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The present work is centered on the developmehta new
technique for irsitu Raman spectroscopy studies of local chemical
and electrochemical reactions, phase transitions, strains and
morphological alterations in the SOFC electrodes under working
conditions combined with electrochemical measurememis.
appropriate selection of the electrodes geometry makes it possible
to directly collect Raman spectra from the triplease boundary
zone bypassing the beam through trpasent singlesrystal solid
electrolyte onto the interface, varyiegrrent densitytemperature

and atmosphere over the working electro@iee results of case
studies,focused on reductioof Ni-containingcermet anodes, are
presented

I ntroduction

Kinetics of redox processes and the variations of chaagéeer concenttsgons across the
SOFC electrode / electrolyte interfaces haveritical importance for the fuel cell
performance.The microscopicreaction mechanisms in the vicinity of triplehase
boundary (TPB) can be assesssdthe electrochemical methods, suchirmpedance
spectroscopy, currenbltage measurements and various pulse techniques. Except for the
micro-electrode approaches, however, these methods are cumulative. Moreover,
unambiguousnterpretation of the electrochemical measurement results recasrasrule,

use of complanentary experimental techniggeand/or simplified kinetic models.
Importantadditional informatioressential for understanding of the electrode kinetrs

be collected employing Raman spectroscopy. The latter is a non-destructive and non-
invasive technique providing powerful tools for réate SOFC characterization (1).
Raman spectroscopy is widely used to characterize sxiit electrolytes (e.g., see(2-

4)), anode materials5{7), cathodes (8-10), glasealants (11-13and current collectors
(14-16). Furthermore,present or potentiahpplications of micréRaman spectroscopy
include in-situ analysis offuel oxidation (17), sulfur poisoning (18), carbon formation
(19-21)and dissolution (22)phase transitions (23)eactions involving gaseous species
(24) and mechanical stress@®). As an example, theombined studies (17) ay-situ
Raman spectroscopy and current voltammetry made it possible ttydestmate the
formation of graphitic intermediates in the course of CO and butane fuel oxidation in
SOFCs. Another approach (21) correlatitige vibrational Raman speatrwith
chronopotentiometrghowed important relationships between carbon deposition and cell
potential.

This work is centered on the developments of a new combined techniquesftr in
Raman spectroscopy analysis of the electrochemical reaction zone at the e|estfinde
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oxide electrolyte interfacé=or mostapproaches known in thadrature (e.g., (17-25)),

the Raman spectra amaainly related to theuter boundaries of model electrochemical
cells, primarilyto the electrode surface, a resulta penetration depth of the excitation
radiation.However, he performance-governingterfacialzones of the electrode systems,
where change of carrier type takes place, cannot be achieved viewing the surface and
edge areas. In the present work, this problem was solved by employing optically
transparent, singlerystal membranes made of 1®IPo S¢Os; and 1% mol.% ¥Os;
stabilized zirconia (10SclYSZ)In order to provide simultaneous Raman and
electrochemical measurements of thedelcell placed under SOFC operation conditions

a special controlledtmosphere chamber was elaborated and tegtedappropriate
selection of the electrodes geometry makes it possible to directly collect Raman spectra
from the triplephase TPB) zone, passing the beam through sirglestal solid
electrolyte onto theelectrodq electrolyte interface polarized undgiven external
conditions The case studies using this approach were focused ardbe kineticsof
standard Ni-containing cermet anodes.

Experimental

Electrochemical €ll Geometry

The developments of combined experimental setup desciibbdatis report were
aimed at providing in sittiRaman spectroscopy analysis of the interface between working
electrode (WE) and solid electrolyte (SE) membrane, optically transparent in visible light,
as a function of current density, atmosphere and temperatueeWWEh(anode in the
present case) had a standard circular shipecounteelectrodgCE) should provide an
optically transparerzone enablinghe laser excitation to reach the WEE interfaceln
this work, a radiallysymmetric CE (Fig.1) was selectdd order to provide minimum
local deviations in the current densiiystribution the size of tk centralhole was chosen
minimum enablingpassinghe laser beanWhen necessaryhe selected geometry makes
it possible to introduce an additional reference electrode, which should be preferably
located at th&E edge.

cathode
electrolyte
anode

.
__i)

‘ Y L cathode
electrolyte ;
.2 anode &

Figure 1.Electrochemical cellgometry:(a), standard/SOFC;(b), electrode configuration
for the studies of the solid electrolyjtanode interface tested in this work.
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Sinde-Crystal Hectrolyte Membranes

The transparensingle crystalsof cubic zirconia stabilized b%0 mol.% SgOz; and 1
mol.% Y,03 (10SclYSZ) were growemployingdirect melt crystallization technique in
a cold crucibleat thelnstitute of General Physics RAS (26,27he dectrical properties
of these crystals were reported elsewhé€2z8). In particular, at 850°Cthe ionic
conductivity of 10SclYSZ ishigher than 0.12 S/cm (28), which ensures a high
performance of planar solid electrolyte membrafié® crystad were cuby a diamond
saw irto discs (diameter of 2hm), thenthinned down to 250 and 500n.

Ore singleerystal disk was used to estimate the effects of polishing. At each side of
the disk, a half of the surface was polished; thesedrales were perpendiculéao one
another (inset in Fig.2) in order to provide 4 possible combinations of polished and
unpolished surfaces. Then a layer of Nil@sedcomposite was deposited onto the anode-
side surface and sintered under standard conditised for the anode fabrication, as
described below. The Raman spectra of the ahetkctrolyte interface (Fig.2vere
collectedin the 4 zones of this sample usitip sameegimeof the optical systemat
room temperature For the membrane quarter with two unpolished surfaties,
characteristic peaks of NiO are invisible. A similar situation, narpebty resolution of
the 2P peak (~1150 ¢lj) is observed when the anode size surface of the solid electrolyte
crystal was only polished (Fig.2a). The characteristic bands (11%5Goch 146Gcm?)
can be clearly distinguished in the Raman spectra when either both surfaces or cathode-
size surface were polished. At the same time, SEM analysis of the porous electrode layers
deposited onto polished and unpolished zirconia surfaces, dhtvaelatter provides a
substantially better adhesion of the electrode. Consequently, only the cathode (CE) side
surfaces of the singlerystal membranes were polished for the model cell fabrication.

T polished anode side ; =\ not polished
¥ A

anode

cathode

laser

e —t—

-‘-.—/‘_\""“‘-—-—-

1polished both sides 1po|ished cathode side

0 500 1000 1500 2000 0 500 1000 1500 2000
Raman shift, cm’’

Figure 2.Comparisorof the Raman spectra collected for 4 different combinations of the
SE membrane polished surfacea), polishedanode-sidesurface;(b), two unpolished
surfaces{c), two polished surfacegd), polished cathodsidesurface.
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Electrode [@position

Both anode and cathodeof the nodel cells comprised two layergunctional and
currentcollecting The electrode architecture and fabrication conditions, described below,
were selected on the basis of previous results (30). drieidnal anoddayer, which is
directly deposited onto theESmenbrane,was prepared from submicron NiO (Sigma
Aldrich, USA) preannealed in air at 700°for 2 h. A mixture of NiO (40 w#o) and 10
mol.% SeOs3; + 1 mol.% CeQ@ stabilized zirconia (10Sc1CeSZ, DKKK, Japan, 604yt
was balmilled for 1 h, followed by anealing at 500°C for 3 h.

The currentcollecting layer of the anode,which should have a high electronic
conductivity in combination with higlporosity, was prepared from the same starting
powders mixed in the weight ratio 60:48n addition of pordorming agent, 10vt.%
rice starch (Amidon Royal de Riz, Belgiurvas also introduced in this mixtupeior to
ball-milling.

Submicron powder of (LaSro.2)0.09MNO3z (LSM) used forthe cathode was prepared
via citrate synthesis routé9), with final annealingin air at 1100€ for 5 h. The
functional cathoddayer consisted of 60 vitb LSM and 40wt.% 10Sc1CeSZ.The
currentcollecting layer othe cathode was made of pure LSM.

All the powders were bathilled in a mixture of toluene, butanol and diethglpate
(69/29/2 vol.%.)n thepresence of 3 wt.%i@minopropaneln order to prepare pastes for
screenprinting, the powders were mixed with HeraeusOD6A thinner Germany) in a
planetary mixer (Thinky, USA)the powder to thinner mass ratio was 1:0.5 for both
anode pastes, 1:0.8 for the cathddectional layer and 1:1 for the cathode current-
collecting layer.The pastes were deposited onto the siogystal membrane using an
Ekra Mat S45 screen printer (Germanyith drying of each layer at 130°Che anode
wassintered in air at 1250°@r 3 h; its reduction was performed in the course of Raman
measurement3.he @athode layer was finally annealed in aid400°C for 4 h.

Characterzation of Materials and Eectrochemical Ells

Al the electrode materials were examined byra}- diffraction (ORD),
thermogravimetric analysis (TGA), and scanning and transmission electron microscopy
(SEM/TEM) coupled with energglispersive spectroscopic analygisDS). XRD and
TGA studies were performed usirfjemens BE600Braun and Setaram Setsys EVO
16/18instruments, respectivel sEM/EDS analyses werearried out usingupra 50vP
microscope (Oxford, UK). Aleol JEM 100 CX} instrument(Japan)wasemployed for
TEM.

Results and Discussion

NiO Powder and Porousalers

XRD showed thalNiO used for the case studies is single&seNo cation impurities
were found by EDS within the detection limits. According to TGA and TEM analyses,
however, the aseceived NiO powder contained hyperstoichiometric oxygen
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incorporated intohte surface layers of naisized particles. Annealing at 7@ in air

makes it possible to remove the absorbed oxygen and to moderately increase patrticle size,
thus providing a good adhesion and microstructural stability of the sintered electrode
layers.The electrode microstructures are illustrated by Figt# thicknesses of anode
functional and current-collecting layers were approximately 20 andar?3aspectively.

solid electrolyte
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a b
Figure 3. SEM micrographs of fractured electrochemical @llanode; (b) cathode side.
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Figure 4. Schematic drawing of the experimental sé&ap text)

Figure 4 presents a general scheme of the develapgrbrimental setup, which
comprises a gasyxing system equipped with maew controllers (MFC- Bronkhorst,
Netherlands), highemperature chamber with a transparent siogjstal zirconia
membrane (Fig.1b), and an optical system for the Raman spectroscopy. ftadies
scattering in the working electrodess exded by a 30mW green (532hm) laser The
system components include pmlarizer decreasg power of thelaser radiationrwhen
necessary, a shutter spopg theexcitation beam for system tuning, andadlecting lens
(focus distance of 190 mno focus the beam on a selected region of the interface or
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electrode The excitation beamd reflected by a mirror after tifecusing lensplaced
besidethe optical axis in order to avoid specks and parasite reflectibng.Raman
scattering radiation isollected by acollecting lenswith focus distance of 95 mnthe
WE electrode s locakd in one of its focuses. Anothlens withthe same focus distance
focusesradiation inside the crossed optical gapsed to limit thevisible region.One
movable mirror after the gapables tadirect the radiation toan optical microscope
with 5.1 megapixel CCD camera. If theovable mirror is removed, thexcited radiation
canbe collected by a second pair of collecting lenses thigiocus distances of 95 and
190 mm. The scatteed light was distributed into different angle directions by a
diffraction grating monochromator MDR-12@QMO, Russia).andregistered by £CD
camera (Princeton Instruments, USA) with 512x512 pixel resolutibrihé lenses used
for the setup were produced by the Lytkarino Optical Glass Fa@Roigsia)

The Raman spectra presented in this wweke obtained as a sum of 100 spectra,
collected for 2 second=ach;the background spectra obtained under identical conditions
with the laseswitched off were aomatically subtracted.

i
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Figure 5. Schematic drawiraf the hightemperature sample holder
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Figure 6.RoomtemperaturdRaman spectrum of as-sintered anpdgctrolyte interface
prior to reduction.
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The electrochemical cell holder inserted in tightemperature furnace with a glass
window (Fig.4) is schematically shown in Fig.5. The holder comprises a sing
sapphire tube (outer diameter of i2in), two thermocouples and Pt current collectors.
The singleerystal zirconia membrane with electrodes (Fig.1b) is heraibtisealed onto
one end of the sapphitebe. The atmosphere over the working electrode can be precisely
controlled by the gas mixing system.

Validation of the Experimental Approach: NiG&uction at therterface

A typical Raman spectrum of the as-prepared anode | electiotgtéace is presented
in Fig. 6. The peakat 515 crit corresponds to 1PL phonon)oscillations in NiO;740,
860 and 1150 cth—to 2P oscillationsthe peak at 1460 cthresults from2M (magnon)
oscillations. The strongest peak at640 cm' is characteristioof cubic zirconia inthe
composite electrodend solidelectrolyte membran&he NiO peaks at 515, 740 and 860
cm? cannotbe used to detect phase transformations inatimleas theseare locaed
close to the strongest zirconia peak. Thest indicativearethe peaks at 1150 and 1460
cm?®, having a good resolution at room temperature. However, the 2M (1460peak
becomes much weaker at 230and disappears &52°C due to transformation of
antiferromagnetic NiO to cubic betdiO (Fig.7). The phonon peak at 1150 “tris,
therefore,the only peak in the Raman spectrum which can be used to study NiO
reduction or current-induced oxidation of metallic Ni at the interface. Notice also that the
Raman pectrum collected at 600 suffers from heat radiation, thus introducing
additional experimental limitations.

2P 2M

E M%Mwmmuwmwwm 400
200
- 20 -

1 1 1 i | ! 1
500 1000 1500 2000
Raman shift, cm™

Figure 7. Raman spectra of NKQ0Sc1CeSZ composite anode on heating in air.

The NiO reductiontests in flowing H were hence performed at®C. In the course
of these experiments, the gas flow rate over the anode was fixE@Datl/min; the
Raman spectra were collectedch 200 second#és expected, the reduction leads to
monotonic changes in the spectra (Fig.8), primarily in the vicinity of 115bperak.
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Figure 8. Raman spectra of the composite anode on reduction in hydrogen.
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Figure 9.Characteristic fragments of the composite anode Raman spectra during NiO
reduction in hydrogen, after subtraction of the ground signal.

The ground lines were fitted selecting 7 nodal points: 700, 800, 900, 1000, 1250,
1500 and 2000 cih These curves were subtracted from the starting spectra. The results
(Fig.9) clearly indicate disappearance of the characteristic phonon peak on the reduction
of NiO in flowing hydrogen, since metallic Ni exhibits no peaks in this range of the
Raman shifts. Theme dependence of the peak maximum and area is displayed in Fig.10.
Following initial plateadike behavior, the kinetics can be described by a standard
paraolic law typical for diffusion-limited redox processes involving binary metal oxides,
such as NiO. The trends, observed when oxygen anions are supplied through the solid
electrolyte membrane, and relevant microscopic mechanisms will be analyzed in

forthcoming reports.
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Figure 10.Time dependence of tI&P peak height (a) and area (b) during NiO reduction
in the composite anode layer.

Conclusions

A novel combined approacfor in-situ Raman spectroscopy analysi$ local
chemical and electrochemicatactionsin the vicinity of SOFC electrodeelectrolyte
interfacewas proposed.The experimental technique is based on the use of S¢peC
cells comprising optically transparemsinglecrystal membrane®f stabilized cubic
zirconig placed under oxygerhemical potential gradient in the controHatimnosphere
chamberln combination with the electrochemical measurements, this techmgkes it
possible to directly study the redox processes induced in the triple-phase boundary zone
by variations of the cuent density, temperature and gaseous phase compoditien
experimental setup was tested in the regime afdvitaining cermet anode reduction.
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