations (Section 4).

5.3 Electronic properties of graphene on Ni(111)

Fig. 9(a) shows a series of angle-resolved photoemission spectra measured along the I' — K
direction of the hexagonal Brillouin zone of the graphene/Ni(111) system. This series is
extracted from the 3D sets of data of photoemission intensity I(Eg,ky, ky), where Ep is
the binding energy and ky, k;, are the orthogonal components of the in-plane wave vector.
For the graphene/Ni(111) system the K and M points of the Brillouin zone are reached at
1.7A~1 and at 1.4A~1, respectively. The presented photoemission data are in very good
agreement with prev10usly published results [Dedkov et al. (2008b; 2001); Griineis & Vyalikh
(2008); Nagashima et al. (1994); Shikin et al. (2000)]. In Fig. 9(a) one can clearly discriminate
dispersions of graphene 71- and o-derived states in the region below 2 eV of the binding energy
(BE) as well as Ni 3d-derived states near Er. The binding energy of the graphene 7t states in the
center of the Brillouin zone (in the I" point) equals to 10.1 eV which is approximately by 2.4 eV
larger than the binding energy of these states in pure graphite. The shift to larger binding
energy is different for o and 7t valence band graphene-derived states. This behavior can be
explained by the different hybridization strength between these states and Ni 3d valence
band states, which is larger for the out-of-plane oriented 7 states compared with the one
for the in-plane oriented ¢ states of the graphene layer as discussed in Section 4. The binding
energy difference of ~ 2.4eV for the 7 states and ~ 1eV for the ¢ states between graphite
and graphene on Ni(111) is in good agreement with previously reported experimental and
theoretical values [Bertoni et al. (2005); Dedkov et al. (2008b)]. The effect of hybridization
between Ni 3d and graphene 7 states can be clearly demonstarted in the region around the K
point of the Brillouin zone: (i) one of the Ni 3d bands at 1.50 eV changes its binding energy by
~ 150meV to larger BE when approaching the K point; (ii) a hybridization shoulder is visible
in photoemission spectra, which disperses from approximately 1.6eV to the binding energy
of the graphene 7t states at the K point [see also Fig. 9(b,c) for a detailed view]. The strong
hybridization observed in PES spectra underlines the fact that the 7 states might become
spin-polarized and might gain a non zero-magnetic moment due to charge transfer from the
Ni atoms to the carbon atoms.

Considering the electronic band structure of the graphene/Ni(111), the region around the K
point delivers the most interesting and important information with respect to the possible
spin-filtering effects in the graphene/ferromagnet or ferromagnet/graphene/ferromagnet
sandwich-like structures. This part of the electronic structure measured with two different
photon energies (hv = 70eV and 100 eV) is shown in Fig. 9(b,c) as color maps (upper panels)
together with the corresponding intensity profiles directly at the K point (lower panels).
Firstly, the spectral function of the graphene layer on Ni(111) is characterized by the absence of



346 Physics and Applications of Graphene - Experiments

Intenasity

3] 4 g 2 1 Er
Binding Energy (sV) Binding Enargy (aV)

- {e)

(f

()

Eg=4.0eV
-2 i ] 1 2 -2 -1 ) 1 F] 2
kAT kAN

Eg=2.7eV

Fig. 9. (a) Series of the angle-resolved photoemission spectra of the graphene/Ni(111) system
recorded along the I — K direction of the hexagonal Brillouin zone at 100 eV of photon energy.
Spectra corresponding to I and K points are marked by thick black lines. (b,c) Regions around
the K point of photoemission intensity of the graphene/Ni(111) system measured at 70 eV and
100 eV of photon energy. The corresponding intensity profiles at the K point are shown in the
lower panels with arrows indicating the main photoemission features discussed in the text.
(d-f) Constant energy cuts of the 3D data sets in the energy-wave vector space at 4eV, 2.7eV
of BE, and at Er.

well-ordered structure of the graphene 7r-bands in the vicinity of the Fermi level and secondly,
the Dirac-cone is not preserved. Both observations can be attributed to a strong interaction
between graphene layer and metallic substrate leading to a strong hybridization between the
graphene 77 and the Ni 3d valence band states. In the vicinity of the K point a number of
photoemission peaks can be clearly distinguished: (i) a sharp peak about the Fermi level at
0.1 — 0.2eV BE, (ii) a graphene 7t-states-related peak at 2.65eV BE, (iii) two peaks at 0.7 eV
and 1.65eV BE.

In the following we perform a detailed analysis of the experimentally obtained electronic
structure relying on electronic structure calculations for the graphene/Ni(111) system
discussed in Section 4. These calculations predict the existence of three interface hybrid states
below the Fermi level originating from the strong hybridization between the Ni 34 and the
graphene 7t states and corresponding to: (HS;) bonding between C-fcc and interface Ni
atoms; (HS;) bonding between C-top and interface Ni atoms; (HS3) antibonding between
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C-fcc and interface Ni atoms. From the analysis of the experimental data in the region around
the K point of the hexagonal Brillouin zone we could distinguish a number of flat bands,
which are clearly separated from each other.

The interpretation of the experimentally observed photoemission features around the Fermi
level could be performed as presented in the following. The photoemission peak close
to the Fermi level (0.1-0.2eV BE) could be considered as a combination of the interface
hybrid state HS3 (both spins) with a large contribution of the graphene 7rr-character and the
Ni3d(|)-band. The second peak at 0.7eV BE could be assigned to the combination of the
Ni3d(T)- and Ni3d(|)-bands present calculations. The feature at 1.65eV could be considered
as a combination of Ni3d(T)-band and HSy(])-state with a large graphene rr-character. The
last photoemission peak (2.65eV BE) could be assigned to the interface hybrid state HS,(T)
with large contribution of the graphene m-character.

In order to check the theoretical predictions concerning the spin-dependent electronic
transport properties of the ideal graphene/Ni(111) interface, we perform a careful analysis
of the constant energy photoemission maps close to the Fermi level. We would like to admit
that such an analysis can be rather complicated due to the fact that Ni 3d bands, which
dominate the photoemission intensity around the Fermi level, are very flat in the vicinity of
Er. Figure 9(d-f) shows the constant energy cuts of the 3D data set obtained at hv=100eV for
the graphene/Ni(111) system. These energy cuts were taken at (a) 4eV and (b) 2.7 eV of BE as
well as at (c) the Fermi level. The energy cut at Eg = 4 eV shows characteristic photoemission
intensity patterns of the graphene layer, which reflect the symmetry of the system. Below the
Dirac point (crossing of straight dispersion lines of 7 states in free-standing graphene) the
graphene 7t bands are visible in the first Brillouin zone whereas no bands can be seen in the
second one. Additionally several energy bands are present in the middle of the Brillouin zone,
which also show hexagonal symmetry. These bands originate from the hybridization of the Ni
and graphene valence band states. The constant energy cut taken in the region of the minimal
binding energy of the graphene 7 states (Eg = 2.7eV) is shown in Fig. 9(e). In the case of
graphene/Ni(111) the Dirac point is not preserved due to the strong hybridization of Ni 3d
and graphene 7t states around the K point. This can also be directly recognized at this energy
cut where graphene 7t states produce broad intensity spots instead of sharp points in the
wave-vector space. As in the previous case, we observe a number of valence band states in the
middle part of the Brillouin zone, which again could be assigned to the hybridization-derived
states.

The most interesting and important information in view on the spin-dependent transport
properties of the graphene/Ni(111) system can be extracted form the constant energy cut
obtained at the Fermi energy, which is presented in Fig. 9(f). Already the analysis of Fig. 9(a-c)
shows that the photoemission intensity is increased around the K point and along the K — M
direction of the hexagonal Brillouin zone, that correlates with the increased photoemission
intensity observed in the energy cut shown in Fig. 9(f) for the Fermi energy. Additionally,
a number of arcs surrounding the K points and weak (but distinguished) diamond-shape
regions of increased intensity is clearly visible in the middle part and around the M points of
the Brillouin zone, respectively. Upon the comparison of the obtained photoemission results
for the graphene/Ni(111) system [Fig. 9(a-f)] with the band structure calculations for this
system (Section 4), we find very good agreement between theory and experiment. Particularly,
the region around the Fermi level for the ideal graphene/Ni(111) system is well reproduced
in the experiment, confirming the main predictions of the theory. Unfortunately, at the present
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stage of the experiment, we can not specify the spin-character of energy bands, which should
be the subject of future spin- and angle-resolved photoemission investigations.

6. Conclusions and outlook

In conclusion, the electronic structure and magnetic properties of the graphene/ferromagnet
interface were investigated via combination of theoretical and experimental methods:
DFT calculations, NEXAFS, XMCD, and mapping of the band structure by means of
ARPES. From the theoretical side the different interfaces were analyzed: graphene/Ni(111),
graphene/Co(0001), and graphene/1 ML Fe/Ni(111). Here the electronic structure of the
interface as well as the effect of induced magnetism in graphene layer were discussed. In
all cases a strong modification of the electronic structure of the graphene layer and FM
substrate upon graphene adsorption were detected in theoretical calculations and confirmed
by spectroscopic methods. This modification is due to the considerable hybridization of the
graphene 7t and FM 34 valence band states accompanied by the partial charge transfer of
spin-polarized electrons from FM onto C atoms leading to the appearance of the effective
magnetic moment in the graphene layer. The presence of an effective magnetic moment on
carbon atoms of the graphene layer was unambigously proven by XMCD and spin-resolved
photoemission measurements for the graphene/Ni(111) system. The experimentally obtained
electronic structure of occupied and unoccupied states of graphene/Ni(111) was compared
with band structure calculations allowing the clear assignment of spectral features in the
NEXAFS and ARPES data. The good agreement between theory and experiment was also
found upon the analysis of the Fermi energy cuts, that give us an opportunity to confirm
the main statements of the theoretical works predicting the spin-filtering effects of the
graphene/Ni(111) interface. However, the clear assignment of the spectroscopic valence band
features have to be performed in future spin-resolved photoemission experiments.
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1. Introduction

Graphene is a two-dimensional (2D) crystal made out of carbon atoms arranged on a
hexagonal (honeycomb) structure, as shown schematically in Fig. 1(a). Although it has been
experimentally isolated only recently (2004) [1], graphene has been the object of theoretical
investigations for more than 60 years, because it represents the simplest structure to
understand the electronic properties of all other allotropes of carbon with sp2 hybridisation.

Graphene
r,‘r{‘é‘{{ ‘;‘;‘;
e
g
(a)
' v v
Graphite

Fullerene Nanotube

(d)

(b)

Fig. 1. Schematic structure of graphene (a), graphite (b), carbon nanotube (c) and fullerene (d).

In fact, fullerenes [2] are molecules where carbon atoms are arranged spherically (Fig.1(d)),
and hence, from the physical point of view, are zero-dimensional (0D) objects with discrete
energy states. Carbon nanotubes [3,4] are one-dimensional (1D) objects (Fig.1(c)) , and can
be modelled as a rolled graphene sheet along a given direction with reconnected carbon
bonds. Graphite, the three dimensional (3D) allotrope of sp? carbon, can be modelled as the
stacking of graphene sheets (Fig.1(b)).

The graphene lattice structure is characterized by two types of C-C bonds (o, ) constructed
from the four valence orbitals (2s, 2px, 2py , 2p. ), where the z-direction is perpendicular to
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the sheet. Three o-bonds join a C atom to its three neighbours. They are quite strong, leading
to optical-phonon frequencies much higher than observed in diamond. In addition, the C-C
bonding is enhanced by a fourth bond associated with the overlap of p, (or m) orbitals. The
electronic properties of graphene are determined by the bonding m- and antibonding mr*-
orbitals, that form electronic valence and conduction bands. Fig.2(a) shows a stereoscopic
graph of the graphene valence (1) and conduction (1r*) bands in the first Brillouin zone,
while Fig.2(b) shows the energy of the n (*) and o (0*) band along the high symmetry
directions in the first Brillouin zone.
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Fig. 2. Electronic bandstructure of graphene in the first Brillouin zone.

According to this bandstructure, graphene can be described as a zero-gap semiconductor.
The m-band electronic dispersion for graphene at the six corners of the 2D hexagonal
Brillouin zone is found to be linear,

E =hvgk. (1)

where h is the reduced Planck’s constant and vr (=106 m/s) is the electron Fermi velocity in

graphene.

The linear electronic band dispersion leads to the description of carriers in graphene as

“massless Dirac fermions”. The six points where the cones touch are referred to as the

“Dirac” points, and Fermi energy crosses these points in neutral graphene.

Graphene is a true 2D electron system. There are, broadly speaking, four qualitative

differences between 2D graphene and 2D semiconductor systems found in Si inversion

layers in MOSFETs, GaAs-AlGaAs heterostructures, quantum wells, etc.

i.  First, 2D semiconductor systems typically have very large (> 1 eV) bandgaps so that 2D
electrons and 2D holes must be studied using completely different electron-doped or
hole-doped structures. By contrast, graphene is a gapless semiconductor with the
nature of the carrier system changing at the Dirac point from electrons to holes (or vice
versa) in a single structure. A direct corollary of this gapless (or small gap) nature of
graphene, is of course, the “always metallic” nature of 2D graphene, where the Fermi
level is always in the conduction or the valence band. By contrast, the 2D
semiconductor becomes insulating below a threshold voltage, as the Fermi level enters
the bandgap.

ii. Graphene systems are chiral, whereas 2D semiconductors are non-chiral. Chirality of
graphene leads to some important consequences for transport behavior. For example,
2k -backscattering is suppressed in single layers of graphene at low temperature.
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iii. Monolayer graphene dispersion is linear, whereas 2D semiconductors have quadratic
energy dispersion. This leads to substantial quantitative differences in the transport
properties of the two systems.

iv. Finally, the carrier confinement in graphene is ideally 2D, since the graphene layer is
precisely one atomic monolayer thick. For 2D semiconductor structures, the quantum
dynamics is two dimensional by virtue of confinement induced by an external electric
field, and as such, 2D semiconductors are quasi-2D systems, and always have an
average width or thickness <t> (= 5 nm to 50 nm) in the third direction with <t>< A,
where Ar is the 2D Fermi wavelength (or equivalently the carrier de Broglie
wavelength). The condition <t> < Ar defines a 2D electron system. In particular, for
graphene, we have A\ ~ (2><107\/Tc/ \/n) nm, where n is the carrier density in cm2, and
since t = 0.1 nm to 0.2 nm (the monolayer atomic thickness), the condition Ag>t is always
satisfied, even for an unphysically large n=1014 cm-2.

The classic technique to verify the 2D nature of a particular system is to show that the orbital

electronic dynamics is sensitive only to a magnetic field perpendicular to the 2D plane of

confinement. Therefore, the observation of magnetoresistance oscillations (Shubnikov-de

Hass effect) proves the 2D nature. The most definitive evidence for 2D nature, however, is

the observation of the quantum Hall effect, which is a quintessentially 2D phenomenon.

Any system manifesting an unambiguous quantized Hall plateau is 2D in nature, and

therefore the observation of the quantum Hall effect in graphene in 2005 by Novoselov et al.

[5] and Zhang et al. [6] is an absolute evidence of its 2D nature. In fact, the quantum Hall

effect in graphene persists to room temperature [7], indicating that graphene remains a strict

2D electronic material even at room temperature.

1.1 Graphene for electronic applications: opportunities and challenges

Graphene has been adopted as a material of choice by researchers involved in many fields.

In particular, simultaneous observation of high mobility, sensitivity to field effect and ease

of contacting made graphene an appealing candidate for field-effect transistor devices. A lot

of progress has been made in that direction. Manufacturability of graphene transistor
operating at 100 GHz has been demonstrated on wafer-scale [8]. Moreover, chemically
stable, robust and foldable graphene sheets possess enough optical transparency to be
considered as transparent conductors in applications as coatings for solar cells, liquid crystal

displays etc. for the replacement for indium tin oxide [9].

However some open issues still remain and are currently the object of intense research

activity.

i.  Although the “intrinsic” mobility of graphene has been estimated to be >2x105> cm2V-1s-
1, the mobility values commonly reported in the literature span a wide range, from ~102
to ~104 cm2V-1s-1, depending on the synthesis method used to obtain graphene, on the
kind of substrate where it is deposited, etc... It is evident that the intrinsically
outstanding transport properties of this material are limited by extrinsic mechanisms.
However, there is no consensus about the scattering mechanism that currently limits
the mobility in graphene devices;

ii. Due to the zero bandgap of graphene electronic structure, it is not possible to reach high
values of the ratio Ion/Iofr between the on state and off state current in graphene field
effect devices. To date several strategies have been developed to open a gap in
graphene electronic bandstructure. Among them, the following must be cited.
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The inclusion of sp3 hydrocarbon defects in the sp? lattice [10],

The distortion of the graphene lattice under uniaxial strain [11],

The application of a transversal electric field to a bilayer graphene [12],

The influence of the SiC substrate on the epitaxial graphene on Si face of hexagonal SiC
has also been shown to induce substantial band gap [13],

e. Moreover, a bandgap can also be induced in semimetallic graphene if it is shaped in
nanoribbons by a direct consequence of the lateral confinement of the 2DEG [14].
However, this points to extremely challenging need to perform atomically precise
tailoring of graphene over long distances for advanced graphene electronic
architectures.

e oe

1.3 Need for a nanoscale control of graphene electronic properties

As ongoing efforts to incorporate graphene into electronic applications, attempts are already
being made to gain consistent control over electronic properties in graphene down to
nanometer scale so as to explore its possibility as a complementary material to Silicon for
prospective nanoelectronics. Notable amongst these include intentional control of the
density and character of its charge carriers by doping [15], and confining charge carriers to
nanometer constrictions [14]. Typically, most experiments probe the global electrical
response of graphene devices thus yielding properties averaged over the whole device. As a
consequence, local properties and their distributions within the sample are inaccessible with
standard electron transport measurements. In low dimensional electronic systems, like
graphene, the local phenomenona/ effects might have much stronger impact than previously
believed. Hence, naturally, developing techniques to analyse and/or control the local effects
in graphene has attracted wide interests. Consequently, such local probing techniques have
helped gain significant insights into various aspects of functioning graphene devices.
Notably, scanning probe microscopy (SPM) based measurements have provided the most
direct probe of local electronic properties. For example, Scanning Photocurrent Microscopy
[16] has been used to probe the ‘electrostatic potential landscape” of graphene in view of
analyzing the local changes in the electronic structure of the graphene sheets introduced by
their interaction with deposited metal contacts and by local symmetry breaking/ disorder at
the sheet edges. On the other hand Raman microscopy has been used to probe mesoscopic
inhomogeneity in the doping [17], due, possibly, to the presence of charged impurities.
Formation of sub-micron (resolution limited) electron and hole charge puddles near Dirac
point in graphene, has been demonstrated by Martin et. al. [18] using Scanning Single
Electron Transistor microscopy where they gauged the intrinsic size of the puddles to be ~30
nm. Atomic Force Microscope based scanning microscopy techniques have also been
significantly used to get better insights in graphene electronic properties. For example, high-
resolution scanning tunneling microscopy (STM) [19] experiments have directly imaged
charge puddles of ~10 nm in size and suggested they originate from individual charged
impurities underneath graphene.

In the wake of such proven local inhomogeneity in electrical properties of graphene the
work presented in this chapter focuses on local evaluation of transport properties in
substrate-supported graphene by the use of scanning probe microscopy based methods with
nanometer scale lateral resolution.

In particular Section 2 deals with the most common graphene synthesis methods and, in
particular, on those used in this study, i.e. mechanical exfoliation of HOPG and epitaxial
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growth by thermal treatments on hexagonal SiC. The characterization methods used for the
identification and morphological and structural analyses of the produced graphene layers
are also illustrated

Section 3 is focused on the evaluation of the local transport properties, electron mean free
path and mobility, in graphene on insulating and semiconducting substrates. In particular
the role of the interaction of 2DEG in graphene with the substrate (in particular, the role of
dielectric environment) is discussed.

2. Graphene synthesis methods

Graphene has been adopted as a material of interest quite widely. This had led to many
motivations for material synthesis. To date, the synthetic techniques fall into two categories.
In the first approach the weak bonding between the graphene layers in HOPG is exploited
and single or few layers of graphene are separated from the parent crystal either by
mechanical [1] or chemical exfoliation [20]. Mechanical separation, the technique used to
obtain and study graphene in the laboratory for the first time [1], is a simple, inexpensive
method, yielding graphene flakes of very high crystalline quality. However, the yield of
graphene production is extremely low and the flakes have small dimension (from 1 pm to
100 pm lateral size), so that this approach lacks the scalability required by mass device
production. Exfoliation of graphene in solution from HOPG by chemical methods allows to
improve the yield, but the size of the flakes remains too small and the crystalline quality is
worse than in mechanically exfoliated graphene.

The second approach is based on the epitaxial growth of graphene on substrates. In
particular, graphene has been obtained by chemical vapour deposition on catalytic metal
films (Ni, Cu,..) from hydrocarbon precursors [21,22], or by controlled thermal
decomposition of SiC [23]. This second approach has the potential of producing large-area
lithography-compatible films and is rapidly advancing at the moment. The crystalline
quality of epitaxial graphene is typically lower than in mechanically exfoliated graphene
flakes, but it could be improved by improving the growth methods. In the case of graphene
grown on metal substrates, the grown film needs to be transferred to an insulating substrate,
to be useful in electronic applications. On the contrary, epitaxial graphene obtained by
thermal treatments of SiC grows directly on a semiconducting or semiinsulating substrate,
and is expecially suitable for electronic applications.

In the present study, the used graphene samples were obtained by mechanical exfoliation of
HOPG and by epitaxial growth on hexagonal SiC substrate. The sample preparation and
graphene identification for the two methods are discussed in the following.

2.1 Mechanical exfoliation of HOPG

Mechanical exfoliation, developed by Novoselov and Geim [1], involves a topdown
approach to get graphene from highly oriented pyrolitic graphite (HOPG). Using a common
adhesive tape a thin graphite layer is peeled off from HOPG. With an inter-layer van der
Waals interaction energy of about 2 eV/nm?, the force required to exfoliate graphite is
extremely weak, about 300 nN/pum?2. After repeated thinning the flakes are transferred by
gently pressing the tape onto suitable substrate. We used extensive characterization by
Optical contrast microscopy imaging (OM), TappingMode AFM (t-AFM), and microRaman
(pR) spectroscopy to analyze/identify manolayer flakes.
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Fig. 3. Optical microscopy image (a), micro-Raman spectra (b) and atomic force microscopy
(c) image of few layers of graphene obtained by mechanical exfoliation of HOPG (Data from
Ref. [24].)

In Fig. 3(a), an OM image of a FLG sample is reported [24]. The variable contrast in the
image is indicative of a variable number of layers in the different regions of the sample. In
particular, a lower contrast is associated to thinner layers. After an appropriate calibration,
optical contrast variations can be used for a quantitative determination of the number of
layers. In Fig.3(b), pR spectra measured on some selected positions indicated by the red,
green and blue dots in the OM of Fig. 3(a) are shown. As a reference, the spectrum obtained
from HOPG is also reported. Raman spectroscopy is a very powerful method for the
characterization of HOPG and FLG. In particular, it allows an unambiguous distinction
between single layer, bilayer and multilayers in the case of graphene obtained by exfoliation
of HOPG [25]. This is possible through a comparison of the relative intensity of the
characteristics G peak (appearing at ~1580 cm) and 2D peak (appearing at ~2680 cm-1) and
from the symmetry of the 2D peak in the Raman spectra. As it is evident from Fig.3(b), the
spectrum measured in the flake region with the lowest optical contrast (position indicated
by a red point in Fig.3(a)), exhibits a symmetric 2D peak with very high intensity compared
with the G peak. These characteristic spectroscopic features have been associated uniquely
to a graphene single layer. As it is evident, the relative intensity of the two peaks is very
different in the case of a graphene bilayer, for which the 2D peak is not symmetric. For a
number of layers larger than three the Raman spectrum becomes qualitatively similar to that
of HOPG.

In Fig.4(a), an AFM morphological image on the same sample region as in Fig.3(a) is
reported. In order to obtain quantitative information on the number of graphene layers from
these morphological image, a height profile along the dashed line indicated in Fig.4(a) is
reported in Fig.4(b). The zero height value is represented by the SiO; surface level. Hence,
from the profile in Fig.4b it is possible to deduce the height associated to the single layer,
bilayer and trilayer of graphene previously identified by Raman spectroscopy.

Interestingly, the measured height of a single layer with respect to the SiO, is ~0.7 nm,
while the relative heights of the second layer with respect to the first one and that of the
third layer with respect to the second are both ~0.35 nm. The latter thickness value is very
close to the interlayer spacing between graphene planes within HOPG. Hence, it seems that
the measured step-height for a single layer of graphene is affected by an “offset”. This
means that, in order to use AFM to determine the number of graphene layer in a sheet, it is
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Fig. 4. AFM morphological image of a FLG (a) and height profile along the indicated dashed
line (b). Average height h as a function of the estimated number of layers n (c). The data
have been fitted with the linear relation, h=tyxn+t, with the interlayer spacing tg and the
offset ty fitting parameters. The best fit with the experimental data obtained for the values of
tg=0.36£0.01 nm and t,=0.28+0.06 nm (Data from Ref. [24]).

necessary to have an accurate estimate of this value. To do this, the step height with respect
to SiO, was measured on a large number of flakes with variable number of layers, and with
a “staircase” structure similar to that illustrated in Fig.4(b). For each flake, the single layer
region was unambiguously determined by pR measurements. The number of layers for
thicker regions could be obtained by counting the number of subsequent steps with ~0.35
nm height. In Fig.4c, the average height h is reported as a function of the estimated number
of layers n. These data have been fitted with the linear relation, h=tgxn+ts, where the
interlayer spacing tg, and the offset ty are the fitting parameters. The best fit with the
experimental data has been obtained for the values of t;=0.3620.01 nm and t,=0.28+0.06 nm.
Based on such calibration curve (measured height versus number of layers), it is possible to
determine in an accurate and straightforward way the number of layers in a multilayer
sheet deposited on thermal SiO, by an AFM analysis. However, this calibration procedure
has to be repeated if the substrate material is changed, since the offset to depends on the
specific substrate.

Quantitative information on number of graphene layers deposited on a substrate can also be
obtained from optical images, if an accurate analysis of the contrast is carried out. The
optical contrast C can be quantitatively defined as,

C= (Rsub - Rgr) / Rsub (2)

where Ry, is the reflected light intensity by FLG and R the reflected intensity by the
substrate[26]. Typically a SiO,/Si substrate with 100 or 300 nm thick SiO; is chosen, since for
these thicknesses optical contrast is maximized for light wavelengths in the visible range
(400-700 nm), due to a constructive interference effect.

Fig. 5(a) and (b) illustrate the procedure to extract the optical contrast from an OM on a
single layer of graphene flake deposited on 100 nm thick SiO; and illuminated with light of
600 nm wavelength [24]. Based on this procedure, the optical contrast can be determined for
flakes of different thickness. The number of layers in the flakes can be independently
determined by AFM according to the calibration curve in Fig.4 (c). In Fig.5(c), the symbols
represent the contrast as a function of the flake thickness (and the number of graphene
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Fig. 5. Optical image of a SLG (a), reflected intensity profile along the dashed line (b) and
optical contrast versus the number of graphene layers for two different incident light
wavelengths (c) (Data from Ref. [24]).

layers) for samples deposited on 300 nm SiO; and illuminated with light of 400 nm (black
triangles) and 600 nm (red squares) wavelengths. The lines represent the calculated contrast
as a function of the number of layers. The reflected light intensities Reu, and Ry are
calculated using the Fresnel equations. The literature values of the complex refraction index
of Si and SiO; as a function of the wavelength were used.

For graphene, the real and imaginary part of the refraction index ng: were calculated starting
from its noticeable absorption properties in the wavelength range of visible light. In fact,
recently, it has been shown that a single layer of graphene absorbs a fixed percentage (ma=
2.3%, where a. is the fine structure constant) of the intensity of incident visible light [27].
Moreover, for few layers of graphene, the absorbance increases linearly with the number of
layers. Based on these properties, refraction index values of graphene for the two considered
wavelengths were calculated to be:

4, (400mm) = 2.57 — i0.81 (3.a)

114, (600nm) = 2.53 - i1.21 (3.b)

2.2 Epitaxial growth of graphene of SiC

Graphene growth during annealing of SiC relies on the interplay of two different
mechanisms: (i) the preferential Si sublimation from SiC surface, which leaves an excess of C
atoms in the near surface region, and (ii) the diffusion of these C atoms on the SiC surface
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and their reorganization in the two dimensional graphene lattice structure. Both
mechanisms depend in a complex way both on the annealing conditions (temperature Tg,
ramp rate, pressure in the chamber) and on the initial surface conditions of SiC wafers, e.g.
the termination (Si or C -face), the miscut angle, the defectivity. It has been shown that the
rate of Si evaporation can be strongly reduced by performing the annealing in inert gas
ambient at atmospheric pressure instead than in vacuum [28]. This results in the possibility
to raise the growth temperature, from typical values of Tg~1300°C in vacuum to Tg>1600°C
at atmospheric pressure [29]. This has, in turns, beneficial effects on the crystalline quality of
the EG layers, since at higher temperature a higher diffusivity of the C atoms on the surface
is achieved. It has been also observed that graphene growth starts from the kinks of terraces
on the SiC surface or from defects (e.g. pits or threading dislocations) [30]. This means that,
for fixed annealing conditions, a higher growth rate is expected on vicinal, i.e. off-axis, SiC
surfaces than on on-axis ones, since the spacing between terraces kinks is reduced. Most of
the studies on EG growth reported in the literature were carried out on on-axis hexagonal
SiC substrates.
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Fig. 6. AFM morphological image of a virgin 4H-SiC (0001), 8° off-axis surface (a) and
linescan (b), showing the parallel terraces with a mean width of ~30 nm (Data from Ref.
[31]).

The results here reported concern EG grown on the Si face of 8° off-axis 4H-SiC by
annealing in inert gas (Ar) ambient in a wide range of temperatures (Tg from 1600°C to
2000°C) [31]. A morphological AFM image of the virgin 4H-SiC (0001) surface is reported
in Fig.6, showing the parallel terraces oriented in the <00-10> direction and with a mean
width of ~30 nm. AFM images of the surface morphology for the samples annealed at
1600, 1700 and 2000 °C are reported in Fig.7(a), (b) and (c), whereas the corresponding
phase maps on the same samples are reported in Fig.7(d), (e) and (f). Annealed samples
show wide terraces (average width of ~150-200 nm) running parallel to the original steps
in the virgin sample.

Such large terraces are the result of the step-bunching commonly observed on off-axis SiC
substrates after thermal treatments at temperatures >1400°C. Interestingly, a network of
nanometer wide linear features is superimposed to these large terraces. These features are
particularly evident in the phase images of the surfaces.
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Fig. 7. AFM images of the surface morphology for the samples annealed at 1600 (a), 1700 (b)
and 2000 °C (c). The corresponding phase maps on the same samples are reported in (d), (e)
and (f). (Data from Ref. [31]).

Fig.8 shows two representative linescans taken in the direction orthogonal (b) and parallel
(c) to the terraces length obtained from the morphology map of the sample annealed at
1700°C. In the orthogonal direction, it is worth noting very small steps with nm or sub-nm
height, which are overlapped to the large terraces of the SiC substrate. The height of these
steps is always a multiple of 0.35 nm, the height value corresponds the interlayer spacing
between two stacked graphene planes in HOPG. As an example a ~0.35 nm and a ~1.1 high
step are indicated in Fig.8(b), associated, respectively, to one and three graphene layers over
the substrate or stacked over other graphene layers.

From the linescan in the direction parallel to the terraces length (c), peculiar corrugations
with ~2 nm typical height can be observed.
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Fig. 8. Two representative linescans from the morphology map (a) of a sample annealed at
1700°C taken in the direction orthogonal (b) and parallel (c) to the steps. (Data from Ref.

[31]).
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10 nm |

Fig. 9. Two representative HRXTEM images for 8° off-axis 4H-SiC (0001) annealed at 2000
°C. (Data from Ref. [31]).

HRXTEM analyses allowed to get further insight on the structural properties of the
graphene films grown at the different temperatures and to clarify the nature of these
peculiar corrugations.

In Fig.9(a) and (b) two representative HRXTEM images for a sample annealed at 2000 °C are
reported. From Fig.9(a), it is evident that a graphene multilayer uniformly covers the SiC
surface also on the terrace step edges. From Fig.9(b), the structure of one of the peculiar
corrugations running orthogonal to the steps is reported. This cross sectional image
unambiguously demonstrate that those features are wrinkles in the multilayer graphene
film. These peculiar defects have been observed also by other authors in the case of few
layers of graphene grown on the C face [32] or on the Si face [33] of hexagonal SiC, on-axis.
However, in that case wrinkles do not exhibit any preferential orientation with respect to the
steps, but form an isotropic mesh-like network on the surface, where wrinkles are
interconnected into nodes (typically three wrinkles merge on a node and the angles
subtended by the wrinkles are ~60° or 120 °C [32]). The formation of that mesh-like network
of wrinkles was attributed to the release of the compressive strain which builds up in FLG
during the sample cooling due to mismatch between the thermal expansion coefficients of
graphene and the SiC substrate [32]. Comparing the morphology and phase images in Fig.7
for the samples annealed at the different temperatures, it is easy to observe that the density
of wrinkles increases with temperature.
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Fig. 10. HRXTEM images on the samples annealed at 1600 (a), 1700 (b) and 2000°C (c) are
reported, showing 3, 8 and 18 layers on the surface of 4H-SiC. (Data from Ref. [31]).



364 Physics and Applications of Graphene - Experiments

In Fig.10(a), (b) and (c), HRXTEM images on the samples annealed at 1600, 1700 and
2000°C are reported, showing 3, 8 and 18 layers on the surface of 4H-SiC. These cross-
sectional analyses give a direct measure of the number of grown layers, but only on a very
local scale. Lateral variation of the FLG thickness on different sample positions cannot be
determined by such a method. To get an estimation of the n