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A new hydrocarbon — hydrographite — with the composition close to CH is shown to form from graphite
and gaseous hydrogen at pressures above 2 GPa and temperatures from 450 to 700 °C. Hydrographite is a
black solid thermally stable under ambient conditions. If heated in vacuum, it decomposes into graphite
and molecular hydrogen at temperatures from 500 to 650 °C. Powder X-ray diffraction characterizes
hydrographite as a multilayer “graphane II” phase predicted by ab initio calculations [Wen X-D et al. PNAS

2011; 108:6833] and consisting of graphane sheets in the chair conformation stacked along the hexag-
onal c axis in the —ABAB— sequence. The crystal structure of the synthesized phase belongs to the P63mc
space group. The unit cell parameters are a = 2.53(1) A and ¢ = 9.54(1) A and therefore exceed the
corresponding parameters of graphite by 2.4(2)% and 42.0(3)%. Stretching vibrations of C—H groups on
the surface of the hydrographite particles are examined by infrared spectroscopy.

© 2015 Published by Elsevier Ltd.

1. Introduction

The past decades have demonstrated the effectiveness of high
pressures for the synthesis of hydrocarbons. In particular, exposing
different carbon and hydrogen donors to the T-P conditions char-
acteristic of the Earth's upper mantle (pressures of a few GPa and
temperatures of up to 1500 °C) resulted in the abiogenic synthesis
of methane [1] and a hydrocarbon mixture [2,3] similar in
composition to the hydrocarbon part of the natural gas. Exposing
single-wall carbon nanotubes (SWNTs) and graphite nanofibres
(GNFs) to a hydrogen atmosphere at P =9 GPa and T = 450 °C gave
hydrocarbons never observed before [4].

These new hydrocarbons are black solids having H/C atomic
ratios of up to x = 0.85. Unlike the commonly studied SWNTs and
GNFs with physisorbed H, molecules easily leaving the samples at
room and even liquid nitrogen temperature (see, e.g., review [5]),
the new hydrocarbons are thermally stable. Particularly, the hy-
drogenated GNFs heated in vacuum at 20 °C/min begin evolving H;
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at 500 °C, and the complete removal of the hydrogen requires
annealing at 700 °C [4]. An X-ray diffraction study showed that the
hydrogenation of GNFs increases the interplanar spacing between
their graphene layers by approximately 40%, from 3.36 to 4.67 A.
The IR spectroscopy characterised the hydrogenated GNFs as
mostly covalent compounds with two narrow vibrational bands at
2860 and 2920 cm~}, i.e., in the energy range typical of stretching
C—H vibrations [4].

In view of these findings, synthesis of hydrogenated crystalline
graphite was a challenge. However, we failed to prepare it at H;
pressures as high as 9 GPa and temperatures up to 450 °C using
plates of bulk graphite and graphite flakes as the starting materials.

At the same time, graphite was known to absorb hydrogen up to
x = 0.95 in the course of amorphization under intense ball milling
(80 h at 400 rpm) at an H; pressure of only 1 MPa [6]. In order to
activate the surface of the graphite without destroying its crystal-
linity, we ball milled its bulk pieces under rather mild conditions
(30 min at 250 rpm in Ar). Exposing the resulting graphite powder
to Hy pressures of 4—7 GPa at 450 °C for a period of 24 h gave
samples with the mean hydrogen content varying from x = 0.66 to
0.94. The samples were composed of a mixture of a new crystalline
hydrocarbon with x = 1 (hydrographite for short) and unreacted
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graphite. The thermal stability, the spacing between the graphene
layers and the energies of the stretching C—H modes in the syn-
thesized hydrographite proved to be similar to those of the hy-
drogenated GNFs. A single-phase sample of deuterated graphite
with D/C = 1.06(5) was also produced and examined. In 2007, these
preliminary results were briefly reported in Ref. [7].

All of a sudden, further studies of hydrographite were hampered
by irreproducibility of its synthesis. After the first batch of the
mechanically activated graphite was consumed, our attempts to
prepare a new portion of such graphite using the same starting
material and the same procedure of ball milling only gave powders
that could be hydrogenated to x = 0.2. It was only recently that we
have been able to raise the synthesis temperature to 700 °C and
began consistently producing samples with x = 0.6—0.7.

Meanwhile, the discovery of graphene (a flat monolayer of
carbon atoms) [8,9] triggered a considerable interest to the syn-
thesis of chemically modified carbon sheets. It was proposed that
graphane, representing a graphene sheet saturated by hydrogen
adsorbed from both sides, would be stable [10,11], and such a
material was soon synthesized and experimentally studied [12].
There were extensive computer simulations [13—22] for the
structure, electronic and vibrational properties of a single layer and
bilayer graphane and also of a multilayer, bulk crystalline graphane.
The principal conclusion was (see, e.g., Ref. [18]) that “a 3D
graphane system might eventually be synthesized.”

The hydrographite obtained in our experiments is likely to be
this very 3D graphane system. The present paper discusses results
of [7] in more detail, reports on our recent findings concerning the
crystal structure of hydrographite and its stability at high hydrogen
pressures and elevated temperatures and also provides a more
likely interpretation of its IR spectra.

2. Experimental

The starting material was high-purity electrode graphite con-
taining: 4 x 107> wt% Fe; 1 x 1074 wt.% Si; 2 x 10~ wt.% Ca and
less than 1 x 107> wt.% of B, Mg, Mn, Al Ti, Cu, V, Ni and Ag. About
2 g of this graphite together with a few stainless steel balls 10 mm
in diameter were placed in a 250 cm? stainless steel vial and ball-
milled for 30 min at a rotation speed of 250 rpm under an Ar at-
mosphere at room temperature using a planetary ball mill Fritsch
Pulverisette 6.

To synthesize hydrographite, 100 mg batches of this me-
chanically activated graphite powder were exposed to an at-
mosphere of gaseous hydrogen at fixed pressures ranging from
0.6 to 7.5 GPa and temperatures from 350 to 800 °C for periods
varying from 24 h at 350 °C to 30 min at 800 °C. The hydrogen
was produced inside the high-pressure cell using thermal
decomposition of an internal hydrogen source, AlH3 or NH3BH3,
incased into a tightly plugged copper capsule together with the
graphite powder and separated from it by a thin layer of Pd (the
method is described in more detail in Ref. [23]; the experiments
were carried out using a quasihydrostatic Toroid-type high-
pressure chamber [24]). After the hydrogenation was complete,
the sample was cooled to 80 K or to room temperature, recov-
ered to the ambient pressure and further stored in liquid nitro-
gen until the measurements.

A few samples of deuterated graphite were produced in a similar
way using AIDs; as the internal deuterium source in the high-
pressure cell. This aluminium deuteride was slightly contami-
nated with protium and had an atomic ratio of H/(D + H) = 0.029(2)
according to mass-spectrometry [25].

The hydrogen evolution from the prepared C—H samples and
the total hydrogen content of these samples were examined by
thermodesorption of the gas into a pre-evacuated measuring

system in the regime of heating to 660 °C at rates of 10 or 20 °C/
min. The amount of hydrogen remaining in the samples after a one
day exposure to room temperature was also determined for a few
samples by combustion in a flow of oxygen at 1400 °C followed by
weighting the resultant CO, and H,O (analyzer “Vario Micro Cube”,
Elementar GmbH). In both methods, the mean H/C atomic ratio was
measured with a relative accuracy of 5%.

Samples of the initial and hydrogenated and dehydrogenated
graphite were studied at room temperature by powder X-ray
diffraction using a Siemens D500 diffractometer with Cu Ko, radi-
ation selected by a diffracted beam monochromator. Atomic vi-
brations in these substances were characterized by IR transmission
spectra measured at room temperature with a Bruker IFS-113v
Fourier spectrometer in the range 400—5000 cm~' with a resolu-
tion of 4 cm™ L. The samples for the IR spectroscopy were in the form
of pellets pressed from mixtures of a powder of the initial or hy-
drogenated graphite with a powder of KBr.

3. Results and discussion

3.1. Hydrogen content and thermal stability of quenched samples of
hydrographite

To estimate the thermodesorption characteristics of the
graphite-H samples synthesized under high hydrogen pressures, a
0.5—5 mg portion of the quenched sample was first encased into a
thin-wall non-hermetic copper container submerged in liquid ni-
trogen. The container was then dropped to the bottom of a quartz
ampoule cooled by liquid nitrogen from outside. The ampoule, with
its lower end still submerged in the nitrogen bath, was vertically
attached to the measuring system and the system was pumped out
to a pressure of 2 x 10~ Torr. After that, the lower part of the quartz
ampoule with the incased sample was heated at a rate of 20 or
10 °C/min and the amount of the gas releasing from the sample was
determined from the pressure in the system.

Fig. 1A shows typical desorption curves for the graphite-H and
graphite-D samples. The curves are constructed assuming that the
evolved gas was molecular hydrogen (deuterium). Fig. 1B compares
a curve for the hydrogenated graphite measured at 20 °C/min with
those for the hydrogenated graphite nanofibres and single-walled
nanotubes measured earlier [4] at the same heating rate.

As seen from Fig. 1, the desorption curves for the hydrogenated
graphite, GNFs and SWNTs look similar and the gas release is a two-
stage process. In heating the sample from 77 K to approximately
room temperature, the amount of the liberated gas gradually in-
creases, reaches a rather small but still reliably detectable atomic H/
Cratio of x = 0.02—0.05 and nearly stops changing. Most hydrogen
is evolved at the second stage that starts above 500 °C and stops
around 650 °C.

The occurrence of the two well-separated stages in the ther-
modesorption curves suggests that the quenched hydrocarbons
contain hydrogen in two different forms. In the case of the
quenched SWNT-H sample with x = 0.61 synthesized at 3 GPa and
350 °C, these two forms of the absorbed hydrogen have been
identified by inelastic neutron scattering [26]. The weakly bonded
hydrogen (x = 0.05) leaving the sample upon heating to room
temperature was shown to be the physisorbed H, molecules
exhibiting nearly free rotational behaviour, while most H atoms
(x = 0.56) were covalently bound to the carbon atoms and could
only be removed by heating to T > 500 °C. The two forms of
hydrogen contained in our samples of hydrogenated graphite and
GNFs are likely to be the same. This paper will further deal with the
covalently bound hydrogen remaining in the samples under
ambient conditions, and the hydrogen content of the samples will
refer to this hydrogen only.
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Fig. 1. Temperature dependences of the amount of hydrogen (deuterium) released
from quenched graphite-H and graphite-D samples (results of the present work) and
GNF-H and SWNT-H samples (results of [4]) heated at a rate of 20 or 10 °C/min in a
closed-volume, pre-evacuated measuring system. The gas pressures and temperature
of the sample synthesis are indicated in the legends to the symbols. The dependence
shown in (A) by open triangles is for the graphite-H sample preliminarily exposed to
room temperature for 1 day. (A colour version of this figure can be viewed online.)

Our assumption that the high-pressure hydrocarbons heated in
vacuum above 500 °C should emit molecular hydrogen nearly free
of volatile hydrocarbons like CH4, C;Hg, etc., was based on results
for the hydrogenated SWNTSs studied by mass spectrometry [27]. To
check if this is also true for hydrographite, we analyzed a few
graphite-H and graphite-D samples by combustion in an oxygen
flow at 1400 °C. The analysis of 2 mg portions of the samples
exposed to ambient conditions for one day gave virtually the same
contents of the covalently bonded hydrogen as the thermode-
sorption did. For example, the graphite-D sample that released
X = 1.04—0.04 = 1.00(5) of deuterium in heating from room tem-
perature to 670 °C (see Fig. 1A) was shown to have x = 1.06(5) by
the combustion analysis. Such an agreement evidences that in the
thermodesorption experiments:

— nearly all hydrogen was evolved in the form of H, molecules
rather than gaseous hydrocarbons (e.g., if methane CH4 were
released, the number of its molecules and, correspondingly, the
pressure would be twice as low);

— nearly all hydrogen was evolved at temperatures below 650 °C
(otherwise, the combustion at 1400 °C would detect more
hydrogen than the thermodesorption).

It seems worth mentioning in this connection that another
graphite-based hydrocarbon, the nanostructured material with
x = 0.95 produced by intensive ball-milling of graphite in an H,
atmosphere [6], was also thermally stable. According to the mass
spectra measured in Ref. [28], it also evolved nearly pure H, when

heated in vacuum. At the same time, the kinetics of the hydrogen
desorption from the nanostructured material were quite different.
This material released hydrogen in two steps starting at =330
and = 680 °C, respectively [28], whereas the crystalline hydro-
graphite and other high-pressure hydrocarbons evolved most
hydrogen in one step starting at 500—600 °C (see Fig. 1). The origin
of the first step in the desorption curve of the nanostructured
graphite is not well understood. The second step occurred near the
recrystallization temperature of the studied samples and it was
tentatively attributed to the release of the hydrogen atoms trapped
at carbon dangling bonds [28].

As for the kinetics of hydrogen desorption from the crystalline
hydrographite, the position and width of the temperature interval
of the intensive hydrogen release proved to be mostly insensitive to
the type of the hydrogen isotope, protium or deuterium (compare
the curves in Fig. 1A for the graphite-D and graphite-H samples
measured at 20 °C/min). A decrease in the heating rate from 20 to
10 °C/min lowered the starting temperature of the hydrogen
release by 30—50 °C, from about 560 to 520 °C (compare the de-
pendences in Fig. 1A for two different portions of the same
graphite-H sample). A one day vacuum annealing of a graphite-H
sample at 450 °C only resulted in the desorption of a few per
cent of its total hydrogen content. Compared to other high-pressure
hydrocarbons, GNF-H and SWNT-H, hydrographite is a little more
thermally stable (see Fig. 1B).

3.2. Crystal structure of hydrographite

Fig. 2 shows an X-ray diffraction pattern of the initial ball-milled
graphite, which was further used to synthesize the graphite-H and
graphite-D samples under high gas pressures. The considerable
broadening of the 008 lines toward low angles is typical of the ball-
milled graphite [29,30] and mainly results from fracturing the
graphite particles and the formation of stacking faults, dangling
bonds and other defects. The shape of the 002 line can roughly be
described by the approximately equal contributions from two types
of grains with the P63/mmc structure. These are the crystallites
with a = 2.47 A, c = 6.72 A and the coherence length L. = 13 nm in
the direction of the hexagonal axis (thin solid curve in Fig. 2) and
nanocrystals with a = 2.50 A, c = 7.10 A and L. = 4 nm (the dashed
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Fig. 2. X-ray diffraction pattern of the ball-milled graphite used to synthesize the
graphite-H and graphite-D samples [7]. Room temperature, Cu Ko radiation. The
smooth background is subtracted. The inset shows an SEM image obtained from the
same graphite powder using a high-resolution scanning electron microscope Zeiss
Supra 50 VP. (A colour version of this figure can be viewed online.)
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curve). The coherence lengths are estimated using Scherrer's
equation L. = 1.5A/(A-cos0), where A is the wavelength of the Cu Ka
radiation and 0 and A are, respectively, the angle and the half-width
at half-maximum of the 002 peak.

As seen from the SEM micrograph in the inset in Fig. 2, our ball-
milled graphite was composed of agglomerated platelets typical of
graphite powders (SEM images of the hydrogenated samples
looked similar). The surface of these platelets is parallel to the ab-
planes of the hexagonal crystal lattice of graphite and perpendic-
ular to the c-axis. The dimensions of the platelets reach
200 x 400 nm? and therefore exceed the coherence length L in the
c-direction by an order of magnitude. Correspondingly, the recip-
rocal lattice sites should be shaped like rods oriented along the
reciprocal c*-axis. This suggests that the width of the lines in the
diffraction pattern of such a powder should strongly depend on
their Miller indices. As a result, profile analysis of diffraction pat-
terns of the initial and hydrogenated graphite samples could only
be performed on a semi-quantitative level in the present paper.

The bottom spectrum in Fig. 3 represents an X-ray diffraction
pattern of a single-phase sample of deuterated graphite with the
composition CD1gg(5). The most prominent feature of this pattern is
a shift of the 002 diffraction line of graphite to lower angles cor-
responding to the approximately 42% increase in the c-parameter of
the hexagonal lattice of graphite, from 6.72 to 9.54 A. The line also
becomes less broadened from the left-hand side. Presumably, this is
due to the partial annealing of defects in the course of hydroge-
nation of the ball-milled graphite at an elevated temperature of
450 °C. Using Scherrer's equation, the width of the 002 line gives
the coherence length L. = 10 nm.

After the CD1 0 sample is fully outgassed at 600 °C in vacuum,
the width of its 002 line further decreases and corresponds to
L. = 14 nm (the upper spectrum in Fig. 3). The lattice parameters of
the degassed sample revert to those of the fraction with L. = 13 nm
in the initial graphite and the X-ray patterns of both the initial
(Fig. 2) and degassed (Fig. 3) graphite samples can satisfactorily be
described in the P63/mmc space group. The structural parameters
resulted from the (semi-quantitative) profile analysis of the
diffraction pattern of the outgassed sample are presented in Table 1.
We chose this sample as the reference state of the non-
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Fig. 3. X-ray diffraction pattern of the graphite-D sample with D/C = 1.06(5) synthe-
sized at a D, pressure of 7.5 GPa and T = 450 °C [7] (the bottom spectrum) and a
pattern of the same sample after the complete removal of deuterium by a 4 h
annealing at 600 °C in vacuum (the spectrum is shifted upwards). Room temperature,
Cu Ko radiation, subtracted background. (A colour version of this figure can be viewed
online.)

Table 1

Structural parameters of the graphite-D sample with D/C = 1.06(5) and of pure
graphite produced by outgassing this graphite-D sample at 600 °C in vacuum. The
parameters are obtained by a profile analysis of the X-ray diffraction patterns of
these samples presented in Fig. 3. Positions of the D atoms could not be reliably
determined from experiment and these atoms are placed at a distance of
0.12c = 1.1 Ain the c-direction from the nearest C atom in accordance with results of
most ab initio calculations for the chair conformation of graphane.

Sample Graphite (outgassed) Graphite-D
D/C atomic ratio 0 1.06(5)
Space group P63/mmc (no. 194) P63mc (no. 186)
Positions of C atoms 2c(1/3,2/3,1/4) 2a(0,0,0)

2b (1/3, 2/3, 0.05)
Tentative positions of D atoms 2a (0, 0,0.88)

2b (1/3,2/3,0.17)
Increase (%)

a(A) 2.47(1) 2.53(1) 2.4(2)
c(A) 6.72(1) 9.54(1) 42.0(3)
c/a 2.72(1) 3.77(2) 39(1)
V (A3/atom C) 35.5(3) 52.9(4) 49(2)

hydrogenated graphite, because comparison of the hydrogenated
graphite with the starting graphite would be more ambiguous due
to the much stronger and asymmetrical broadening of its diffrac-
tion lines.

The diffraction pattern of the deuterated sample CD1gg was
modeled on the basis of a graphite-like crystal structure (space
group P63/mmc) and the structures of the two forms of multilayer
graphane, “graphane I” and “graphane II”, which are most stable at
T = 0 K and pressures below 10 GPa according to the ab initio cal-
culations of Ref. [18]. The structure of “graphane I” belongs to the
P3m1 space group (in Ref. [18], it was misprinted as P3m1) and the
space group of “graphane II” is P6smc. The resulting profile fits are
shown in Fig. 4.

As seen from Fig. 4, the intensity distribution among the
diffraction lines in the angular range 30 < 20 < 50° can semi-
quantitatively be reproduced in the P6smc space group, whereas
the P63/mmc and P3m1 groups give qualitatively inadequate dis-
tributions. The inapplicability of the P63/mmc group is not sur-
prising, because none of the ab initio calculations has ever predicted
a graphite-like structure for a single layer or bilayer or multilayer
graphane. As for the predicted P3m1 and P6smc structures [18],
they are built from similar CH graphane layers in the chair
conformation and only differ from each other by the stacking se-
quences of these layers along the c-axis. Namely, these are the
—AAAA— sequence in the case of the P3m1 phase and —ABAB—
sequence for the P63mc phase.

Due to the weak interactions between the layers in a graphane
crystal, the differences in the calculated enthalpies [ 18] of the P3m1
and P63mc stacking polymorphs were too small to determine
which of these phases is more stable at T = 0 K and pressures up to
120 GPa. Our X-ray results (Fig. 4) are in favour of the P6smc
structure of the CD1 g phase. We think that P63mc is the most likely
structure of this phase because all other possible forms of multi-
layer graphane are considerably less stable than the P3m1 and
P6smc ones at pressures up to 10 GPa [ 18], while our CDq g sample
was synthesized at a lower pressure of 7.5 GPa and studied by X-ray
diffraction at ambient pressure.

Refined parameters of the P63mc structure of the CDq0g phase
(“graphane II” structure according to Ref. [18]; —ABAB— stacking; 4
CD pairs in the unit cell) are listed in the rightmost column of
Table 1. As one can see, the hydrogenation of graphite resulted in
the increase of its atomic volume by nearly 50%, and this increase
was mostly due to the elongation of the c-parameter by 42%.

A schematic representation of the P63mc structure of such a
graphane crystal is given in Fig. 5. This is the so-called “buckled”
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Fig. 4. Experimental X-ray pattern of the CD; g sample (solid squares; the same data
as in Fig. 3) and results of its semi-quantitative profile analysis in the framework of the
P65/mmc and P6smc and P3m1 space groups (solid curves). The c-parameter of the
P3m1 structure is twice as small as that of the P63/mmc and P6smc structures. (A
colour version of this figure can be viewed online.)

structure composed of weakly coupled single graphane layers in
the chair conformation, in which every alternate carbon atom is
attached to the hydrogen atom from alternate sides of the plane
and displaced out of the hexagonal plane (buckled) toward this
hydrogen atom. The profile refinement gave a value of 3z = 0.05¢/
2 = 0.25 A for the displacement in the CD;ps compound (see
Table 1). Such a displacement leads to the significantly increased
minimum distance dc_c = 1.54 A between the neighboring carbon
atoms in the buckled structure compared with dc_c = a/V3=
1.46 A in a flat carbon layer (3z = 0) with the same lattice parameter
a = 2.53 A The distance dc_c = 1.54 A agrees with predictions of
most ab initio calculations (see, e.g., [13,18]) thus favoring the chair
conformation of the graphane layers chosen to model the CD g
structure.

The experimental interplanar distance c/2 = 4.77(1) A in the
CD1o6 sample agrees with the predicted distance between the
graphane layers in multilayer graphane: 4.978 A [11]; 5—6 A [13]
and 4.5—4.8 A [19]. All ab initio calculations also predict that the
in-plane parameter, a, of the single-, bi- and multilayer graphane in
the chair conformation should be larger than ag= 247 A of
graphite. In the case of the multilayer graphane, the calculations
givea=2516A[11] and a = 2.545 A [13]. The experimental value of
a = 2.53(1) A for our CD; g6 sample lies in between the predicted
values.

The calculations for multilayer graphanes also showed that the
in-plane periodicity in the graphane layers is virtually insensitive to

25

2.5

1 44

Fig. 5. The P63mc structure of a graphane crystal (see Table 1). Large spheres represent
C atoms; small spheres stand for D atoms. The atoms labeled C1 and D1 sit on the 2a
positions; those labeled C2 and D2 are on the 2b positions. Numbers indicate the
interatomic distances in Angstroms. (A colour version of this figure can be viewed
online.)

the weak interaction between different layers. Therefore, the stable
chair conformation of the single-layer graphane is likely to have a
=2.53 A in accordance with both the calculations and our experi-
mental result for hydrographite. At the same time, most samples of
the single-layer graphane synthesized in Ref. [12] had the in-plane
periodicity (called the d-parameter), which was smaller by 1-5%
than ag = 2.47 A of graphite. We think it was a non-equilibrium
result. A discussion of its possible origin can be found in Ref. [13].

3.3. Formation and decomposition of hydrographite under high
hydrogen pressure

The CD19s sample discussed above was the only single-phase
sample of multilayer graphane examined in the present work. X-
ray diffraction studies of a few dozens of other graphite-D and
graphite-H samples synthesized at pressures from 2.5 to 7.5 GPa
and temperatures 350—700 °C showed them to consist of a two-
phase mixture of unreacted graphite and a hydrographite phase
with the same lattice parameters as those of the CD1 g phase. The
unreacted fraction of the samples was usually composed of the
largest grains and its 002 line was clearly visible in the diffraction
patterns. Particularly, such a line was seen in the pattern of the
graphite-H sample with the mean atomic ratio H/C = 0.94(5). We
therefore conclude that the high-pressure hydrogenation of
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graphite always proceeded as a two-phase reaction and the final
product of this reaction was a multilayer graphane with the
composition close to CH.

Fig. 6 shows the maximal yield of hydrographite at 450 °C
estimated by the ratio of intensities of the strongest 002 lines of
hydrographite and unreacted graphite in the studied graphite-H
samples. As one can see, hydrographite was only formed at
hydrogen pressures above 2 GPa.

Exposing the ball-milled graphite for a few hours to a hydrogen
pressure of 7.5 GPa at temperatures from 530 to 630 °C gave
samples with H/C = 0.6—0.7, which contained, correspondingly,
60—70 mol.% hydrographite. An increase in the synthesis temper-
ature to 700 °C did not increase the yield of hydrographite and at
temperatures above 720 °C, hydrographite did not often form at all.

To examine the decomposition conditions of hydrographite at
an H; pressure of 7.5 GPa, we used a graphite-H sample synthesized
at 7.5 GPa and 530 °C and weighing about 100 mg. The sample had
H/C = 0.69 and consisted of a mixture of approximately 69 mol.%
hydrographite and 31 mol.% unreacted graphite. Exposing small
portions (about 3 mg) of this sample to the hydrogen pressure
7.5 GPa and temperatures up to 630 °C resulted in an increase in
their hydrogen content. At 700 °C, the H/C ratio remained virtually
unchanged. At 720—750 °C, it did not change in some samples and
decreased to H/C = 0.02—0.03 in some other samples. At
T > 775 °C, the hydrogen content of all studied samples decreased
to H/C = 0.02—0.03. In addition, the samples with this small
hydrogen content lost about 2/3 of their initial mass.

The most plausible explanation of the observed effects is that
under a hydrogen pressure of 7.5 GPa, hydrographite remains stable
in respect to the decomposition into graphite and molecular H; at
temperatures up to about 720 °C. However, starting with this
temperature, hydrographite becomes thermally unstable relative to
the formation of methane and/or other light hydrocarbons. These
hydrocarbons are fluids under the experimental conditions and
they mostly leave the sample and mix with the hydrogen gas and
sop in the debris of the high-pressure cell. The carryover of about
69 mol.% hydrographite from the solid sample leads to the loss of
approximately 2/3 of its overall mass and this is what the experi-
ment shows. The 31 mol.% of the unreacted graphite contained in
the starting sample remains intact, because the synthesis of
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Fig. 6. The maximal ratio HG/(HG + G) of the integral intensities of the 002 lines of
hydrographite (HG) and graphite (G) in the two-phase “graphite + hydrographite”
samples synthesized by 24 h exposures of ball-milled graphite to an H, atmosphere at
450 °C and pressures indicated along the x-axis. (A colour version of this figure can be
viewed online.)

methane and other light hydrocarbons from graphite and H re-
quires higher temperatures due to the slow kinetics of the process
(see, e.g., [1-3]).

3.4. Infrared spectra of hydrographite

Fig. 7 presents IR transmission spectra of our ball-milled
graphite and the samples of hydrogenated and deuterated
graphite with the maximal H or D concentrations. As discussed in
Section 3.2, X-ray diffraction showed the CD1 g sample to be single-
phase hydrographite. The CHp 94 sample contained a few percent of
unreacted graphite (the composition of this sample is indicated by
the rightmost point in Fig. 6). Prior to each IR measurement, a
portion of 0.014 mg of a powdered sample was mixed with 80 mg of
KBr powder and compacted at a pressure of 0.7 GPa into pellets
with a diameter of 6 mm and thickness of 0.5 mm. Using the
similarly prepared pellets allowed a direct comparison of the light
transmission by the studied samples.

The IR spectrum of the graphite powder shows a monotonic
decrease in the light transmittance T with increasing photon fre-
quency v. Such a featureless IR spectrum is typical of the ball-milled
graphite [31]. The spectra of the CHpgs and CDigg samples
demonstrate a similar overall monotonic decrease in the light
transmittance with increasing photon energy together with the
appearance of narrow absorption bands in the energy range char-
acteristic of the stretching C—H and C—D vibrations in
hydrocarbons.

As one can see from Fig. 7, within the whole studied energy
range, the total light transmittance of CHgg4 and CD1 g iS approx-
imately 2 and 4 times higher than that of the graphite. Light
transmittance of a conducting powder is mostly determined by the
light scattering on small particles and by the light absorption by
free charge carriers in these particles [32]. The monotonic decrease
in the light transmittance with increasing photon energy observed
in each of the three studied samples is characteristic of scattering
on the particles with the dimensions of the order of or less than the
wavelength of the incident light. The studied range 600 <
v < 5000 A~! (see Fig. 7) corresponds to wavelengths of 17 >
A > 2 pm. This suggests that the light should have been scattered by
agglomerates the size of up to =20 um formed by the much smaller
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Fig. 7. IR transmission spectra, T(v), of the ball-milled graphite powder (curve “C”) and
the samples CHo o4 (synthesized at a hydrogen pressure of 7 GPa and T = 450 °C) and
CD4 06 (synthesized at a deuterium pressure of 7.5 GPa and T = 450 °C). The absorption
band near v = 2820 cm~! in the CD;¢g spectrum is due to the H impurity in the
sample. Bruker IFS-113v Fourier spectrometer, room temperature (Results of Ref. [7].).
(A colour version of this figure can be viewed online.)
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platelets of graphite or hydrographite, whose maximum dimension
was about 0.4 um (see Section 3.2).

We could not directly compare the sizes of the agglomerates of
graphite and hydrographite platelets mixed with KBr in the sam-
ples studied by IR spectroscopy. However, the similarity in the
spectral dependences T(v) is indicative of similar sizes of the
scattering particles (agglomerates) in the samples of the virgin and
hydrogenated graphite. We therefore consider it most likely that
the strong increase in the light transmittance by the hydrogenated
graphite is mostly caused by the decrease in the intensity of the
scattered light due to the lower conductivity of free charge carriers
in hydrographite compared to graphite.

Such a conclusion agrees with results of ab initio calculations of
the electronic structure of single layer and multilayer graphanes, all
of them predicting an insulating or semiconducting behaviour of
these materials (see Ref. [ 18] and references therein). The presence
of the impurity of highly conductive graphite in the CHg g4 sample
can explain (at least, partly) its smaller light transmittance
compared to the single-phase CD1 s sample.

In order to analyze the narrow absorption bands observed in the
IR spectra of hydrogenated graphite samples in the range of the
C—H and C—D stretching vibrations, transmittance T(v) of a few
samples was first formally converted to absorption defined as
A*(v) = —In(T). From these A*(v) spectra we then subtracted the
monotonic “baselines” resulting predominantly from the light
scattering discussed above. The A(v) spectra thus obtained are
shown in Figs. 8 and 9 and expected to mostly represent the light
absorption due to the excited stretching vibrations of the C—H and
C—D bonds.

According to the ab initio calculations, the C—H stretching vi-
brations in a single-layer graphane [14,21] and a multilayer
graphane [ 18] in the chair conformation should form a narrow band
far above the bands of other vibrations, in the range
2830 < v < 2890 cm ™! [14,18] or 2730 < v < 2780 cm™! [21]. The
position v = 2850 cm~! of the main peak in the absorption band of
the CHpg4 sample (bottom panel of Fig. 8) well agrees with the
calculations of Refs. [14,18]. However, this peak has a rather intense
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Fig. 8. IR absorption spectra, A(v), of C—H stretching vibrations in the CHp g4 Sample
(bottom panel) and CD1 g¢ sample (top panel, modes due to the H impurity). Thick solid
lines represent the experimental spectra; thin solid lines show a deconvolution of
these spectra to Lorentzians; chains of open circles embody the Lorentzians; vertical
dashed lines indicate the centers of the Lorentzians. The bands are numbered as in
Table 2. (A colour version of this figure can be viewed online.)
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Fig. 9. IR absorption spectra, A(v), of C—D stretching vibrations in three samples of
deuterated graphite with different mean deuterium concentrations resulted from the
different proportions between the unreacted graphite and hydrographite with the
composition close to CD. The lines have the same meaning as in Fig. 8. The bands are
numbered as in Table 2. (A colour version of this figure can be viewed online.)

shoulder extending up to 2980 cm™' that contradicts the calcula-
tions. The absorption band of the CDgg sample (upper panel of
Fig. 9) is even broader. It clearly shows a complex fine structure and
its intensity distribution considerably differs from that in the C—H
band of the CHg g4 sample.

These findings led us to think that the light penetration depth
into our samples could be very small, and instead of the light ab-
sorption by the regular crystal structure in the bulk of the samples,
we only observed results of the light scattering by various defect
states on the sample surface.

An accurate analysis of stretching absorption bands of possible
surface carbon-hydrogen configurations and their comparison with
the deconvoluted bands in the experimental IR spectra of amor-
phous hydrogenated carbon thin films were carried out in Ref. [33].
The results of that work are presented in columns 1—4 of Table 2.
The experiment confirmed the presence of 4 different types of
stretching vibrations of CH groups (bands 1, 2, 4 and 7) and 2 types
of vibrations of CH, groups (bands 6a and 6s), with coinciding
frequency ranges of bands 7 and 6a. One could expect that the
surface layers of our samples, which were considerably disturbed
by the preliminary ball-milling, reacted with hydrogen similarly to
the amorphous films therefore producing the same C—H groups
vibrating in the same way as in Ref. [33].

A deconvolution of the overlapping absorption bands in our
CHp.94 sample into two Lorentzians is depicted in Fig. 8 (bottom
panel) by thin lines. The positions and widths of these Lorentzians
are indicated in column 5 of Table 2. As one can see, the two
deconvoluted bands thus obtained are bands 6s and (6a+7) pre-
dicted in Ref. [33] and having the maximum integral intensities in
the IR spectra of amorphous hydrogenated carbon films studied
experimentally [33].

The band of stretching C—D vibrations in the CD1 9 sample can
be deconvoluted into 4 Lorentzians (see the upper panel in Fig. 9).
To check if the deconvolution is meaningful, we also measured and
deconvoluted spectra of two other samples of deuterated graphite,
CDg g6 and CDg 20, containing, respectively, about 34 and 80 mol.% of
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Table 2

Deconvoluted C—H and C—D stretching absorption bands. Columns 1—4 are from Ref. [33] and present the configuration (2) and predicted (3) and experimental (4) frequencies
of CH,, groups (n = 1, 2, 3) at the surface of hydrogenated amorphous carbon films. The di- and trihydrogen bands are doublets with a “symmetric” (s) and “antisymmetric” (a)
vibration. Frequencies in column 6 are for the deuterium-substituted configurations from column 2 calculated in a harmonic approximation using frequencies from column 3.
Columns 5, 7 and 8 show experimental results for the CHpg4 and CD1 06 Samples of crystalline hydrographite studied in the present paper. All experimental results are

presented in the form “peak frequency/halfwidth” of the corresponding Lorentzian.

Band No Configuration Predicted C—H bands C—H bands in amorphous C—H bands in Predicted C—D C-D bands in C—H impurity bands in
[33]. [33] [33] (cm™1) carbon [33] (cm™") CHgo4 (cm™) bands (cm™!) (D106 (cm™1) (D106 (cm™)
1 2 3 4 5 6 7 8

1 sp'CH 3305 3300/44 - 2427 - —

2 sp2CH(arom.) 3050 3045/68 - 2239 - -

3a sp>CH,(olef.) 3020 - - - - —

4 sp>CH(olef.) 3000 3000/78 - 2203 ~2200/27 -

5a sp>CHs(asym.) 2960 - - - -

3s sp?CHy(olef.) 2950 - - - - -

6a sp3CH,(asym.) 2925 2920/88 2920/25 2110 2109/27 ~2900/40

7 sp>CH 2915 2920/88 2920/25 2140 2146/20 ?

5s sp>CHs(sym.) 2870 - - -

6s sp3CHy(sym.) 2855 2850/78 2849/15 2060 2060/15 2824/8

unreacted graphite. As one can see from Fig. 9, the positions and
widths of the Lorentzians are rather well reproduced in all three
spectra, the only exception being the Lorentzian at ~2197 cm™!
missing in the spectrum of the CDggg sample.

To assign the obtained frequencies to particular carbon-
deuterium configurations, we calculated the frequencies of
stretching vibrations of the CD and CD, groups in a harmonic
approximation by dividing the predicted frequencies for the CH and
CHy groups (column 3) by a square root of the corresponding ratio
of the reduced masses, \/Mcp/Mcy = 1.362 or \/Mcp,/Mcy, =
1.386. The reduced masses were determined from equations
1/Mcy =1/mc+1/my and 1/Mcy, = 1/mc+2/my and ana-
logues equations for the deuterium-substituted groups, using the
atomic masses mc¢, my and mp of carbon, protium and deuterium.

The calculated frequencies for the CD and CD, groups are given
in column 6 of Table 2 and allow unequivocal assignments of all
four deconvoluted bands of stretching C—D vibrations in the CD1gg
sample (column 7). Note that band 7 lies slightly lower than band
6a in the carbon-protium spectra (column 3), but has a consider-
ably higher frequency than band 6a in the carbon-deuterium
spectra (column 6). Since the effect is due to the different isotopic
dependences of frequencies of stretching vibrations of the CH and
CH, groups, the agreement between the calculated and experi-
mental frequencies for band 7 additionally confirms that the as-
signments of the deconvoluted C—D bands (column 7) are correct.
The occurrence of band 7 detached from band 6a in the C—D spectra
also partly explains the striking difference in the intensity distri-
bution in the C—D and C—H spectra of the deuterated and hydro-
genated graphite.

There is, however, another feature of stretching vibrations in
hydrographite that we cannot explain at the moment. As one can
see from the bottom panel of Fig. 8, the integral intensity of bands
(6a+7) located at 2920 cm ™! is much lower than that of band 6s at
2850 cm™ L. At the same time, the frequencies (vea = 2925 cm™! and
vgs = 2855 cm~ ') and relative intensities (Iga/lgs = 3/1) of bands 6a
and 6s of antisymmetric and symmetric stretching vibrations of
methilene groups CH, are known to experience little changes in
nearly all atomic environments (see, e.g., Ref. [34]| and references
therein). Particularly, experiment gave g, >> Igs for the amorphous
hydrogenated carbon films [33].

So far as the Ig,/lgs ratio is concerned, the samples of hydroge-
nated graphite considerably differ even from the deuterated sam-
ples. In the IR spectra of deuterated graphite shown in Fig. 9, band
6a has a higher integral intensity than band 6s in the single-phase
sample CD19s and a smaller but comparable intensity in the two-

phase samples CDggs and CDg». The intensity of band 7 of
stretching vibrations of the methylylidene CD groups is smaller but
comparable with the intensity of band 6s in all three C—D samples.
In contrast, our nearly single-phase CHpg4 sample has Igai7)/
Igs = 1/7 (this result, however, can only be considered as an esti-
mate by the order of magnitude in view of the uncertainty in the
smooth “baseline” subtracted from the experimental IR spectrum
in order to isolate the A(v) spectrum of stretching vibrations).

The last thing to be discussed in this Section is the stretching
vibrations resulting from the presence of H impurity in the CD1 06
sample of deuterated graphite. As seen from Fig. 8, the spectrum of
these vibrations (top panel) looks similar to the spectrum of
stretching vibrations in the isotopically pure CHg g4 sample (bottom
panel) shifted by = 25 cm™! to lower frequencies. Results of
deconvolution of the impurity spectrum into two Lorentzians are
shown in Fig. 8 by the thin solid lines and presented in the last
column of Table 2. The ratio of the integral intensities of the Lor-
entzians is of the order of 1/3.

Since the CDq9g sample was synthesized in an atmosphere of the
gas with an atomic ratio of H/D = 0.03, it is reasonable to expect
that the sample also had H/D << 1. Consequently, the impurity
spectrum should mostly be composed of stretching bands of CH
and CDH groups, because the probability of formation of CH,
groups was smaller than that of the CHD groups approximately by a
factor of (H/D). Irrespective of the atomic environment, the bands of
stretching vibrations of the CHD group are known to little differ in
frequency and relative intensity from the antisymmetric and
symmetric stretching bands of the CH, groups, and only the width
of the symmetric band noticeably decreases (see, e.g., Ref. [34]
where these features of the CHD vibrations were demonstrated
on the example of isotopically isolated n-C3gH74 chains in an n-
C3gD74 crystal). This is exactly as the H impurity spectrum of the
CD1,06 sample looks like, including the narrowing of the 6s band.
The presence of band 7 of stretching vibrations of the impurity CH
groups in the deuterated sample is also likely, because this would
explain the large half-width of the deconvoluted impurity 6a band
(40 cm~! compared to 25 cm~! in the CHggs4 sample) and the
smaller decrease in its frequency compared to the impurity 6s band
(by 20 and 25 cm, respectively) relative to the frequencies of
bands 6a and 6s in the spectrum of the CHp g4 sample (see Table 2).

4. Conclusions

Summarizing the obtained results, the properties of hydro-
graphite can be described as follows:
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— Hydrographite is a solid black compound with the composition

close to CH. This compound can be synthesised by exposing
graphite to an atmosphere of molecular hydrogen at P > 2 GPa
and 450 < T < 700 °C. The yield of the reaction increases, if the
surface of the graphite is activated by ball milling.
Hydrographite is thermally stable under ambient conditions. If
heated in vacuum, it decomposes to graphite and H; gas in the
temperature interval from approx. 500 to 650 °C. Heating above
720—750 °C in an Hy gas compressed to 7.5 GPa transforms
hydrographite to methane and/or other light hydrocarbons.
Hydrographite has a hexagonal crystal structure with the lattice
parameters a = 2.53(1) A and ¢ = 9.54(1) A and the volume
V= ‘/Tgazc = 52.9(4) A3Jatom C. These values are larger than
those of graphite by, respectively, 2.4(2) and 42.0(3) and 49(2)%.
Comparison of the X-ray diffraction results with the available ab
initio calculations suggests that hydrographite should be a 3D
counterpart of graphane. Of the two most stable polytypes
predicted for multilayer graphane [18], only the “graphane II”
structure is compatible with experiment. This structure belongs
to the P63mc space group and consists of one-layer sheets of
graphane in the chair conformation stacked along the c axis in
the —ABAB- sequence.

Infrared spectroscopy revealed an anomalously small ratio of
integral intensities of the bands of antisymmetric and sym-
metric stretching vibrations of CH, groups on the surface of
hydrographite particles. This distinguishes hydrographite from
other hydrocarbons.
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