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Combined technique and setup have been created that combines
capabilities of electrochemical methods, as well as high-temperature
Raman spectroscopy (RS) at Osipyan Institute of Solid State
Physics RAS. In order to study the processes in the
electrochemically active zone, a special geometry of samples was
developed on basis of optically transparent single crystal
membranes of an anionic conductor with a toroidal shape counterelectrode. With the use of this combined technique and special
geometry, studies of the kinetics of reduction of nickel in composite
SOFC anodes were carried out. The influence of the composition of
fuel on Raman spectra obtained from the internal interface in the
current load mode was also investigated, and the correlations with
the cell voltage were studied. RS is also used to study the structure
of single-crystal samples of anionic conductors, including at SOFCs
operating temperature. The new combined technique was used to
study other components: sealing glasses for SOFCs and optical
glasses.

Introduction
Solid oxide fuel cells give an opportunity to transform chemical energy of hydrogen
(1-2) and hydrocarbon (3-4) fuel oxidation to electrical (5) and heat energy (6). SOFC
efficiency is record high one in comparison to other power sources (7), especially in the
case of hybrid system with gas turbines (8-9). SOFC efficiency dramatically depends on
electrode optimization level (10-11). In-situ measurements in SOFC conditions help to
understand the mechanism of fuel oxidation on anode electrode to conduct a direct
optimization of anode sublayer microstructure and content. Traditional structural and
element analysis techniques (e.g. SEM, EDX, XRD, XPS and so on) cannot reach this goal
because of severe working conditions of solid oxide fuel cells: working temperature from
550 to 850 oC (12), high current densities up to 2-3 A/cm2 (13-15), aggressive gas mixtures
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and separated gas chambers with fuel and oxidation mixtures. Raman spectroscopy is a
promising technique for in-situ studies of operating SOFC (16-18). This technique is
distance one (it gives opportunity to separate spectroscopic equipment of working SOFC
chamber), non-invasive (power input of excitation radiation is relatively low, and it does
not significantly influences the operating model SOFC), more than 90 years of studies led
to a large database of spectra for different materials, including those used in SOFC industry
(19-21).
Raman spectroscopy was widely used for the characterization of materials used for
SOFC fabrication as well as full operating SOFC – ex-situ and in-situ. One of the objects
studied was the extremely important issue regarding operation of SOFC anode in natural
hydrocarbons – sulfur poisoning. Various bulk nickel sulfides and dramatic morphology
changes were observed on the Ni surfaces of Ni–YSZ composites after exposure to fuels
with pH2S/pH2= 100 ppm at elevated temperatures using in-situ Raman microspectroscopy
and several ex-situ characterization techniques in (16). Raman spectroscopy was used to
observe in-situ nickel sulfide formation at temperatures up to about 500°C in (22). Carbon
deposition in anode on hydrocarbon-fed solid oxide fuel cells is also widely studied by insitu Raman spectroscopy. Direct evidence of preferential coking on the Ni surface with
little to no coking YSZ was provided in (23), and the growth of carbon on the Ni surface
was successfully monitored over time at high temperature. Besides, this technique provided
additional evidence of the roles that water and BaO modification play in coking resistance
on the Ni anode, which is useful for further anode design improvement. Significant and
reproducible discrepancies in carbon removal rates by H2O, CO2, and O2 were observed in
both spectroscopic graphite signatures and simultaneous changes in cell OCV in (24).
Raman spectra showed that the deposited carbon at OCV conditions was mainly in
graphitic structure (G band) and partially in amorphous structures with aromatic ring (GR)
in (25). As the understanding of fuel oxidations mechanisms strongly influences the
direction of anode optimization routine, this subject was also studied in detail using the insitu Raman spectroscopy technique. Oxidation of hydrocarbons (methane and simulated
biogas) was studied in (26). Ethanol oxidation as promising SOFC fuel was studied in (27).
Despite all advantages of Raman spectroscopy mentioned above, all the research
groups are limited by outer boundaries of samples because of low penetration depth of light.
In present work we describe the results obtained on model SOFCs with novel geometry
based on optically transparent solid electrolyte membrane (single crystalline or ceramic
thin film). This optically transparent anion conductor membrane as well as cathode with
special shape give an opportunity to pass excitation laser beam and to collect the scattered
radiation from the inner interface of fuel electrode and solid electrolyte membrane.

Experimental Techniques and Samples

Model SOFC Samples
In this study we used two types of model SOFCs: electrolyte supported and anode
supported planar cells. Principal geometries are shown in figure 1.
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Figure 1. Geometry of electrolyte supported (a) and anode supported planar model SOFCs.
Red arrows represent laser beams, red circles – studied zone on the inner interface of solid
electrolyte membrane and fuel electrode.

Electrolyte supported cells were used previously (28-32). These samples are based
on optically transparent single crystalline membranes made of stabilized zirconia. Despite
higher10Sc1YSZ (89 mol% ZrO2 + 10 mol% Sc2O3 + 1 mol% Y2O3) ionic conductivity
(33-35), we usually used 8YSZ (92 mol% ZrO2 + 8 mol% Y2O3) material, as it has much
simpler Raman spectra (36-37). Single crystalline membranes were cut from the crystals,
manufactured in A.M. Prokhorov General Physics Institute RAS (Russia) via direct melt
crystallization technique in cold crucible (38-39). Composition and structure optimization
of anode and cathode electrodes were described in previous works (40-43). Anode
electrode was based on NiO/10Sc1CeSZ (89 mol% ZrO2 + 10 mol% Sc2O3 + 1 mol%
CeO2) composite material, and cathode one – on LSM (La0.8Sr0.2)0.95MnO3-d/10Sc1CeSZ
composite.
Anode supported SOFCs were used to reduce the cell resistance, thus to extend the
range of working temperatures and current loads applied. These electrochemical cells were
based on thick multilayered anode supports. Thin-film solid electrolyte was deposited
using magnetron sputtering in Institute of High Current Electronics SB RAS. Thin-film (35 μm) solid electrolyte is also optically transparent due to its low thickness. Cathode
electrode was deposited following the route optimized previously (40-43).
In some experiments the 10GDC (90 mol% CeO2 + 10 mol% Gd2O3) sublayer was
placed on the anode | electrolyte boundary due to significant dependence of Raman spectra
lines on oxygen stoichiometry in doped ceria crystal lattice (44-45).

Single-crystal and polycrystalline membrane transparency
Light transmission spectra from (46) for clear (black line) 300 μm thick singlecrystal 8YSZ plate and covered by as-prepared thin-film magnetron sputtered 8YSZ-layer
for different thicknesses (1.6, 3.0, 4.7 μm) as well as annealed in the air at 1100 °C are
shown in figure 2
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Figure 2. Light transmission spectra of clear (black) 300 μm thick single-crystal 8YSZ
plate and covered by as-prepared thin-film magnetron sputtered 8YSZ-layer for different
thicknesses (1.6 μm – dashed red, 3.0 μm – dotted green, 4.7 μm – dash-dotted blue) as
well as annealed in the air at 1100 °C (4.7 μm – dash-double-dotted magenta), from (46).
One can observe the transmission spectrum of starting 8YSZ single-crystalline
plate – black solid line. In a working range of wavelength (indicated with black rectangular)
– 532–600 nm – this plate has a transmission ratio on a level of window glass (more than
70%). Introduction of thin-film magnetron sputtered 8YSZ layers (1.6 μm – red dashed
line, 3.0 μm – green dotted line, 4.7 μm – blue dash-dotted line) effects the transmission
dependence mainly in a shortwave region (200–450 nm), we explain this influence by poor
crystallinity of deposited film. Influence of films deposited in working range of wavelength
is rather low. Hence, we can use thin-film electrolyte deposited by magnetron sputtering to
pass the excitation radiation and get a Raman scattered signal from the inner interface of
solid electrolyte and anode electrode. This means, that in combination with special ringtype geometry of cathode electrode with one or several pinholes we have the opportunity
to study both electrolyte-supported model SOFC samples based on optically transparent
single-crystal solid electrolyte membranes and anode-supported structures with thin-film
solid electrolyte deposited by magnetron sputtering technique. This zone and laser beam
are represented by red circle and red arrow in figure 1 respectively.

Experimental Techniques
The morphology of materials as well as microstructure of ceramic layers was
studied using a scanning electron microscope (SEM) with a LEO Supra 50VP field
emitting cathode.
Thermogravimetric studies were carried out using a Setaram Setsys EVO 16
thermogravimetric analyzer (Setaram, France) with modules of thermogravimetric analysis

1304

ECS Transactions, 103 (1) 1301-1317 (2021)

(TGA) and differential thermal analysis (DTA) for studies of the temperature dependence
of the mass and heat flux, accordingly. The device was equipped with a gas system with
consumption controllers allowing to perform measurements in the atmosphere of oxygen,
air, argon, technical mixture of argon and hydrogen (4 % hydrogen), carbon dioxide, and
also in vacuum.

Combined Experimental Setup for in-situ Raman Studies and Electrochemical
Measurements
In-situ Raman studies of SOFC electrodes were conducted using combined
experimental setup consisting of optical and electrochemical blocks. Principal scheme of
this setup is presented in figure 3.

Figure 3. Principal scheme of the combined experimental technique for in-situ Raman
studies and electrochemical measurements.

Electrochemical block of combined setup is shown in the right part of the scheme.
High-temperature furnace gives an opportunity to control the working temperature of the
sample studied up to 1000 oC. High-temperature holder, which is placed inside the furnace,
is made of single crystal sapphire tube produced by Osipyan Institute of Solid State Physics
RAS (ISSP RAS, Russia). High-temperature holder is fixed on computer controlled
mechanical system produced by Avesta-Project (Russia) for precise placing of the sample.
Button-shaped SOFC sample is fixed on a tube edge using high-temperature sealing glass.
Thermocouples fixed inside and outside of sapphire tube give an opportunity to precisely
control the sample working temperature in course of studies. Electrochemical
characteristics (chronopotentiometry, current-voltage characteristics, impedance
spectroscopy) were measured by potentiostat-galvanostat Gamry Reference 3000 (USA).
Gas system based on mass-flow controllers manufactured by Bronkhorst High Tech B.V.
(The Netherlands) is connected to hydrogen, nitrogen, CO and CH4 lines, control limit
being from 0.25 to 1 l/min for each gas. This system makes it possible to prepare model
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fuel mixtures for testing model SOFCs in various working conditions. Sample fixed on the
edge of sapphire tube is places by one of the edges of high-temperature furnace; this edge
is directed towards the setup optical part.
The optical part of the setup consists of excitation radiation sub-system and optical
sub-system of the scattered radiation detection. Multimode semiconductor green laser with
the wavelength of 532 nm and power output of 20 mW operates as a source of excitation
radiation. Spectroscopic filter for 532 nm is used to clear the excitation radiation from
different additional lines. Polarizer is used to reduce the radiation intensity in course of
system tuning. Mechanical iris-type shutter placed on the trajectory of laser beam is used
for the collection of background spectra. Lens with a focus distance of 190 mm focuses
laser beam, optical mirror directs it on a model SOFC placed inside the high-temperature
furnace. All the lenses in setup described were manufactured by Lytkarino Factory of
Optical Glass (LZOS, Russia), they are fixed in precise mechanical shifts for optics
manufactured by Avesta-Project (Russia).
Scattered radiation is collected by a pair of lenses with focus distances of 95 mm.
The image of the studied area is limited by crossed optical slits to avoid the presence of
side signals. Movable prism-type mirror is used to temporarily direct the scattered radiation
to microscope with computer-controlled CCD-camera (ToupView, China) with the
purpose of precise tuning of investigated region. The second pair of lenses (with focus
distances of 95 and 190 mm) directs the scattered radiation through the edge filter on a hole
of diffraction grating spectrometer (MDR-12, LOMO, Russia) equipped with nitrogen
cooled CCD camera LN/CCD-1340/400-EHRB/1 produced by Roper Scientific (Princeton
Instruments, USA) with the size of 1340x400 pixels.
In addition to Raman spectroscopy and traditional electrochemical methods
combined experimental setup was equipped with a benchtop flow-through gas analyzer
"TEST-1" from Boner-VT, Ltd. (Russia), which makes it possible to study the content of
С 2, С 4, 2, С , 2, and 2 in the flow gas mixture flowing through the SOFC anode
chamber. The use of the flow-through gas analysis system allows dynamic simultaneous
measurement of the content of listed gases in the flow of the analyzed gas mixture.

Results and Discussion
Studies of SOFC anode fabrication materials
High-temperature Raman spectroscopy allows obtaining additional information on
the microstructure of samples both at room and operating temperature, where most other
investigation methods become less applicable. Previously it was used to study the structure
of single-crystal samples of anionic conductors (47-48), sealing glasses (49-50) for SOFCs,
as well as optical glasses (51-53) including in situ experiments at the operating temperature
of SOFCs (46).
In-situ Raman spectroscopy was used to study the redox processes at SOFC anode
electrode as well as starting materials of anode preparation. Despite the well-known
problems such as carbon deposition and Ni coarsening during long-term operation, the
anode cermets of metallic Ni and stabilized zirconia are among the most common SOFC
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materials. Nickel acts as an active component in conventional SOFC anodes (55-56) and
takes part in course of fuel oxidation reversibly changing metallic and oxide form. Nickel
oxide has complex Raman spectra (58) in contrast to metallic nickel. This property gives
the opportunity to follow the redox processes employing nickel oxide Raman spectrum
intensity study in course of SOFC operation.
It should be noticed that nickel oxide Raman spectrum is also sensitive to crystalline
size (58) but in the case of nano-scale powders with extremely active surface it exhibits no
Raman scattering. It was shown (43) that adsorbed layers that cover nanoscale grains could
effectively screen laser excitation.
HRTEM revealed a core-shell structure of commercial nickel (II) oxide
nanopowder (99.8% purity, Sigma-Aldrich). The amorphous shell, up to 5 nm in thickness,
was assumed to be formed by absorbed gaseous species. Indeed, EDX showed a
substantially high oxygen hyperstoichiometry of the nanopowder. The amount of extra
oxygen decreases on annealing in air and becomes insignificant after heat-treatments at
temperatures above 500 oC. The total amount of desorbed oxygen corresponds to 0.18±0.04
atoms per formula unit. The collected Raman spectra of the powders pre-annealed at
various temperatures (figure 4) are in excellent agreement with the HRTEM, EDX and
TGA data. The first Raman spectrum with well-resolved NiO peaks was collected for the
powder annealed at 700 oC, when the absorbates are removed.

Figure 4. Raman spectra of NiO powders annealed at different temperatures (43).

Studies of nickel oxide reduction kinetics in SOFC working conditions
After solid oxide fuel cell fabrication procedures, nickel oxide is in a form of microscale powder with a pronounced Raman spectrum, which can be used to in situ follow the
transformation between oxidized and metallic nickel during SOFC anode reduction. The
kinetics of reduction of Ni-10Sc1CeSZ composite anodes were studied using the Raman
spectroscopy technique (29) for the 400-600 oC temperatures range. Raman spectra of Ni
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oxide were collected from the region of inner anode | electrolyte interface in the geometry
shown in Figure 1 (left). Figure 5 left shows the variation of NiO subspectrum with time
during reduction in 50% H2–50% N2 gas mixture at 500 °C. Time dependences of the NiO
peak intensity on anode reduction at 400-600 oC are shown in right part of figure 5.

Figure 5. Raman spectra taken from the interface as a function of time during reduction at
500 °C – left, and time dependences of the NiO peak intensity on anode reduction at
different temperatures (from (32)).

The time dependence of anode reduction obtained by thermogravimetric analysis
of composite powder shows a significant difference from spectroscopic one and can be
explained by geometry of Raman measurements as well as penetration depth of excitation
laser radiation. Nevertheless, the classical Avrami model can describe both data sets. After
initial variation in spectroscopic and thermogravimetric data concerning different
experiment geometry both dependences show linear region corresponds to the n value of
1.33±0.01, which is in excellent agreement with literature (59-60). The relevant mechanism
may be associated with the metal nuclei growth limited by Ni diffusion (60-61). Therefore,
under open-circuit conditions the kinetics of NiO reduction at the porous cermet
anode | solid electrolyte interface is similar to that of the bulk reaction, as expected. The
results on the kinetics of nickel oxide reduction studies within SOFC composite anodes
can be used for the optimization of the mode of initial reduction of the anodic electrode
when the model medium–temperature SOFC reaches the operating conditions.

Raman studies of model SOFC samples
Despite high sensitivity of Raman spectroscopy to Ni oxidizing we did not observe
any presence of NiO on anode | electrolyte inner interface under current load. To overcome
this difficulty, we modified model sample structure by introducing of special indicative
layer, sensitive to the oxygen partial pressure and current load applied to the cell. It is well
known that cerium oxide has spectral lines, which strongly depend on oxygen
stoichiometry in a crystal lattice. That is the reason we used indicative gadolinia doped
ceria (GDC) layers in following works (32).
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In-situ studies of the inner interface between anode electrode and solid electrolyte
require optical transparency of this anion conductor membrane. Unlike single crystal
conventional ceramic membrane is not optically transparent because of high density of
grain boundaries, which significantly scatter light. In the case of thin-films (up to 3-5 μm),
when the grain size is comparable to electrolyte thickness, transparency of the ceramic
solid electrolyte membrane is much higher. Further results were obtained in comparison of
SOFC with single crystal electrolyte support and anode support with ceramic thin-film
membrane. In both cases an indicative GDC layer on the anode | electrolyte boundary was
used.

a

b

Figure 6. a – current-voltage and current-power curves for the electrolyte- anode supported
cells under study at an operating temperature of 750 °C and b – comparison of room
temperature spectra for electrolyte- and anode-supported cells with identification of Raman
peaks known from literature data.

One can observe from figure 6a, that transition to anode-supported cells gave an
opportunity to significantly extend the range of current loads up to 2 A/cm2. It also worth
mentioning, that open circuit voltage is rather low, at the level of 0,93-1 V. This issue can
be explained by thin-film bilayer electrolyte structure, which can demonstrate microleakages in course of SOFC operation. The GDC indicative layer, placed in anode chamber,
changes oxidation state of Ce ions in fuel atmosphere. This causes mechanical instability
of thin-film electrolyte and may lead to additional leakages, which lower the open circuit
voltage of the cell.
Figure 6b shows room temperature Raman spectra obtained from inner interface
“anode | electrolyte” of electrolyte-supported (bottom curve) and anode-supported (top
curve) model solid oxide fuel cells. The majority of peaks obtained were identified in
accordance with Raman spectra of zirconia, ceria and nickel oxide known from the
literature data. Raman peaks with shifts of 170, 260, 340, 570 and 610 cm−1 can be
attributed to the structure of cubic zirconia. These peaks can be explained by the influence
of single-crystalline thick solid electrolyte membrane in the case of electrolyte-supported
structures and by thin-film polycrystalline 8YSZ membrane deposited by magnetron
sputtering in a case of anode supported structures. Despite polycrystalline nature of ASC
thin-film electrolyte, an influence of 8YSZ on Raman spectra obtained for ESC structures
is much higher due to large thickness of the single-crystalline support membrane. Raman
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peaks with shifts of 680 and 900 cm−1 correspond to nickel oxide present in the functional
anode layer. It is quite obvious, that nickel oxide Raman lines are noticeable in a
significantly higher degree for anode-supported structure. This result can be explained by
two factors: the usage of thin-film solid electrolyte with the lower influence of 8YSZ on
total Raman spectrum of ASC sample and higher transparency of GDC layer deposited by
means of magnetron sputtering in comparison of screen-printed one in case of thick
electrolyte support. Quite intense Raman peak with the shift of about 460 cm−1 can be
attributed to doped ceria GDC indicative sublayer. Further studies of Raman spectra
obtained from the inner interface of the anode electrode and solid electrolyte membrane
were carried out in reducing conditions.
The result of the doped ceria line of interest (~460 cm−1) separation from Raman
spectra for different types of cell and fuel compositions under open circuit conditions is
shown in figure 7a.

a

b

Figure 7. A – result of the doped ceria line of interest (~460 cm−1) separation from Raman
spectra in dependence on fuel mixture composition (from (46)) and b – dependence of the
OCV (top) and current load density (bottom) on normalized Raman peak area.

One can observe a clear dependence of peak intensity on oxygen partial pressure
for both types of SOFCs (ECS and ASC): line intensity increases when oxygen partial
pressure increases. We connect this change with the growth of oxygen content inside the
doped ceria crystal lattice and thus increase of probability of Raman scattering on O-Ce-O
lattice oscillations. Dependence with the same character was detected for the case of
current load application. Raman peak intensity grew after application of the current load,
the higher the current – the higher is peak intensity. This effect can be explained by the
transfer of oxygen anion from the electrolyte membrane to the lattice of the indicative GDC
sublayer.
Area of the peak was estimated for two types of cells for different fuel compositions
at open circuit conditions and for different current loads at constant H2/N2 ratio. Results of
these studies are presented in figure 7b. Peak area was normalized on the line intensity for
the case of H2/N2=1/1 fuel mixture and open circuit conditions.
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One can observe that transition to anode-supported structures gives an opportunity
to significantly extend the range of current loads available. Maximal current load applied
is more than two times higher for the case of anodic support. The general view of the
dependence is quite similar for both cell types, it can be attributed to the transport of oxygen
anions (O2-) from solid electrolyte membrane to anode electrode.
Dependences of OCV on peak area are linear like both for ASC and ESC samples.
Assuming local thermodynamical equilibrium on SOFC anode electrode in case of zero
currents passing through the cell, one can evaluate a linear connection between changes in
460 cm−1 peak area and level of oxygen chemical potential in the region of inner
“anode | electrolyte” interface. This procedure was applied to the sets of data obtained at
constant fuel gas mixture and various current loads. The result of calculated anode
overpotential is presented in figure 8a.

a

b

Figure 8. a – Calculated anodic overpotential for electrolyte- and anode-supported model
SOFCs, b – Tafel-like dependence of the estimated local overpotential at the GDC|YSZ
interface vs. current load for electrolyte-supported SOFC (from (32)).

Type of the supported element has practically no influence on obtained anode
overpotential up to the 150 mA/cm2 current load. As was shown earlier for the electrolytesupported SOFC (32) at low current loads estimated overpotentials exhibit a Tafel-like
dependence on the current load applied to the cell (figure 8b). The calculated slope of local
overpotential vs. ln(current) dependence equals to RT/(2nF) with n=2.2 ± 0.1. This value
was considered close enough to the theoretical value of 2. Moreover, local overpotential at
the GDC | YSZ interface depends only on the current density and does not depend on the
fuel gas composition within the limits of experimental errors. This fact and a constant slope
of the Tafel-like relationship suggest that the rate-limiting mechanism in the reaction zone
at low current densities may be associated with anion transfer via this studied interface. For
higher current loads overpotential dependence shows a significant difference for different
types of cells, which indicates an increase in the role of exchange processes with gaseous
phase (e.g. hydrogen oxidation on the GDC surface or in the vicinity of triple-phase
boundary).
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Studies of carbon deposition in course of SOFC operation in methane-containing fuel
The use of thermodynamic analysis to predict the presence or absence of soot
formation in the process of steam conversion of methane does not give an unambiguous
answer due to the existence of temperature and concentration gradients between the surface
of the fuel cell and the flow in the anode zone, as well as the complex and not fully
understood kinetics of steam conversion of methane in general and the kinetics of carbon
deposition in particular. However, under such uncertainty, the thermodynamic criterion
still gives some confidence in the existence of a regime for reducing or completely
preventing carbonization of the fuel cell anode. Therefore, the analysis of the dependence
of the concentrations of the components on temperature makes it possible to estimate at
what temperature the process of carbon deposition begins, as well as how the limiting
concentration of the conversion products changes (for a given input composition). The
results of thermodynamic analysis are presented in figure 9.

Figure 9. Results of thermodynamic analysis of the process of steam reforming of methane.
The total flow of the fuel mixture is 50 ml/min.

As can be seen from figure 9, the addition of methane to the nitrogen-hydrogen
mixture should lead to a decrease in the concentration of methane, as well as an increase
in the concentration of CO and H2. Carbon deposition can be determined by a significant
deviation from the balance between the incoming and outgoing gas mixtures and indirect
signs, such as deterioration of the electrochemical characteristics of the fuel cell and an
increase in the gas-dynamic resistance of the system.
Standard electrolyte-supported cells based on optically transparent single-crystal
solid electrolyte membranes were used in this part of the study. The dominant peak in
Raman spectra collected from inner interface of anode and electrolyte is the vibration line
in zirconium dioxide due to the passage of the exciting laser beam through the singlecrystal membrane of the YSZ anionic conductor and the YSZ content in the composite
anode. The Raman spectrum also clearly shows broad vibration lines of nickel oxide (1100
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and 1500 cm-1), which disappear under operating conditions of SOFC due to the reduction
of nickel oxide to metallic nickel.
In order to study the process of carbonization of the composite anode during
operation of SOFCs on carbon-containing fuel mixtures, the Raman spectra were measured
from the internal interface between the electrolyte and the anode at different compositions
of the supplied fuel mixture. Spectra showed that during operation of SOFC on fuel mixture
with an increased methane content, a broad line appears in the Raman spectrum at a
frequency of 1350 cm-1. It is known from the literature that the peak at a frequency of the
order of 1360 cm-1 corresponds to the so-called D-line of vibrations in disordered graphite
(61). It is worth noticing that this line was detected from inner interface of anode and solid
electrolyte membrane for the first time. Previous researchers in this direction worked with
outer boundaries of model SOFCs (62-63).
It should be noted that this line is wide enough (figure 10 left), which indicates the
formation of nanosized "islands" of graphite, which are not strongly interconnected.

Figure 10. Raman spectrum of the internal interface between the electrolyte and the anode
during SOFC operation on a hydrogen-methane mixture in a 1:1 ratio at a temperature of
750 °C.
To confirm that a broad line at a frequency of 1350 cm-1 in the Raman spectrum
appears as a result of carbonization of the composite anode during operation of SOFCs on
carbon-containing fuel (hydrogen-methane mixture), electron microscopic studies of
composite anodes of model SOFCs were carried out in this work. The microstructure of
the electrode layers of the model SOFC samples was studied using a scanning electron
microscope (SEM).
Figure 10 right shows SEM images of the SOFC anode cross section after its
operation on methane-hydrogen fuel. It can be seen that after operation on hydrogenmethane fuel, the structure of the anode became more "loose". It can be seen that the surface
of the nickel grains is covered with a fine network of carbon deposits. The result obtained
confirms the carbonization of the composite cathode, which was detected using the Raman
scattering method when operating SOFCs on methane-hydrogen fuel.
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We also studied a time dependence of the open circuit voltage (OCV). The
reduction of the cell was carried out in a nitrogen-hydrogen fuel mixture with a component
ratio of 3:1 (N2:H2 flow). After the completion of the anode reduction and stabilization of
OCV at 1060 mV, methane was added to the fuel mixture at the following general ratio of
components: N2:H2:CH4 = 3:2:1. From the dependence of the open circuit potential on time,
it can be seen that when a new fuel mixture reaches the anode of the fuel cell, a sharp
increase in the open circuit potential occurs (1192 mV), which indicates the progress of the
methane conversion reaction with the release of hydrogen in the fuel chamber. Moreover,
the data of impedance spectroscopy confirm that when methane is added to the fuel gas
mixture, the total resistance of the element increases. At the same time, during prolonged
exposure in fuel mixtures, the anode structure “loosens” till its gradual destruction, which
leads to an excessive increase in resistance, which is confirmed by the data of a scanning
electron microscope and impedance. Carbon deposition studies by means of Raman
spectroscopy as well as traditional electrochemical techniques will be continued in future
works.

Conclusions
In this manuscript we described results of in-situ measurements of model solid
oxide fuel cells conducting using the combined technique, which combines opportunities
of Raman spectroscopy and traditional electrochemical techniques. Planar electrolyte- and
anode-supported cells were used in these studies. Anode supported cells gave an
opportunity to significantly extend ranges of operating temperatures as well as current
loads applied. Optical measurements in combination with electrochemical studies gave an
opportunity to estimate the dependence of local anodic overpotential on current load
applied to the cell. In both cases overpotential exhibits Tafel-like behavior.
Tests of fuel cells under current load have been carried out, the relationship between
electrochemical characteristics, composition of reaction products and changes in the
corresponding Raman spectra have been studied. It was shown that the addition of methane
leads to the formation of CO and an increase in the hydrogen content in the reaction
products. In this case, the methane content in the conversion products decreases. It is shown
that a more significant decrease in the methane content in relation to the increase in the
concentrations of hydrogen and CO can be associated with the Boudouard reaction and
carbon deposition. This is confirmed by the fact that over time, the electrochemical
characteristics of the fuel cell deteriorate due to carbonization of the SOFC anode when
operating in methane-rich mixtures. The influence of hydrocarbon-containing fuel on the
evolution of the microstructure and chemical composition of the fuel electrode was studied
during model experiments. We found a peak of amorphous carbon in the Raman spectra.
It is shown that its occurrence is associated with the deposition of carbon on the model
SOFC when using hydrocarbon gas mixtures as fuel.
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