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Abstract
This survey focuses on in-situ studies of solid oxide fuel cells (SOFCs) and other solid oxide electrolyte devices using 
Raman spectroscopy, which is often combined with other electrochemical and physical methods. Most conventional tech-
niques, for example, structural and microscopy techniques and methods of elemental analysis, cannot provide an oppor-
tunity to conduct in-situ analysis of the processes that occur in the materials, electrodes, and entire SOFCs due to high 
operating temperatures (up to 850–900 °C), high current densities (often up to the level of several A/cm2), aggressive gas 
environments, and separated cathode and anode gas chambers. Conventional electrochemical techniques cannot provide 
the local information. On the contrary, Raman spectroscopy enables remote, noninvasive, local and molecular-sensitive 
testing of SOFCs, thus making it possible to obtain information on the macro- and microscopic mechanisms and to 
perform targeted optimization of the composition, microstructure, and operating conditions of SOFC components. This 
review aims to cover recent research focused on separate SOFC materials, electrochemical half-cells, and full SOFCs. 
Special attention is given to carbon deposition at SOFC anodes fueled with hydrocarbon-containing mixtures, mechanisms 
of hydrocarbon electrooxidation, anode reduction kinetics, poisoning with S- and Cl-containing impurities, variations in 
oxygen chemical potential, and assessment of emerging mechanical stresses.

Keywords  Raman spectroscopy · In-situ analysis · Solid oxide fuel cells · Carbon deposition · Sulfur poisoning · 
Mechanical stress · Oxygen chemical potential · Gas analysis
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Introduction

Over the past two or three decades, solid oxide fuel cells 
(SOFCs), stacks, and power plants based on them have 
attracted great interest from researchers and developers in 
many developed and developing countries [1–3]. SOFCs are 
electrochemical devices that directly convert the chemical 
energy of oxidation of hydrogen or gaseous hydrocarbons 
into electrical energy and high-potential thermal energy 
with a record high efficiency. The electrical energy effi-
ciency is often 45–60% [4, 5] but can exceed 60% for some 
systems, particularly hybrid systems with gas turbines [6]. 
The total efficiency of electrical and used thermal energy 
often exceeds 85–90% [6, 7]. Other important advantages of 
SOFC-based power systems include the following features: 
a long service interval of about a year with short and simple 
technical maintenance, i.e. replacement of the desulfuriza-
tion cartridge; long service life of 40,000–50,000 h, there 
are large-scale research and development programs aimed 
at increasing the service life to 100,000 h [8]; multi-fuel, 
i.e. the ability to use hydrogen and a wide range of gaseous 
hydrocarbons as fuel, such as methane, propane, butane, 
dimethyl ether, dimethoxymethane, bioethanol, biogas, 
landfill gases [9, 10], wastewater gases, gasified diesel fuel 
[11], and other types of fuel; high environmental friendli-
ness: CO and NOx emissions are hundreds of times lower 
than the values specified in the Euro 6 and Tier 4 environ-
mental standards [12].

The operating principle of a SOFC is as follows. A single 
solid oxide fuel cell – a membrane-electrode assembly – con-
sists of a solid electrolyte membrane with oxygen anion con-
ductivity (O2−), as well as a cathode and an anode located on 
opposite sides of the membrane. Air is supplied to the SOFC 
cathode, and, due to the catalytic properties of the cath-
ode material, molecular oxygen (O2) dissociates to anions 
(O2−). The anions then move through the solid electrolyte 
membrane to the anode due to anion conductivity. Syngas, 

which is a mixture of hydrogen (H2) and carbon monoxide 
(CO), is supplied to the anode. The mixture is prepared in 
an external device – a fuel processor [13] – or directly at 
the anode. This approach is called “internal reforming” [14].
Oxygen anions from the solid electrolyte membrane oxidize 
hydrogen (H2) to water (H2O) and carbon monoxide (CO) to 
carbon dioxide (CO2). The electrons required for the disso-
ciation of molecular oxygen at the cathode and subsequent 
oxidation of the fuel at the anode pass through an external 
electric circuit, thus performing useful work. Depending on 
the design and functional materials used, the operating tem-
perature of the SOFC is 400–900 °C [3, 15], which allows 
for the production of high-potential heat in the form of hot 
water vapor (anode reaction product) or hot air used for the 
thermal regulation of the system.

The main efforts of SOFC researchers and developers are 
focused on reducing the total internal resistance of SOFCs 
[16] in order to minimize losses of chemical energy from 
fuel oxidation during their operation. The total internal resis-
tance is determined by the ohmic resistance of the compo-
nents (electrolyte, cathode and anode) and the polarization 
resistance corresponding to the electrode current-generating 
processes (cathodic and anodic) [17, 18].Targeted optimiza-
tion of the polarization resistance of SOFCs is impossible 
without understanding the micromechanisms of current-
generating processes. Direct in-situ studies of these pro-
cesses are significantly hampered by the specific operating 
conditions of the system: operating temperature at the level 
of 500–900  °C [19, 20], separated fuel and oxidizing gas 
volumes, and aggressive gas environments. One of the most 
promising methods for in-situ studies of the mechanisms of 
electrode processes in SOFCs, including various types of 
cathode and anode separation, carbon deposition, mechani-
cal stresses, and other physicochemical processes, is Raman 
spectroscopy [21]. This method is molecular-sensitive 
[22], non-invasive [23], non-destructive [24], and remote. 
An extremely extensive, comprehensive database of spec-
tra of various materials used in SOFC fabrication has been 
accumulated over more than 90 years of research [25]. This 
paper reviews scientific articles in which Raman scattering 
was used to study the following aspects of SOFCs: mechan-
ical stresses, carbon deposition on anodes, sulfur and chlo-
rine poisoning, kinetics of anode reduction, and evolution of 
oxygen chemical potential.

Figure 1 illustrates the number of articles found in the 
Google Scholar indexing system for scientific publications 
[26] for the queries “raman”, “sofc”, and “raman” “sofc” 
normalized to values for 2023.

The figure shows that the number of articles for the query 
“raman” (black circles) passed its peak value around 2017–
2018. The peak exceeded 250% of the number of publica-
tions for 2023 and is followed by a fairly confident decline 
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that continues to this day. It should be emphasized that this 
decline occurs despite the constant growth in the number 
of scientific publications in the world by 4–8% per year 
[27–29]. The result indicates a decrease in scientific inter-
est in Raman spectroscopy, which is probably due to a long 
history of research.

The number of publications for the query “sofc” (red 
circles) increases throughout the graph; however, there is 
a noticeable slowdown starting around 2010. This behavior 
can be easily explained by the entry of a number of stacks 
[30, 31] and SOFC power plants [32, 33] into the market, 
indicating an increase in the level of technology readiness. 
Note that the graph of the dependence of the number of pub-
lications for the query “raman” “sofc” (green circles) nor-
malized for 2023 shows a steady and accelerating growth 
(the curve is convex downwards), indicating an increase in 
interest in SOFC research using Raman spectroscopy.

Figure 2 presents a schematic illustration of typi-
cal approaches for studies of solid oxide electrochemical 
devices employing in-situ Raman spectroscopy.

A solid oxide fuel or an electrolysis cell is often placed 
in a system that enables the maintenance and/or variation of 
the operating conditions as necessary. The cell is exposed to 
exciting laser light, and the scattered radiation is collected 
for Raman analysis. This analysis is often combined with 
other methods, including electrochemical tests (e.g., study 
of current-voltage characteristics, impedance spectra, etc.) 
and gas analysis.

Analysis of mechanical stresses in SOFCs

The study of mechanical stresses arising in operating SOFCs 
is crucial for optimizing their service life characteristics, as 
well as predicting and mitigating factors that significantly 

Fig. 1  The number of scientific articles for the queries “raman”, “sofc”, and “raman” “sofc” in the Google Scholar indexing system of scientific 
publications normalized to values for 2023
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composition were studied. Changes in the residual stress 
were estimated during the oxidation-reduction cycle at a 
chemical potential gradient and an operating temperature of 
800 °C. As a result, the stress conditions in the electrolyte 
before operation were estimated to be compressive, which 
is consistent with the X-ray diffraction data. During opera-
tion, the stress conditions changed due to the reduction of 
NiO to Ni. Compressive stress changed to tensile stress. In 

affect the failure of such electrochemical devices [34–36]. 
In many works, in-situ Raman spectroscopy is used to study 
mechanical stresses arising under SOFC operating condi-
tions. A summary of such studies is provided in Table 1.

The prospects of the method for studying mechani-
cal stresses were correctly predicted in the review paper 
[42]. Ref. [37] can be considered the pioneering experi-
mental work in this field. Stresses in a complete and func-
tioning SOFC with a Ni-8YSZ/8YSZ/20SDC/LSCF layer 

Cells and materials Stud-
ied 
RS 
line

Brief conclusion Ref.

SOFC:
Ni-8YSZ/8YSZ/20SDC/LSCF

F2g 
SDC

The stress conditions in the electrolyte before 
operation were estimated to be compressive, which 
is consistent with the X-ray diffraction data. During 
operation, the stress conditions changed to tensile due 
to the reduction of NiO to Ni.

[37]

GDC and SDC powders F2g 
GDC
F2g 
SDC

The Raman detection system with an accuracy of 0.1 
cm− 1 could recognize differences in stress conditions 
within the sublayer with an accuracy of 40–50 MPa.

[38]

]SOFC:
Ni-8YSZ/8YSZ/20SDC/LSCF

F2g 
SDC

The technique can be easily applied to model SOFCs 
and provides quantitative information on mechani-
cal stresses in the electrolyte, taking into account Sm 
concentration and temperature.

[39]

SOFC:
Ni-8YSZ/8YSZ/20SDC/LSCF 
with a removed cathode

F2g 
SDC

The dopant concentration varied depending on the 
thermal cycles, and Sm probably diffused from the 
intermediate layer into the electrolyte.

[40]

SOFC:
Ni-8YSZ/8YSZ/20SDC/LSCF

F2g 
SDC

In-situ Raman spectroscopy showed its applicability 
for assessing mechanical stresses in different func-
tional layers of cells with an anode substrate and a 
dense sublayer.

[41]

Table 1  A summary of the reports 
where studies of mechanical 
stresses in SOFCs were carried 
out using Raman spectroscopy

 

Fig. 2  Schematic illustration of typical approaches for conducting in-situ Raman spectroscopy studies of solid oxide electrolyte devices
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Hence, in-situ Raman spectroscopy is an extremely con-
venient and informative method for assessing mechani-
cal stresses during SOFC operation. The accuracy of this 
method is at the level of tens of MPa, and both the position 
and half-width of peaks in Raman spectra can be used as a 
source of information.

Studies of SOFC anode poisoning with sulfur-
containing compounds

One of the urgent problems of SOFC application is poison-
ing of anodes with sulfur-containing compounds, which are 
initially included in or subsequently introduced into natu-
ral gas or other hydrocarbons used as fuel [44–46]. Raman 
spectroscopy is often used to study the process of poison-
ing of solid oxide fuel cells with various compounds. For 
example, several works examined the poisoning of SOFC 
anodes with sulfur compounds, and Table 2 contains a brief 
content of these works. It is evident that the researchers 
worked over a fairly wide range of both H2S concentrations, 
from 0.5 to 100,000 ppm, and operating temperatures, from 
300 to 950  °C. Figure  3 shows the operating conditions 
under which the presented studies were carried out: the H2S 
concentration is on a logarithmic scale, and the operating 
temperature is on a linear scale. It is evident that the vast 
majority of studies were carried out at temperatures around 
700 °C and a hydrogen sulfide content from 30 to 300 ppm.

Hence, the effect of rather low concentrations of H2S 
(0.5, 1, and 3 ppm) was studied in [47]. It was shown that 
between 200 and 400 s after the introduction of sulfur-con-
taining fuel, the open circuit potential (OCP) decreased to 
about 60% of the initial value, followed by a sharp drop 
to ~ 10% of the initial OCP between 400 and 450 s. Then, 
the OCP gradually approached the final value of − 1.07 V 
over a much longer period of about 1,000 s. The trend of the 
NiO Raman peak (~ 1100 cm− 1) intensity initially increased 
over the same period of time as the initial slower recovery 
measured electrochemically. Then, the peak quickly disap-
peared; however, this sharp drop in the Raman measurement 
occurred a short time after the sharp drop in the electro-
chemical potential. This trend was repeated and verified.

In Ref [48]., the degradation behavior was studied as a 
function of H2S concentration (5, 10, and 50 ppm) at an 
operating temperature of 700 °C under constant current 
load (500 mA/cm2). When feeding fuel containing H2S, a 
rapid voltage drop (the first drop) was observed. With an 
increase in the H2S concentration, the voltage drop percent-
age increased due to a higher sulfur coverage ratio on the 
Ni surface, and the time required for saturation decreased. 
A high concentration (50 ppm) of H2S resulted in an addi-
tional voltage loss (the second drop), while the voltage drop 
was insignificant at low concentrations (5 and 10 ppm). In 

addition, the standard deviation of stress became greater 
than before reoxidation and was irreversible.

In Ref. [38], individual materials were first studied at high 
pressure. Then, the resulting calibration was considered for 
application to a functioning SOFC. Obtained relationship 
showed that the Raman peak in the SOFC sublayer with 
an anode substrate shifted by approximately 2 cm− 1 when 
the in-plane stress changed by 1 GPa. Therefore, a Raman 
detection system with an accuracy of 0.1 cm− 1 could rec-
ognize differences in stress conditions within the sublayer 
with an accuracy of 40–50 MPa. In subsequent work by this 
team, the developed technique was applied to functioning 
SOFCs in-situ.

The concentration of Sm in the sublayer of model cells 
was determined. Using this value as a reference, the half-
width of the F2g peak was used as a temperature index after 
heating the model cell [39]. The position of the F2g peak 
for SDC without mechanical stress at different temperatures 
and Sm concentrations was also obtained. These results 
improved the estimation of the stress state to evaluate not 
only the stress state but also the dopant concentration and 
temperature with high spatial resolution.

In another work by the same authors [40], not only was 
the half-width of the F2g peak used for the study, but the 
change in its position was also considered. During the test, 
two thermal cycles were used, which simulated the start and 
stop of the SOFC operation. The concentration of the dopant 
changed depending on the thermal cycles; samarium might 
diffuse from the intermediate layer into the electrolyte.

In a much later work [41], similar cells were examined 
using in-situ Raman spectroscopy, and the same Raman 
peak was employed to study the mechanical stresses. The 
mechanical stresses in different functional layers of the 
SOFC were estimated: the anode, electrolyte, sublayer, and 
cathode. The results showed that the method was not suit-
able for cells with a porous sublayer since the stress condi-
tions differed from the in-plane stress conditions assumed 
by the method. In contrast, the results for cells with a dense 
sublayer showed that the stress conditions were accurately 
estimated over the range from room temperature to oper-
ating temperatures. Therefore, in-situ Raman spectroscopy 
was demonstrated to be applicable for estimating mechani-
cal stresses in different functional layers of cells with an 
anode substrate and a dense sublayer.

In [43], a comparison was made between the measure-
ments of residual stress in a SOFC with an anode substrate 
using the sin2ψ method, the cosα method, and Raman 
spectroscopy. The stress values were generally consistent 
between the methods, with YSZ having a compressive 
stress of about 600 MPa. An analysis of the residual stress 
at high temperatures was attempted using Raman spectros-
copy, which, however, was difficult to apply above 700 °C.
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adsorbed sulfur with nickel during the cooling process. This 
indicates that nickel sulfide formation was not responsible 
for the second voltage drop. SEM/EDX analyses combined 
with FIB revealed that the second drop was due to oxidation 
of the outer nickel layer by oxygen ions transported from 
the electrolyte.

all cases, the performance was not fully restored even after 
feeding hydrogen fuel without H2S for ~ 20 h due to incom-
plete sulfur desorption from the Ni surface. Post-mortem 
analyses were performed on the tested cells. Raman spectra 
showed that nickel sulfides were formed on both the 5 ppm 
and 50 ppm tested cells due to the reaction of the remaining 

Concen-
trations 
studied, 
ppm H2S

Operating 
tempera-
ture, oC

Cell design Research methods 
used in addi-
tion to Raman 
spectroscopy

Brief conclusion Ref.

0.5, 1, 3 715 YSZ-based 
ESC

IS, SEM, TEM A correlation was found between the 
results obtained by electrochemical and 
optical methods.

 
[47]

5, 10, 50 700 Ni-YSZ 
based ASC

Chronopotenti-
ometry, IS, FIB, 
SEM, EDX

Raman spectra showed that Ni3S2 and 
Ni3S4 were formed at both 5 and 50 ppm 
H2S due to the reaction of the remain-
ing adsorbed sulfur with nickel during 
the cooling process. This indicates that 
the formation of nickel sulfides was not 
responsible for the second voltage drop.

 
[48]

50
50

500
570

Ni/YSZ 
disk

XRD, SEM, EDX The sulfur poisoning of the Ni–YSZ 
anode was not due to the formation of 
conventional nickel sulfides. The sulfide 
formation and morphological changes 
observed in the ex-situ experiments 
actually occurred during slow cooling 
as a result of reactions between bulk Ni 
and H2S.

 
[49]

100
10%

727
950

YSZ-based 
ESC

XRD, SEM At a H2S concentration of 100 ppm, 
nickel sulfide was formed on the Ni 
surface, which could block the active 
oxidation sites of the fuel and impair the 
performance of the fuel cell. When Ni–
YSZ cermet was exposed to hydrogen 
containing 10% H2S at 950 °C for 5 
days, the Ni particles were completely 
converted to nickel sulfides.

 
[50]

100 500 BZCYYb-
based ESC

IS, DFT −SO4 is a key surface functional group 
on the BZCYYb material that can be 
removed by a water-mediated process. 
Direct operand observations and atom-
istic calculations confirmed the crucial 
role of water in the sulfur stability of the 
proton-conducting oxide.

 
[51]

200 500 3YSZ-
based ESC

SEM, chronopo-
tentiometry, IS

The effect of H2S was very different 
under open circuit conditions (OCV) 
and polarization. Compared to the OCV 
condition, the presence of polarization 
promoted the formation of nickel sulfide 
deep inside the anode at the anode/elec-
trolyte interface rather than on the anode 
surface.

 
[52]

200 500 YSZ-based 
ESC

Microphotographs, 
chronopotentiom-
etry, IS

In the case of polarization, the effect 
of H2S on the electrode resistance was 
much stronger than in the case of OCV.

 
[53]

300 200
300
500

Ni-CGO 
disk

Microphotographs, 
SEM

Raman spectroscopy can be used to 
monitor the formation of nickel sulfide 
in-situ at temperatures up to 500 °C. For 
higher temperatures, optical microscopy 
can be useful to monitor morphological 
changes.

 
[54]

Table 2  A summary of the 
works in which studies of anode 
poisoning with sulfur-containing 
compounds were carried out
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in-situ Raman microspectroscopy and several ex-situ char-
acterization techniques. It was shown that sulfur poison-
ing of the Ni–YSZ anode was not due to the formation of 
conventional nickel sulfides. The sulfide formation and 
morphological changes observed in the ex-situ experiments 
actually occurred during slow cooling as a result of reac-
tions between bulk Ni and H2S.

A similar concentration of H2S – 100 ppm – was applied 
in the study [51] at an operating temperature of 500 °C for a 
proton conducting system. It was found that the − SO4 group 
was a key surface functional group on the BZCYYb mate-
rial that can be removed by a water-assisted process. Direct 
operand observations and atomistic calculations confirmed 
the crucial role of water in the sulfur tolerance of the proton-
conducting oxide. The strategy of removing elemental sul-
fur (S*) from the anode surface by oxygen anion flux alone 
may not be sufficient to achieve complete sulfur tolerance. 

In a more recent paper [49], the authors’ group first con-
ducted preliminary studies [50] using ex-situ Raman spec-
troscopy. Of note is the extremely high H2S content in one 
of the experiments: 10% (= 100,000 ppm) during exposure 
at an operating temperature of 950 °C. It was shown that at 
a H2S concentration of 100 ppm, nickel sulfide was formed 
on the Ni surface, which could block active oxidation sites 
of the fuel (e.g., H2) and degrade the performance of the 
fuel cell. When Ni–YSZ cermet was exposed to hydrogen 
containing 10% H2S at 950 °C for 5 days, the Ni particles 
were completely converted to nickel sulfides. Raman spec-
tra show that NiS appeared on the surface of these nickel 
particles, which is consistent with the prediction of the Ni–S 
phase diagram. In a later work [49], various bulk nickel sul-
fides and significant morphological changes were observed 
on the nickel surfaces of Ni–YSZ composites after expo-
sure to 100 ppm H2S fuel at elevated temperatures using 

Fig. 3  Operating conditions for studies of SOFC anode poisoning with hydrogen sulfide: content in ppm is on a logarithmic scale and operating 
temperature is on a linear one
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layer covering the sample surface and an enormous grain 
growth. High temperatures (750–790 °C) facilitate the reac-
tion between H2S and GDC. The sulfidation process prob-
ably involves the diffusion of nickel to sulfide species.

Hence, in-situ Raman spectroscopy allows studying the 
poisoning of SOFC anodes with sulfur-containing com-
pounds in extremely wide concentration ranges, from at 
least 0.5 to 10,000 ppm. In combination with more tradi-
tional electrochemical techniques, the method enables a 
detailed study of degradation mechanisms, determination of 
various compounds formed during poisoning (e.g., nickel 
and sulfur), and detection of their removal under special 
conditions.

Studies of SOFC poisoning with chlorine-containing 
compounds

Investigations of SOFC poisoning using in-situ Raman spec-
troscopy are not limited to sulfur-containing compounds. A 
number of works have studied the effect of chlorine-con-
taining compounds. This problem is also extremely relevant 
for the creation of reliable electrochemical devices with a 
long service life [55–57]. Table 3 contains a brief summary 
of these works.

Hence, poisoning with CH3Cl at a concentration of 110 
ppm and an operating temperature of 650 °C was investi-
gated [58]. The poisoning impurity was mixed with both 
methane and hydrogen fuels. In-situ Raman spectroscopy 
data showed the loss of observable carbon during the entire 
CH3Cl exposure. Poisoning with chlorine was reversible in 
the early stages of exposure, enabling some recovery after 
the removal of the chlorine contaminant from the supplied 
fuel. Catastrophic corrosion of the metal due to carbon 
deposition supported by the presence of chlorine was pro-
posed as the main degradation method for the SOFC anode. 
Different mechanisms of degradation of SOFC characteris-
tics were also shown in [59] when operating on hydrogen 
and on methane containing CH3Cl.

In a later study [60] by the same authors, the effects of 
high concentrations of the toxic impurity, from 100 to 300 
ppm, at high operating temperatures, from 650 to 700 °C, 
were examined. It was shown that chlorine significantly 
affected the performance of SOFCs operating on CH4. Deg-
radation when operating on CH4 was significantly faster 
than when operating on pure H2 alone. As for the operation 
on hydrogen, the adsorption of chlorine on the nickel sur-
faces of the anode led to rapid and reversible degradation, 
followed by a slower degradation mechanism caused by the 
sublimation of volatile nickel chloride compounds. Regard-
ing the operation on methane, the inability of chlorine-
coated nickel to split CH4 resulted in fuel starvation during 
cell polarization. It is this mechanism that is responsible for 

Therefore, water-assisted sulfate conversion should be con-
sidered as an alternative approach to achieve reliable anode 
performance in sulfur-containing fuels.

In [52], the Raman studies of SOFC anode poisoning 
with H2S were carried out in-situ; a combination of Raman 
spectroscopy studies and electrochemical studies was used. 
A fairly high concentration of the poisoning compound of 
220 ppm was used in the work. Note that a fairly low oper-
ating temperature for SOFCs of 500 °C was used. It was 
shown that the effect of using H2S differed greatly under 
open-circuit conditions (OCV) and polarization. For the cell 
under OCV, a clear correlation was seen between the elec-
trical properties and the amount of nickel sulfide. The satu-
ration of nickel sulfide on the surface corresponded to the 
shape of the impedance of two intersecting capacitive arcs. 
The concentration resistance developed almost in the same 
trend with the amount of nickel sulfide. H2S reacted with Ni 
mainly on the electrode surface. In the cell under polariza-
tion of 500 mV, a sharp loss of cell current was explained 
by a significant increase in the charge transfer resistance 
during the first 7 h. The strong broadening of the imped-
ance spectrum from 16 h in H2S may correspond to the den-
sification of the entire anode volume of the (Ni, S) phase. 
Compared to the OCV condition, the presence of polariza-
tion favored the formation of nickel sulfide deep inside the 
anode at the anode/electrolyte interface rather than on the 
anode surface. This behavior was presumably explained by 
the presence of NiO on the surface of Ni grains in the cell 
under polarization of 500 mV. Preliminary studies were per-
formed in [53] using the same H2S concentration and the 
same operating temperature. Surprisingly, it was shown that 
the first step was a decrease in the electrode impedance. 
This decrease corresponded to the absence of the Raman 
spectrum of Ni3S2. When this Raman spectrum appeared 
and its intensity increased, the electrode impedance was 
approximately stable. The impedance increased only when 
the Raman spectrum of Ni3S2 was saturated. All of these 
effects were localized in the low-frequency part (< ~ 1 Hz) 
of the impedance spectrum attributed to the concentration 
impedance. With polarization, the effect of H2S on the elec-
trode resistance was much stronger, multiplying by 10 in 
about 20 h. However, the measured intensity of the Raman 
band of Ni3S2 was low.

In [54], in-situ studies were performed at a lower operat-
ing temperature of 300–500 °C and a higher concentration 
of the poisoning impurity of 300 ppm H2S. It was shown 
that Raman spectroscopy can be used to monitor the forma-
tion of nickel sulfide in-situ at temperatures up to 500 °C. At 
higher temperatures, optical microscopy can help to monitor 
morphological changes. The morphology study implies that 
the degree of Ni sulfidation strongly depends on tempera-
ture. The strongest sulfidation occurs at 500 °C with a Ni3S2 
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The undisputed classical works on carbon deposition at 
SOFC anodes using in-situ Raman spectroscopy were made 
by the group headed by Professor R.A. Walker from Mon-
tana University. In their pioneering work [64] published in 
2006, it was shown that the cermet anode of SOFC exposed 
to C4H10 exhibited the presence of carbon on the surface, 
as indicated by the characteristic D and G bands of carbon 
[92, 93]. The integrated intensities of the D and G bands 
indicated the amount of “disordered” (or sp3) carbon rela-
tive to the amount of ordered (or sp2 “graphite”) carbon, 
respectively. A D/G ratio of 1.3 corresponded to an average 
domain size of 3–4 nm.

In an inert or reducing atmosphere (Ar or H2 in Ar), the 
signatures of deposited carbon remained stable for several 
hours. However, the introduction of an oxidizer into the 
gas atmosphere above the carbon-containing Ni/YSZ cer-
met resulted in rapid degradation of the carbon deposits and 
the growth of NiO. Shortly after introducing water into the 
Ar gas flow, the intensity of the carbon bands decreased, 
and a NiO band began to appear at around 1060 cm− 1 [94, 
95]. Given the absence of carbon signatures in the second 
spectrum after the introduction of water, the authors con-
clude that the carbon deposits disappeared from the Ni/YSZ 
surface.

In the work [65] by the same group, C4H10 was also used 
as a model fuel. Both C4H10 and CO were shown to form 
graphitic intermediates, but under very specific and very dif-
ferent conditions. In the high CO flux limit, excess butane 
formed ordered graphite, but only temporarily. At higher 
cell potentials (i.e., lower overpotentials), both ordered and 
disordered graphite were formed at the nickel anode after 
exposure to butane. Those deposits were oxidized if the cell 
continued to operate without a carbon source while fuel was 
being supplied. Most of the graphite was formed at the nickel 

the accelerated degradation rate observed when operating 
on CH4 compared to H2.

The experimental results [58–60] were summarized by 
the authors in Ref [60]. It was demonstrated that the effects 
of chlorine included reduced anode cooling in thermal 
imaging, suppressed carbon accumulation in Raman spec-
troscopy, and lower fuel consumption and oxidation product 
formation based on mid-IR spectroscopy results. For chlo-
rine poisoning, degradation was more irreversible at 700 °C 
than at 650 °C, a result that is attributed to sublimation and 
irreparable loss of anode material at the higher temperature.

These results lead to an intermediate conclusion that in-
situ Raman spectroscopy enables one to study successfully 
the poisoning of SOFC anodes with chlorine-containing 
fuel impurity compounds. It is also worth noting the pos-
sibility of studying combined poisoning with chlorine and 
carbon deposition on the SOFC anode when the poisoning 
factors can act together with various mutual influences.

Carbonization of SOFC anodes in hydrocarbon-
containing fuels

The study of the deposition of carbon in SOFC anodes, 
which is part of hydrocarbon fuel, is an extremely urgent 
and important task in creating durable and reliable SOFCs 
[61–63]. Raman spectroscopy enables a sufficiently detailed 
analysis of the mechanisms of processes occurring at the 
micro-level and provides unique in-situ information that is 
not available for the vast majority of other methods. Table 4 
contains a brief description of the works in which in-situ 
Raman spectroscopy was used to study the process of car-
bon deposition on SOFC anodes using various types of 
hydrocarbons as fuel.

Concentra-
tions stud-
ied, ppm 
CH3Cl

Operating 
tempera-
ture, oC

Cell 
design

Research methods 
used in addi-
tion to Raman 
spectroscopy

Brief summary Ref.

110 650 ESC IS, linear sweep 
voltammetry

 In-situ Raman spectroscopy data showed 
a loss of observable carbon throughout the 
duration of CH3Cl exposure. The poison-
ing was reversible in the early stages of 
exposure, enabling some recovery once the 
contaminant was removed from the fuel.

 
[58]

100, 300 700 ESC IS, linear sweep 
voltammetry, NIR, 
FTIR, FE-SEM

A different mechanism of degradation of 
SOFC characteristics was shown when 
operating on hydrogen and on methane 
containing CH3Cl.

 
[59]

100, 300 650–700 ESC linear sweep 
voltammetry, 
thermal imag-
ing, mid-infrared 
spectroscopy

CH3Cl resulted in reduced anode cooling in 
thermal imaging, suppressed carbon accu-
mulation in Raman spectroscopy, and lower 
fuel consumption and oxidation product 
formation based on mid-IR spectroscopy 
results.

 
[60]

Table 3  A summary of the works 
in which studies of SOFC poison-
ing with chlorine-containing 
compounds were carried out
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Operating 
tempera-
ture, оС

Fuel Peculiarity of the work Brief conclusion Ref.

715 С4H10 pioneering work in this direction The presence of carbon on the surface of the cermet anode after C4H10 
was shown, as indicated by the characteristic D and G bands. The 
integrated intensities of the D and G bands indicated the amount of 
“disordered” (or sp3) carbon relative to the amount of ordered (or sp2 
“graphitic”) carbon, respectively. A D/G ratio of 1.3 corresponded to an 
average domain size of 3–4 nm.
In an inert or reducing atmosphere, the signatures of deposited carbon 
remained stable for several hours. However, the introduction of an 
oxidizer into the gas atmosphere above the carbon-containing cermet 
resulted in rapid degradation of the carbon deposits and the growth of 
NiO.

 
[64]

715 C4H10
Ar/H2

first direct in-situ measurements 
of chemical intermediates at 
SOFC anodes under real operat-
ing conditions

Fuels of C4H10 and CO formed graphitic intermediates, but under very 
specific and very different conditions. In the high CO flux limit, excess 
butane formed ordered graphite, but only temporarily. At lower anode 
overpotentials, both ordered and disordered graphite were formed after 
exposure to butane. Most of the graphite was formed on Ni anodes under 
OCV conditions, the distribution being heavily biased towards disordered 
graphite.

 
[65]

715 CH4/C2H4, 
CH4/C3H6, 
C2H4/C3H6

complex fuel mixtures The electrochemical behavior of SOFCs operating on C4H10 was dupli-
cated by a stoichiometric fuel mixture of C2H4 and C3H6. Methane CH4 
had little effect when mixed with other components of the flow after 
C4H10 pyrolysis. In terms of the amount of disordered phase, the graphite 
structures formed after C4H10 feeding can be duplicated by both C3H6 
alone and CH4/C3H6 and C2H4/C3H6 mixtures. However, the current 
recovery and power density observed with C4H10 are duplicated only 
when the fuel mixture contains C2H4 and C3H6. The recovery is thought 
to result from a conducting graphite network across the anode with suf-
ficient disorder to act as a current collector.

 
[66]

715 CH4
C2H4
C3H6

Most of the pyrolysis products of C4H10/CH4, C2H4, and C3H6 formed 
different carbon deposits that had different effects on the performance 
of the Ni/YSZ anode. Methane CH4 formed small amounts of highly 
ordered graphite that had little effect on cell performance compared to 
other fuels. Ethylene C2H4 produced larger carbon deposits with slightly 
more disorder, and those deposits had a detrimental effect on electro-
chemical performance. The structure of the carbon deposits formed by 
C2H4 changed with exposure. Propylene C3H6 formed disordered carbon 
deposits that were structurally similar to those produced by C4H10. The 
performance of cells operating on C3H6 continued to decline with con-
tinued exposure to hydrocarbon fuels and did not recover. This behavior 
contrasts with the performance of cells exposed to comparable amounts 
of C4H10. The initial stages of carbon formation depend on the chemical 
nature of the fuel, and both the type of carbon formed and its amount 
are important when considering the effect of graphite formation on the 
electrochemical performance.

 
[67]

715 CH4
CH3OH

NIR + RS Devices designed to operate with CH3OH must employ steps to ensure 
that the fuel undergoes sufficient pretreatment to inhibit carbon growth. 
These steps may include steam and carbon dioxide reforming, as well 
as operation at higher temperatures. The carbon deposits were identified 
as graphitic, with those from CH4 being highly ordered and those from 
CH3OH having a slight degree of disorder. In the early stages, carbon 
formed from CH4 and CH3OH grew at the same rate. Pure formation 
of graphite from CH4 was self-limiting, given that the spectral intensity 
ceased to increase after about 5 min. However, graphite formed from 
CH3OH appeared to be formed via multiple pathways, given the rapid 
onset of additional intensity in the spectra obtained after about 5–7 min. 
This result was interpreted in terms of the relatively greater reactivity of 
the CH3OH-based fuel mixture, as well as the weaker bond enthalpies in 
CH3OH.

 
[68]

Table 4  A summary of the studies on carbon deposition at the SOFC anodes
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Operating 
tempera-
ture, оС

Fuel Peculiarity of the work Brief conclusion Ref.

715 C2H5OH use of ethanol as fuel Before reaching the anode, C2H5OH formed a mixture of CO, CH4, CO2, 
and C2H2. When the cell was held at the OCV, wetted C2H5OH resulted 
in rapid growth of graphitic carbon, but device polarization slowed down 
the carbon growth. The growth was completely suppressed at the highest 
overpotentials. IS measurements showed that rapid carbon growth was 
accompanied by a significant reduction in performance. However, this 
effect was much less noticeable in polarized cells, even when the Raman 
data showed the clear presence of carbon deposits. A dry ethanol feed 
contained significantly more C2H2 as a pyrolysis product. That feed 
resulted in immediate formation and rapid growth of graphite regardless 
of cell polarization.

 
[69]

725 CH4 “spectrochronopotentiometry” RS identified the carbon formed from dry CH4 as highly ordered graph-
ite. An increase in the exposure time led to a proportional decrease in the 
electrochemically available carbon. The accumulated graphite could be 
used as fuel, allowing the SOFC to operate stably and reversibly. Exces-
sive carbon formation and subsequent electrochemical oxidation resulted 
in significant and irreversible damage to the SOFC even after the carbon 
had been oxidized.

 
[70]

730 CH4 Optically and electrochemically, significant and reproducible differ-
ences in the carbon removal rates of H2O, CO2, and O2 were shown. All 
three reformers removed carbon; however, O2 was also quite aggressive 
toward the anode and significantly oxidized the anode Ni surfaces within 
minutes. Water H2O and carbon dioxide CO2 removed carbon deposits 
but only partially oxidized Ni, showing a more gentle behavior toward 
the anode. Carbon removal rates were fastest with H2O, then O2, and 
finally CO2. These results are consistent with the formation of adsorbed 
oxygen intermediates as the rate-limiting step in carbon gasification.

 
[71]

727 H2
CH4

Both electrochemical and non-electrochemical oxidation of the fuel 
and even the Ni anode were possible. The predominance depended on 
the fuel concentration, cell impedance, and operating potential. A slow 
linear decline in the graphite signal corresponded to non-electrochemical 
oxidation of graphite, while rapid sigmoidal drops in the graphite signal 
occurred through electrochemical oxidation at much lower potentials.

 
[72]

675 CO/H2 high load currents Carbon was readily formed on anodes maintained at OCV, and the 
carbon deposits consisted of highly ordered graphite. The polarization of 
the SOFC limited the amount of carbon formed: at currents approaching 
75% of Imax, the observed carbon formation was completely suppressed. 
Voltammetry data were unstable until a small amount of carbon had been 
formed.

 
[73]

800 CH4, biogas Nickel is a much more active catalyst for biogas than for CH4. The 
detectable carbon formed at polarized and non-polarized SOFC anodes 
showed significantly less COx emitted by anodes exposed to biogas 
compared to CH4.

 
[74]

700
800

CH4, biogas Carbon growth increased with temperature in methane; however, dry 
reforming of biogas resulted in lower carbon growth and higher CO mole 
fractions, especially at high temperatures. The intermediate Ni − CHx 
phases were measurable and important in methane degradation but were 
affected by the operating temperature and CO2 addition. For biogas, 
carbon growth was minimal only at lower operating temperatures; for 
methane, however, carbon formation occurred at all temperatures. Sub-
sequent electrochemical oxidation of the deposited carbon showed that 
carbon formation was differentially affected by temperature under both 
fuel conditions. Under methane conditions, carbon accumulation was 
rapid and not modulated by polarization.

 
[75]

650 CH4-CH3Cl
H2-CH3Cl

110 ppm CH3Cl admixture The loss of observable carbon was shown throughout the CH3Cl expo-
sure. Both separate degradation mechanisms of chlorine and carbon 
poisoning acted separately. Moreover, carbon and chlorine appeared to 
cause extensive and accelerated combined damage to the fuel cell anode.

 
[58]

Table 4  (continued) 
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Operating 
tempera-
ture, оС

Fuel Peculiarity of the work Brief conclusion Ref.

800 C4H9OH use of butanol as fuel Fuel humidification resulted in dramatic changes in the electrochemical 
performance of the cell, as well as in the Raman spectra. Both fuels (dry 
and humidified) led to anode cooling of approximately 4 ˚C after 10 min 
of exposure. However, the Raman data clearly showed that dry butanol 
exhibited greater carbon accumulation. Humidified butanol did not show 
any differences, suggesting that heterogeneous surface phase chemistry 
is responsible for preventing carbon accumulation. Cell polarization was 
very effective in suppressing the early stages of carbon accumulation 
when operating with dry butanol.

 
[76]

730 CH4 Sn and BaO infiltration Undoped and 1% Sn anodes were very susceptible to carbon formation 
from CH4, while significantly less carbon was accumulated on the 1% 
BaO anodes. Electrochemical data showed carbon accumulation in differ-
ent regions of the anode, with Sn and BaO effectively reducing accumu-
lation but also inhibiting electrochemical oxidation. For each anode, H2O 
was the most effective reforming agent for carbon removal, followed by 
O2 and then CO2. However, H2O and CO2 left the anode only partially 
oxidized, while prolonged exposure to O2 completely oxidized Ni to 
NiO.

 
[77]

850 CO/CO2
CH4

STN electrode Despite the low nickel concentration, infiltrated nickel oxide particles 
enhanced coking during exposure to pure methane. The deposited carbon 
could be partially removed by humidifying steam. The addition of Co 
addition resulted in the presence of Co3O4 in the spectra of the reduced 
preliminary electrodes. Cobalt oxide Co3O4 disappeared during electrode 
reduction, presumably due to the formation of metallic Co, the electrodes 
containing Co without any signs of coking.

 
[78]

750 H2
CH4
CO2/CH4

STN electrode Carbon was accumulated on all Ni-containing electrodes when exposed 
to 100% CH4. Carbon had a negative effect on STN electrodes impreg-
nated with Ni alone, and a positive effect was observed when Ni was 
co-impregnated with CGO. Cobalt may be a promising electrococatalyst 
that prevents coking while maintaining stable performance.

 
[79]

800 CO/H2 The CO fuel was used by direct oxidation, which was independent of the 
amount of CO. During polarization under H2-rich syngas conditions, the 
anode surface temperature did not increase as much as it did when oper-
ating with H2 or CO alone. Raman spectra together with “spectrochrono-
potentiometry” experiments showed that carbon was not observed on the 
anode surface at 800 °C, although it was observed at 750 °C and 700 °C. 
However, carbon was likely present in a spectroscopically inaccessible, 
electrochemically active region at the electrolyte/electrode interface.

 
[80]

625 CH4
С3H8

mapping
BaO modification

Direct evidence of preferential coking on the Ni surface with little or 
no coking of YSZ: carbon growth on the Ni surface was successfully 
monitored over time at high temperatures. The hypothesis is that BaO 
particles help to utilize water to prevent carbon deposition.

 
[81]

450 С3H8 SERS A study of a polished nickel surface exposed to wet propane at 450 °C 
was carried out. The D- and G-band increased with time; however, the 
SERS-activated sample exhibited a much higher intensity and signal-to-
noise ratio. A more resolved trend was observed for SERS: carbon was 
rapidly deposited on the nickel surface initially, and then the deposition 
rate slowed down with time. Spectra for carbon removal, as well as the 
integration of the carbon D-band obtained: the carbon peaks decreased 
with the introduction of oxygen, and most of the deposited carbon was 
removed within 1,000 s.

 
[82]

450 С3H8 SERS The onset of coking occurred at the first exposure to propane, and 
continuous exposure gradually built up carbon deposits. The onset of 
coking can be suppressed by surface deposition of a thin GDC coat-
ing. However, after reoxidation of the modified Ni surface during air 
exposure followed by reduction for regeneration, the coking resistance 
was compromised due to the formation of new Ni surfaces. Mapping 
revealed that the Ni/YSZ interface was more active in carbon deposition 
and removal than the Ni surface away from the interface.

 
[83]

Table 4  (continued) 
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Operating 
tempera-
ture, оС

Fuel Peculiarity of the work Brief conclusion Ref.

450, 600 C3H8, H2, 
СО2

proton conductivity The -OH groups on the BaO surface readily reacted with hydrocarbon 
molecules or carbon atoms on the Ni surface, providing resistance to 
coking. The resulting CO2 reacted with BaO to form BaCO3, which is 
difficult to regenerate. BZY and BZCYYb retained a significant number 
of -OH groups when exposed to propane without decomposing into 
bulk carbonate phases. In addition to the steam reforming mechanism, 
BZCYYb facilitated the CO2 reforming of deposited carbon.

 
[84]

500 C3H8 addition of the proton conductor 
SrZr0.95Y0.05O3−x (SZY) to the 
anode

The -CO3 groups on the surface of SZY oxidized the deposited carbon. 
After depletion, -CO3 could be regenerated through a reaction between 
H2O at low concentrations and deposited carbon around an electrochemi-
cally inactive region where there was an insufficient supply of oxide ions. 
In the inactive region, H2O oxidized carbon to oxide.

 
[85]

600 CO The anode was exposed to CO. Instead of continuing to increase in 
intensity, the carbon peaks quickly stabilized: carbon formation did not 
continue indefinitely under these conditions. As expected, a large initial 
increase in the OCV was observed when the fuel was replaced by CO 
due to the difference in oxidation kinetics between CO and H2. The D 
peak was much smaller than the G peak (D/G of about 0.2). This, com-
bined with the intense and sharp peaks, indicates that carbon was formed 
in the graphitic form.

 
[24]

600 CO
H2-CO
H2

There were clear differences in the dynamics of carbon deposition 
depending on the operating parameters, such as current load and fuel 
composition. The RS was used to study the removal of surface carbon 
from SOFC anodes using electrochemical oxidation.

 
[86]

600 CO Carbon formation was initially rapid and then stabilized. Under these 
conditions, the process was largely self-limiting. Polarization of the 
anodes resulted in a significant reduction in carbon formation. Mapping 
of the surfaces of polarized anodes with distinct regions without carbon 
and heavy carbon deposits was carried out. Carbon was predominantly 
formed in the regions where gas access was limited.

 
[23]

500 CO2/CO SOEC The charge transfer reactions for TPB in the CO2 electrolysis mode 
promoted carbon deposition because of local changes in the gas composi-
tion. Most of the carbon was formed near the electrode/electrolyte inter-
face. The CGO intermediate layer reduced carbon deposition in Ni/CGO 
electrodes and improved mechanical stability under CO–CO2 electrolysis 
conditions.

 
[87]

750 CO2/CO SOFC/SOEC For the SOEC mode, carbon deposition could be be greatly enhanced by 
overpotential, and the carbon deposited was heavier near the TPB than in 
the middle of the Ni strips. In contrast, for the SOFC mode, the deposited 
carbon could be directly consumed by electricity, and the carbon content 
near the TPB was lower than that in the middle of the strips.

 
[88]

CO2/CO SOEC Ex-situ measurements for CO2/CO electrolysis revealed the presence of 
both disordered and graphitic carbon on the nickel electrode surface.

 
[89]

CH4 Mesh-shape electrode During the OCV condition, carbon began to deposit on the surface of 
the nickel mesh electrode. The deposition was clearly recorded by the 
emergence of a specific peak at ~ 1560 cm− 1. The carbon was in the 
form of graphite, and the coating on the surface was non-uniform: it 
changed from grain to grain. When anodic overpotential was applied 
to the electrode, the carbon gradually disappeared from the edge of the 
electrode, i.e., from the electrode/electrolyte interface, where oxygen 
was electrochemically supplied. This is the first in-situ observation of the 
electrochemical oxidation of carbon under real operating conditions.

 
[90]

750 CH4-H2 optically transparent solid electro-
lyte, information from the internal 
interface

The addition of methane led to the formation of CO and an increase in 
the H2 content in the reaction products. A more significant decrease in the 
CH4 content relative to the increase in the H2 and CO concentrations may 
be due to the Boudoir reaction and carbon deposition since the electro-
chemical performance of the SOFC deteriorated over time due to anode 
carbonization.

 
[91]

Table 4  (continued) 
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must employ steps to ensure that the fuel undergoes suf-
ficient pretreatment to inhibit carbon growth. These steps 
may include steam or carbon dioxide reforming, as well as 
operation at higher temperatures.

In-situ Raman data identified the carbon deposits as gra-
phitic, with methane-derived deposits being highly ordered 
and methanol-derived deposits having a low degree of disor-
der. Early on, methane- and methanol-derived carbon grew 
at similar rates. Net formation of graphite from methane 
was self-limiting, given that the spectral intensity ceased 
to increase after about 5 min. However, methanol-derived 
graphite appeared to be formed via multiple pathways, 
given the rapid onset of additional intensity in the spectra 
obtained after about 5–7  min. This result was interpreted 
in terms of the relatively greater reactivity of the methanol-
derived fuel mixture, as well as the weaker binding enthal-
pies in methanol.

In a study by the same group of authors [69], the behav-
ior of SOFCs operating on ethanol was examined. Both dry 
and humidified ethanol were shown to form a mixture of 
CO, CH4, CO2, and C2H2 before reaching the anode. When 
the cell was held at the OCV, humidified ethanol resulted 
in rapid growth of graphitic carbon, but polarization of the 
device slowed down the carbon growth. The growth was 
completely suppressed at the highest overpotentials. Imped-
ance spectroscopy measurements showed that the rapid 
growth of carbon deposits was accompanied by a significant 
decrease in performance. However, this effect was much 
less noticeable in polarized cells, even when the Raman data 
showed the clear presence of deposits. The dry ethanol feed 
contained significantly more acetylene as a pyrolysis prod-
uct. This feed resulted in immediate formation and rapid 
growth of graphite, regardless of cell polarization.

A group of authors led by R.A. Walker continued the 
study of methane, which was used as a fuel, in [70]. For 
the first time, they used a combined technique called “spec-
trochronopotentiometry” was used, which is the correla-
tion between electrochemical characteristics and spectral 
properties measured in-situ. Raman spectroscopy identi-
fied the carbon formed from dry methane as highly ordered 
graphite. It was shown that an increase in the the exposure 
time led to a proportional decrease in the electrochemically 
available carbon and that the accumulated graphite could 
be used as a fuel, allowing the SOFC to operate stably and 
reversibly. However, excessive carbon formation and subse-
quent electrochemical oxidation resulted in significant and 
irreversible damage to the SOFC even after the carbon had 
been oxidized.

The paper [71] is devoted, in turn, to the removal of 
formed carbon. Significant and reproducible differences in 
the rates of carbon removal by agents such as H2O, CO2, 
and O2 were observed in both the spectroscopic graphite 

anodes under OCV conditions, and the distribution was 
heavily biased towards disordered graphite. The chemistry 
of CO oxidation should be simpler, given that CO requires 
the addition of one oxygen to form CO2. At intermediate 
cell potentials, ordered graphite was formed, and the target 
intermediate on the path to CO oxidation appeared. These 
compounds did not appear at higher or lower cell poten-
tials. Taken together, the results presented in this work are 
the first direct in-situ identification of the chemical species 
present in SOFCs operating under real conditions.

A slightly later study [66] examined more complex fuel 
mixtures. It was shown that the electrochemical behavior 
resulting from SOFC operation on butane was duplicated 
by a stoichiometric fuel mixture of ethylene and propylene. 
Methane had little effect when mixed with other compo-
nents of the butane pyrolysis stream and made a minimal 
contribution to the chemical mechanisms of fuel breakdown 
and oxidation in SOFCs operating on high-weight hydro-
carbons. In terms of the amount of disordered phase, the 
graphitic structures formed from the butane feed can be 
duplicated by propylene alone, as well as by mixtures of 
methane/propylene and ethylene/propylene. However, the 
current recovery and power density observed with butane 
are duplicated only when the fuel mixture contains ethylene 
and propylene. The recovery is thought to result from a con-
ducting graphite network across the anode with sufficient 
disorder to act as a current collector.

In a summary of these studies [67], it was shown that 
most of the pyrolysis products of butane – methane, ethyl-
ene, and propylene – formed a variety of carbon deposits 
that had different effects on the performance of the Ni/YSZ 
SOFC anode. Methane formed small amounts of highly 
ordered graphite, which had little effect on cell performance 
compared to other fuels. Ethylene produced larger carbon 
deposits with slightly more disorder, and those deposits had 
a detrimental effect on electrochemical performance. The 
structure of the carbon deposits formed by ethylene changed 
with exposure. Propylene, on the other hand, formed disor-
dered carbon deposits that were structurally similar to those 
produced by butane. The performance of cells fed with 
propylene continued to decline with continued exposure to 
hydrocarbon fuels and did not recover. This behavior con-
trasts with the performance of cells exposed to comparable 
amounts of butane. Taken together, this suggests that the 
initial stages of carbon formation at Ni/YSZ anodes depend 
on the chemical nature of the supplied fuel and that both 
the ‘type’ of carbon formed (ordered or disordered) and the 
amount of carbon deposited are important when considering 
the influence of graphite formation on the electrochemical 
performance of SOFCs.

Methane and methanol were studied as fuels in [68]. It 
was shown that devices designed to operate with methanol 
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by the anodes exposed to biogas compared to methane. 
Since carbon growth is well known to be detrimental to 
SOFC performance, these results point to the advantages 
associated with natural reforming in SOFC systems operat-
ing on biogas.

These comparative studies using methane and biogas 
were continued in [75]. It was demonstrated that carbon 
growth increased with temperature when using methane; 
however, dry reforming of biogas resulted in lower carbon 
growth and higher overall CO mole fractions, especially 
at high operating temperatures. Based on the temperature 
dependence of the dry reforming reaction products and the 
associated carbon growth, it was concluded that the process 
was modulated by the Boudoir reaction, although the water-
gas shift reaction (WGSR) might contribute as well. Raman 
spectroscopy showed that the intermediate Ni − CHx phases 
were measurable and important in methane degradation 
but were affected by operating temperature and CO2 addi-
tion. For the biogas case, carbon growth was minimal only 
at lower operating temperatures. However, under methane 
conditions, carbon formation occurred at all temperatures. 
Subsequent electrochemical oxidation of the deposited car-
bon showed that carbon formation under the conditions of 
both types of fuel depended differently on temperature: for 
methane, carbon accumulation occurred rapidly and was not 
modulated by polarization.

The combined use of chlorine poisoning compounds and 
carbon deposition on the anode of a SOFC was investigated 
in [58]. In-situ Raman spectroscopy data revealed a loss 
of observable carbon throughout the CH3Cl exposure. The 
primary objective of this study was to determine whether 
there were coupled effects between the chlorine and carbon 
poisoning mechanisms. It was shown that both separate 
degradation mechanisms were present and that carbon and 
chlorine appeared to co-induce extensive and accelerated 
damage to the fuel cell anode, i.e., catastrophic metal cor-
rosion by carbon deposition supported by chlorine loading.

The same group of authors in [76] used a rather specific 
composition of fuel – C4H9OH. There are very few known 
works with such a specific fuel [98–100]; some of them 
are simulations, but not experimental ones. It was shown 
in that work that fuel humidification led to drastic changes 
in the electrochemical characteristics of the cell, as well as 
in the Raman spectra. Both types of fuel (dry and humidi-
fied) resulted in cooling of the anode by about 4 °C after 10 
min of exposure, and the Raman data clearly showed that 
dry butanol exhibited greater carbon accumulation. No clear 
features were observed in the Raman spectra obtained from 
cells operating with humidified butanol, suggesting that het-
erogeneous surface phase chemistry and, in particular, vapor 
dissociation at the anode surface, as well as Boudoir reac-
tions, are responsible for preventing carbon accumulation 

signatures and the simultaneous changes in the cell OCV; 
both optical and electrochemical methods were used. All 
three reforming agents tested in that work removed carbon 
from SOFC anodes. However, oxygen also behaved quite 
aggressively towards the anode and noticeably oxidized 
the anode nickel surfaces within a few minutes. In contrast, 
water and carbon dioxide removed carbon deposits but only 
partially oxidized nickel, showing that carbon removal by 
these two reforming agents was more gentle on the anode 
than oxygen. Carbon removal rates were fastest with H2O, 
then O2 and finally CO2. These results, combined with ear-
lier work on oxygen dissociation over catalytic Ni [96, 97], 
are consistent with the formation of adsorbed oxygen inter-
mediates as the rate-limiting step in carbon gasification. The 
consistently observed delay in carbon removal by oxygen 
may indicate that the oxides stabilized by the step edges 
must reach a threshold population before they can “spill 
over” to react with the adsorbed carbon. Once this spillover 
effect occurs, carbon oxidation occurs rapidly. Subsequent 
Ni oxidation also occurs more rapidly and is most intense 
under O2.

The mechanisms of SOFC fuel and nickel anode oxida-
tion were studied in [72]. The authors demonstrated that 
both electrochemical and non-electrochemical oxidation of 
the fuel and even the SOFC nickel anode could occur and 
that the dominance of any given mechanism was a func-
tion of the fuel concentration, cell impedance, and operat-
ing potential. Slow linear depletion of the graphite signal 
corresponded to non-electrochemical oxidation of graphite 
via oxide recombination to molecular oxygen, followed 
by the reaction of molecular oxygen with carbon to form 
CO2, while the rapid sigmoidal drops in the graphite sig-
nal occurred via electrochemical oxidation at much lower 
potentials.

The authors of the paper [73] used model CO/H2 synthe-
sis gas mixtures and fairly high load currents. It was shown 
that carbon was formed quite easily on anodes held at OCV 
and that the carbon deposits consisted of highly ordered 
graphite. The polarization of the SOFC limited the amount 
of carbon formed. At currents approaching 75% of Imax, 
where Imax corresponds to zero potential difference between 
the cathode and anode, the observed carbon formation was 
completely suppressed. Interestingly, the voltammetry data 
from the studied assemblies with anode support were unsta-
ble until a small amount of carbon was formed.

In the work [74] by the same group of authors, the perfor-
mance of SOFCs on methane and model biogas was com-
pared. It was shown that nickel was a much more active 
catalyst for biogas than for methane. The detectable carbon 
formed at polarized and unpolarized SOFC anodes and the 
Fourier transform infrared spectroscopy (FTIR) spectra 
from polarized cells showed significantly less COx emitted 
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monoxide, was used as fuel. The results obtained using pure 
CO showed that CO was utilized by direct oxidation, which 
was independent of its amount. During polarization under 
conditions of using hydrogen-rich synthesis gas as a fuel, 
the anode surface temperature did not increase as much as 
it did when working with only pure hydrogen or carbon 
monoxide. This result can be explained by the formation of 
water from the electrochemical oxidation of H2, which par-
ticipates in the endothermic gasification of adsorbed carbon. 
These reactions probably occurred in the electrochemically 
active region of the anode. SOFCs operating on synthesis 
gas were compared with those using H2 and CO separately. 
Raman spectra together with “spectrochronopotentiometry” 
experiments [70] showed that carbon was not observed on 
the anode surface at an operating temperature of 800 °C, 
although it was observed at 750 °C and 700 °C. However, 
carbon was probably present in a spectroscopically inacces-
sible, electrochemically active region at the “electrolyte/
electrode” interface. The region was inaccessible due to the 
low penetration depth of the excitation and scattered radia-
tion [104–106].

A fairly wide range of studies on anode carbonization 
using various hydrocarbons as fuels has been carried out 
by a group led by Professor Meilin Liu. The preparatory 
works include [107] and [108]. In these works, a technique 
for using SERS (surface-enhanced Raman scattering) [109–
111] was developed, and preliminary ex-situ studies were 
carried out. For example, Ag@SiO2 was used as SERS par-
ticles [112–114]. Using the results of the preparatory works, 
the paper [81] provided direct evidence of preferential cok-
ing on the Ni surface with little or no coking of YSZ, and 
carbon growth on the Ni surface was successfully moni-
tored over time at high temperatures. Raman spectroscopy 
also provided additional evidence of the roles that water and 
BaO modification played in the coking resistance of the Ni 
anode. The hypothesis is that the BaO particles help to uti-
lize water to prevent carbon deposition. This result provides 
useful information for further improvement of the anode 
design.

In [82], as in the previous work [81], propane was used 
as a model fuel. Classical Raman and time-resolved SERS 
were used for studies on a polished nickel surface exposed 
to wet propane at an operating temperature of the SOFC 
of 450 °C. In both cases, the D- and G-bands of carbon 
increased with time; however, the SERS-activated sam-
ple exhibited a much higher intensity and signal-to-noise 
ratio. The signal strength of both the D-band of carbon and 
the G-band increased significantly with time. The signal 
intensity from the SERS-activated sample showed a more 
resolved trend: carbon was rapidly deposited on the nickel 
surface initially, and then the deposition rate slowed down 
with time. Time-resolved Raman and SERS spectra of the 

under these conditions. Cell polarization was very effective 
in suppressing the early stages of carbon accumulation on 
the anodes operating with dry butanol.

In [77], a fairly conventional fuel, methane, was used, 
but an interesting feature was the impregnation of the 
anodes with tin and barium oxide. It was demonstrated that 
undoped and 1% tin-impregnated anodes were very suscep-
tible to carbon formation from methane, while significantly 
less carbon was accumulated on the 1% barium oxide-
impregnated anodes. The electrochemical data, however, 
showed that carbon was accumulated in different regions of 
the anode and that both Sn and BaO were effective in reduc-
ing carbon accumulation but also inhibited electrochemical 
oxidation. For each anode, water vapor was the most effec-
tive reforming agent for carbon removal, followed by oxy-
gen and then carbon dioxide. However, H2O and CO2 left 
the anode only partially oxidized, while prolonged exposure 
to O2 completely oxidized nickel to the oxide.

The paper [78] is attractive due to the choice of a rather 
rare fuel electrode composition – niobium-doped strontium 
titanate (STN). This composition has rarely been studied in 
the literature [101–103] compared to the traditional nickel-
cermet anode. The paper demonstrated that nickel oxide par-
ticles infiltrated into STN promoted coking during exposure 
to pure methane as a fuel, although the nickel loadings were 
so low that the expected vibrational characteristic of NiO 
could not be observed in pre-reduced anodes. The depos-
ited carbon could be partially, but not completely, removed 
by water vapor. Similar cobalt loadings in STN showed the 
presence of Co3O4 in the Raman spectra recorded on pre-
reduced electrodes. Cobalt oxide Co3O4 disappeared upon 
electrode reduction, presumably due to the formation of 
metallic cobalt. Moreover, electrodes containing this metal 
showed no signs of coking within the resolution of Raman 
spectroscopy when exposed to methane.

The investigations initiated in [78] were continued in the 
subsequent paper [79]. The Raman spectra clearly showed 
that carbon was accumulated on all Ni-containing elec-
trodes when exposed to pure methane. While carbon had a 
negative effect on STN impregnated with Ni alone, a posi-
tive effect was observed when Ni was co-impregnated with 
GDC. This result was attributed to an expected increase in 
the electrochemically active region due to better electri-
cal connectivity in the presence of carbon and/or increased 
oxygen exchange activity due to the resulting low oxygen 
partial pressure. The results also indicate that cobalt may 
be a promising electrococatalyst that prevents coking while 
maintaining stable performance, making this element an 
interesting candidate for the development of carbon-tolerant 
SOFC anodes.

In [80], model CO/H2 synthesis gas with different 
hydrogen contents, as well as pure hydrogen and carbon 
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D and G peaks. However, rather than continuing to grow, 
these peaks quickly stabilized, suggesting that carbon for-
mation did not continue indefinitely under these conditions. 
A large initial increase in the OCV was observed when the 
fuel was changed to CO due to the differences in oxida-
tion kinetics between CO and H2. Over longer time scales, 
a small increase in the cell OCV is observed, indicating a 
slow, long-term degradation of electrochemical perfor-
mance. However, that was not noticeable in the Raman sig-
nal, suggesting that it might be due to pore closure occurring 
within the anode below the detection depth available for 
Raman spectroscopy. The D peak was much smaller than 
the G peak (D/G ratio of about 0.2). This, combined with the 
intense and sharp peaks, indicates that carbon was formed 
predominantly in the graphitic form.

In the work [86] by the same group of authors, the opera-
tion of SOFCs on pure carbon monoxide, its mixture with 
hydrogen, and pure hydrogen at an operating temperature 
of 600 °C was studied. As a result, clear differences were 
found in the dynamics of carbon deposition depending on 
the exact operating parameters, such as current load applied 
to the cell and fuel composition. In that work, Raman spec-
troscopy was also used to study the removal of surface car-
bon from SOFC anodes using electrochemical oxidation.

In the paper [23] by the same research team, real-time 
monitoring of anode surfaces was performed and showed 
that the formation of graphitic carbon began almost imme-
diately for anodes under open-circuit voltage. However, 
carbon formation was initially rapid and then stabilized, 
suggesting that the process was largely self-limiting under 
these conditions. Polarization of the anodes resulted in a 
significant reduction in carbon formation. In order to char-
acterize the entire large-area surface, ex-situ Raman spec-
troscopy mapping and SEM analysis of the anode surfaces 
were performed. Clear changes in the carbon distribution 
on the anode surfaces were observed in the optical data. 
The change over the surfaces of polarized anodes was par-
ticularly pronounced, with distinct carbon-free regions and 
regions with heavy deposits. Examination of the SOFC 
geometry revealed that carbon was preferentially formed in 
the region where gas access was restricted. Computational 
modeling showed that regions of the anode with reduced 
gas access would have a much lower charge transfer cur-
rent, suggesting that the blocked anode behaved similarly to 
an anode under OCV. As a result, carbon formation will be 
much more favorable in these regions, and current densities 
elsewhere will also be significantly altered.

An interesting feature of the work [87] by the same team 
is the study of solid oxide electrolysis cells (SOECs). The 
paper showed that charge transfer reactions occurring at the 
triple phase boundary (TPB) during CO2 electrolysis pro-
moted carbon deposition because of local changes in the gas 

carbon removal experiment, as well as the integration of the 
D-band of carbon, were presented. In both cases, the carbon 
peaks decreased with the introduction of oxygen. As can be 
seen from the SERS data, most of the deposited carbon was 
removed within 1,000 s.

In [83], the coking studies under propane operation were 
continued. It was shown that the onset of coking occurred 
upon first exposure to propane and that continuous exposure 
led to gradual addition of the carbon deposit. Coking onset 
can be suppressed by surface deposition of a thin GDC coat-
ing. However, after the GDC-modified nickel surface was 
reoxidized during air exposure followed by reduction for 
regeneration, coking resistance was compromised due to the 
formation of new nickel surfaces. Carbon signal mapping 
on a structured Ni–YSZ anode revealed that the Ni/YSZ 
interface was more active in carbon deposition and removal 
than the nickel surface away from the Ni/YSZ interface. In 
particular, the Ni/YSZ interface appeared to catalyze hydro-
carbon reforming, resulting in the accumulation of a few 
hydrocarbon molecules that can be completely removed by 
applying an anodic current.

An interesting feature of the work [84] is the study of 
SOFCs with a proton-conducting electrolyte. It was demon-
strated that while numerous –OH groups on the BaO surface 
readily reacted with hydrocarbon molecules in the gas or 
carbon atoms on the nickel surface providing resistance to 
coking, the resulting carbon dioxide reacted with BaO to 
form barium carbonate, which is difficult to regenerate. In 
contrast, BZY and BZCYYb powders retained a significant 
number of –OH groups when exposed to propane without 
decomposing into bulk carbonate phases. In addition to the 
steam reforming mechanism, BZCYYb facilitated the car-
bon dioxide (dry) reforming of deposited carbon.

The paper [85] by the same group of authors is nota-
ble for the addition of the catalytically active material, 
SrZr0.95Y0.05O3−x (SZY), to the anode [115–117]. The paper 
demonstrated that -CO3 groups on the surface of SZY oxi-
dized deposited carbon to carbon monoxide. Once depleted, 
these -CO3 groups could then be regenerated by a reac-
tion between low-concentration water vapor and deposited 
carbon around an electrochemically inactive region where 
there was an insufficient supply of oxide ions. In the inactive 
region, water vapor also oxidizes deposited carbon to car-
bon monoxide. The reversibility and repeatability of these 
reactions explain the long-term coking resistance observed 
with SZY infiltration into the Ni-YSZ anode.

Another group that has systematically investigated anode 
carbonization using different hydrocarbon fuels is the team 
led by Professors N.P. Brandon and L.F. Cohen from Impe-
rial College. In [24], the SOFC anode was exposed to CO, 
and a strong initial growth of carbon was observed on the 
anode surface, as indicated by the sharp emergence of both 
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the presence of both disordered and graphitic carbon on the 
surface of the nickel electrode.

Returning to the in-situ detection of carbon deposition 
using methane as a fuel, the work [90] must be mentioned 
separately. This work showed that when the cell was in the 
OCV mode during operation on methane, carbon began to 
deposit on the surface of the nickel mesh electrode. Carbon 
deposition was clearly recorded as a change in the reflec-
tance on the nickel surface (simple optical microscopy), 
as well as by the emergence of a specific peak with a shift 
of about 1560 cm− 1 in the Raman spectra; the deposited 
carbon was in the form of graphite. The carbon coating on 
the surface was non-uniform: it varied from grain to grain. 
When a certain overpotential was applied to the anode, car-
bon gradually disappeared from the edge of the electrode, 
i.e., from the electrode/electrolyte interface, where oxygen 
was electrochemically supplied. In the authors’ opinion, 
this experiment is the first in-situ observation of the elec-
trochemical oxidation of carbon under the real operating 
conditions of a SOFC.

In a much later study [91] by other authors, the same sys-
tem was investigated: a solid oxide fuel cell (SOFC) fueled 
by methane in the form of a methane-hydrogen mixture. An 
interesting feature of this study is the use of cells with an 
optically transparent electrolyte, which enables the collec-
tion of information from the internal anode/electrolyte inter-
face. The work was carried out using an experimental setup, 
which is schematically illustrated in Fig. 4.

  
By using flow-through gas analysis in combination with 

in-situ Raman spectroscopy and electrochemical techniques, 

composition. Ex-situ mapping by Raman spectroscopy was 
used in combination with numerical modeling to show that 
most of the carbon was formed near the electrode/electro-
lyte interface during CO–CO2 electrolysis. This represents 
a potential limitation of in-situ Raman spectroscopy in the 
study of SOECs. As a surface-sensitive technique, Raman 
spectroscopy does not fully reflect the interactions within 
the bulk of the electrode. Therefore, a better understanding 
of the interactions within solid oxide devices is achieved 
by combining in-situ and ex-situ Raman spectroscopy meth-
ods, as well as other analytical techniques. The results of 
combined ex-situ Raman spectroscopy and SEM analysis 
showed that the GDC interlayer reduced carbon deposition 
in Ni/GDC electrodes and improved mechanical stability 
under CO–CO2 electrolysis conditions.

In the work [88] of another group of authors, both a 
SOEC system for carbon dioxide reduction and a SOFC sys-
tem for electrical energy generation were also investigated. 
In that work, an interesting geometry with nickel strips was 
used to study carbon deposition at different locations. It was 
shown that for the SOFC mode, carbon deposition could 
be significantly enhanced by overpotential, and carbon was 
deposited much heavier near the TPB than in the middle of 
the Ni strips. In contrast, for the SOFC mode, the depos-
ited carbon could be directly consumed by electrooxida-
tion, and the carbon content near the TPB was lower than 
in the middle of the strips. The deposited carbon produced 
or consumed by the electrochemical reaction was mainly in 
the crystalline graphitic carbon structure. In [89], the mea-
surements performed using ex-situ Raman spectroscopy on 
SOEC samples used during CO2/CO electrolysis revealed 

Fig. 4  Schematic illustration of the experimental setup [91] combining in-situ Raman spectroscopy, electrochemical measurements, and gas 
analysis
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studies. Photos of cells with the new geometry are shown in 
the bottom part of Fig. 5 (the cathode side is on the left and 
the anode side is on the right).

A new cell design and an experimental methodology 
combining electrochemical studies and in-situ Raman spec-
troscopy were tested to study the kinetics of SOFC anode 
reduction. The time dependencies of the intensity and area 
of the two-phonon peak of nickel oxide were plotted to track 
anode reduction.

In [122], studies using a new sample geometry and a 
combined in-situ technique were continued. Optical and 
thermogravimetric studies showed that the first reduction 
cycle differed significantly from subsequent cycles in both 
the initial delay and the overall duration of the process. Fig-
ure 6 depicts characteristic dependencies of the intensity of 
the selected Raman peak as a function of time for the first 
three reduction cycles.

SEM studies showed that these changes were associ-
ated with a fundamental morphological restructuring that 
occurred during the first reduction cycle: the size of the 
nickel oxide grains decreased significantly compared to 
their original size [122]. Figure 7 compares the micrographs 
of the composite anode before and after reduction. It is evi-
dent that the size of the nickel oxide grains decreased dur-
ing the reduction process, while the grains of zirconia solid 
electrolyte remained visually unchanged.

In Ref. [123], a more systematic study of this system 
was carried out. Reliable data on the reduction of NiO were 
obtained, which are consistent with the kinetic parameters 
and microscopic mechanisms known in the literature. After 
initial microstructural reconstruction by redox cycling, the 
behavior of standard cermet anodes in a flowing H2–N2 
atmosphere can be described by the classical Avrami model 
[127, 128].

Continuing the studies described above, a model for the 
reduction of the SOFC anode substrate of a Ni-YSZ cermet 
composite was developed [124]. According to this model, 
the reduction processes can occur in four modes depending 
on the temperature and flow rate of the supplied fuel: (i) uni-
form reduction throughout the entire volume of the sample, 
the reaction rate is limited by the amount of supplied hydro-
gen; (ii) uniform reduction throughout the entire volume of 
the sample, the reaction rate is limited by the kinetics of 
the reaction of NiO particle reduction; (iii) reduction occurs 
by the front, the reaction rate is limited by the kinetics of 
the front movement; (iv) reduction occurs by the front, the 
reaction rate is limited by the amount of supplied hydro-
gen. It was found that a high reaction rate of NiO reduction 
required a higher hydrogen flow per unit area of the sample 
for direct kinetic measurements. According to the model, 
the electrochemical measurements confirmed the assump-
tions about the movement of the front, and it was shown 

this study demonstrated that the addition of methane led to 
the formation of carbon monoxide and an increase in the 
hydrogen content in the reaction products. At the same time, 
the methane content in the conversion products decreased. 
It was shown that a more significant decrease in methane 
content relative to the increase in the hydrogen and CO 
concentrations may be associated with the Boudoir reaction 
and carbon deposition. This is confirmed by the fact that the 
electrochemical characteristics of the fuel cell deteriorated 
over time due to carbonization of the SOFC anode when 
operating on methane-rich mixtures. Model experiments 
examined the effect of hydrocarbon-containing fuel on the 
evolution of the microstructure and chemical composition 
of the fuel electrode. A peak of amorphous carbon was 
detected in the Raman spectra. It was shown that its for-
mation was associated with carbon deposition on the model 
SOFC when using hydrocarbon gas mixtures as fuel. Hence, 
in-situ Raman spectroscopy enables the study of carbon 
deposition on SOFC anodes using various hydrocarbons as 
fuel, as well as the processes of removing these deposits 
using specialized gaseous agents. This technique allows for 
the separation of ordered (graphitic) and disordered (amor-
phous) carbon and enables the localization of processes 
across the electrode surface. By investigating carbon depo-
sition, in-situ Raman spectroscopy also enables the study 
of electrooxidation mechanisms for various hydrocarbons, 
including quite complex ones. Additionally, it is possible to 
explore methods for counteracting carbon deposition and 
the significant role of SERS in these studies.

Assessment of the kinetics and mechanisms of SOFC 
anode reduction

Studying the reduction-oxidation kinetics of composite 
SOFC anodes is crucial for both understanding fuel oxida-
tion mechanisms and optimizing the reduction process of 
electrochemical devices. Therefore, this aspect of SOFC 
operation is widely studied in the scientific literature [118–
120]. In-situ Raman spectroscopy is also actively used to 
investigate the kinetics and mechanisms of SOFC anode 
reduction. A summary of the works in this area is provided 
in Table 5.

The authors of Ref. [121] developed a new experimen-
tal technique that is based on the use of SOFCs contain-
ing optically transparent single-crystal membranes made 
of stabilized cubic zirconia. A schematic illustration of the 
corresponding cell geometry is shown in Fig. 5 (top right). 
In contrast to the conventional geometry (top left), which 
only provides information from the outer boundary of the 
sample, the new cell geometry makes it possible to collect 
Raman spectra from the internal interface of the electrode 
and electrolyte, thus increasing informativeness of the 
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still complete within 10 min of the initial exposure. Switch-
ing the gas phase back to air reoxidized Ni to NiO, and the 
process was again complete within a few minutes. These 
data demonstrate that in-situ Raman spectroscopy is sensi-
tive enough to report the disappearance and reappearance of 
the NiO band and to monitor the kinetics of this process on 
a time scale of minutes, which is particularly relevant for the 
electrochemical processes occurring in SOFCs.

In a later study by the same authors [125], the same Ni/
YSZ system was examined. It was shown that Ni oxidation 
by O2 appeared to follow first-order (or pseudo-first-order) 
kinetics, while Ni oxidation by water vapor exhibited lin-
ear kinetics in the early stages, which resembled zero-order 
kinetics. The reduction of NiO by H2 occurred on a time 
scale approaching experimental resolution. These results 

that it moved at a constant speed. The threshold value of 
the reduction reaction in the hydrogen deficiency mode 
obtained in that work is consistent with the literature data. 
Based on the Raman spectral data, calculations of the thick-
ness of the reduced NiO layer were carried out, which are 
in good agreement with the thickness of the Ni skin layer.

In a much earlier study [64] by another group of 
researchers, perhaps the pioneering study of this topic was 
performed using in-situ Raman spectroscopy. It was shown 
that exposure to H2 led to a rapid decrease in the intensity 
of the NiO band shifted at 1072 cm−1 as NiO was reduced 
to metallic Ni. The data indicate that the reduction of Ni 
was complete within two minutes of the initial exposure to 
H2. In less reducing atmospheres (such as humid CH4, 8% 
in Ar), the reduction rates were slower, but the process was 

Table 5  A summary of the works where studies of the kinetics of SOFC anode reduction were carried out using in-situ Raman spectroscopy
Cells and materials Temperature, оС Raman 

lines, 
cm−1

Brief conclusion Ref.

10Sc1YSZ 
– Ni/10Sc1CeSZ

600 1150, 
1460

The experimental technique was based on the use of SOFC cells containing opti-
cally transparent single-crystal membranes made of stabilized cubic zirconia. 
Combined with electrochemical measurements, this method enabled a direct study 
of the redox processes in the boundary zone of the triple phase region under varying 
current density, temperature, and gas phase composition.

[121]

Ni/10Sc1CeSZ 500 615 Studies using Raman spectroscopy and thermogravimetric analysis methods showed 
that the first reduction cycle differed significantly from subsequent cycles in both 
the initial delay and the overall process duration.

[122]

ESC SOFC: 
Ni/10Sc1CeSZ 
− 10Sc1YSZ 
– LSM/10Sc1CeSZ

400–600 615, 
1100

The data on NiO reduction are consistent with the kinetic parameters and micro-
scopic mechanisms known in the literature: after initial microstructural reconstruc-
tion by redox cycling, the behavior of standard cermet anodes in a flowing H2–N2 
atmosphere can be described by the classical Avrami model.

[123]

ASC SOFC: ACC-
AF-8YSZ from 
KCeracell + LSCF

600 1070 A model for the reduction of the SOFC anode substrate of a Ni-YSZ cermet com-
posite was developed. According to the model, the electrochemical measurements 
confirmed the assumptions regarding the movement of the front, demonstrating its 
constant speed. Based on the Raman spectral data, the thickness of the reduced NiO 
layer was calculated and was found to be in good agreement with the Ni skin depth.

[124]

YSZ - Ni/YSZ 715 1070 Exposure to H2 led to a rapid decrease in the intensity of the NiO band (1072 cm−1), 
i.e., a reduction to Ni. The reduction was complete within 2 min of the initial expo-
sure to H2. In less reducing atmospheres, the rate is slower, but the process was still 
complete within 10 min. Switching the gas phase back to air reoxidized Ni to NiO, 
and the process was again complete within a few minutes. In-situ Raman spectros-
copy is sensitive enough to report the disappearance and reappearance of the NiO 
band and to track the kinetics of this process on a time scale of minutes.

 [64]

Ni/YSZ 575 1100 The oxidation of Ni by O2 followed first-order (or pseudo-first-order) kinetics, 
while Ni oxidation by water vapor exhibited linear kinetics in the early stages, 
which resembled zero-order kinetics. The reduction of NiO by H2 occurred on a 
time scale approaching experimental resolution. Water can oxidize Ni, a reaction 
that is not often recognized in kinetic models developed to describe the chemistry 
of SOFC anode materials. The oxidation of Ni occurred via two distinct mecha-
nisms depending on the oxidizing agent.

[125]

Ni - YSZ 715, 550 1070 Hydrogen reduction occurred within seconds; however, surface oxidation required 
5–10 min to reach the asymptotic limit. The kinetics of Ni oxidation were studied 
for samples prepared with three different sizes of Ni particles (the cell was divided 
into different sectors). The initial particle size was not a significant factor in control-
ling pseudo-first-order oxidation rates. Furthermore, water vapor itself did not oxi-
dize Ni particles. However, humidity affected the susceptibility of Ni to subsequent 
oxidation when H2O was replaced by O2. After exposure to water, Ni oxidation 
followed two separate first-order kinetic processes. This effect occurred only for the 
first oxidation cycle after exposure to water.

[126]
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Oxygen chemical potential variations

Investigating variations in the oxygen chemical potential 
in the electrochemical reaction zone is crucial for under-
standing the mechanisms of current-generating processes 
[129–131]. In-situ Raman spectroscopy is actively used as a 
highly promising research method in this area. A summary 
of relevant studies is presented in Table 6.

The report [132] can be considered the pioneering work 
in this area. In this article, as a result of studying both the 
Stokes/anti-Stokes ratio and the peak shift method for deter-
mining the surface temperature and the relative changes in 
the surface temperature from site to site throughout the sam-
ple, it was concluded that the peak shift method was more 
reliable and faster and was capable of providing higher reso-
lution. These results pave the way for the development of 
an in-situ method that is capable of mapping the tempera-
ture distribution with very high spatial resolution in operat-
ing SOFCs while simultaneously monitoring the chemical 
composition.

In Refs. [133] and [134], changes in the oxygen chemical 
potential on the top surface of the anode during polariza-
tion were successfully quantified using SDC as a probe at 
P(O2) below about 10‒17  atm. The chemical potential of 
oxygen on the anode surface increased with an increase 
in the anodic overpotential up to 180 mV. This change in 
the chemical potential of oxygen resulted from two over-
potential-dependent factors: an increase in P(O2) by elec-
trochemically generated steam and an expansion of the 
electrochemically active zone.

The F2g peak area of cerium dioxide sensitive to oxy-
gen nonstoichiometry was shown to exhibit visible changes 
depending on the anodic current and the partial pressure of 
hydrogen [135]. Under isothermal conditions, the expected 
local overpotentials were determined exclusively by the 
current density. The corresponding mechanisms determin-
ing the transport rate can be associated with the transfer 
of ions through the GDC/YSZ interface. Subsequent steps 
limiting the transport rate, such as electrochemical oxida-
tion of hydrogen in the Ni-GDC layer, were not detected in 
the tested anode design due to the limited penetration depth 
of the exciting radiation. To study these steps using in-situ 
Raman spectroscopy, it is necessary to form directly a three-
phase boundary on the YSZ single crystal.

In Ref. [136], the dependencies of the Raman spectral 
line at a frequency of 460 cm−1 (F2g CeO2) on the applied 
current load were obtained for both types of cells (with a 
supporting anode, ASC, and an electrolyte, ESC) and for 
different fuel mixture compositions. Raman measurements 
on ASC samples showed significantly higher sensitivity and 
allowed for an expansion of the range of current loads (up 
to 2 A/cm2) and operating temperatures (650–750 °C). The 

are significant for several reasons. First, the data clearly 
demonstrate that water can oxidize Ni, a reaction that is not 
often recognized in kinetic models developed to describe 
the chemistry occurring at SOFC anode materials. Second, 
the data imply that Ni oxidation proceeds via two different 
mechanisms depending on the oxidant.

For a similar system [126], the authors showed that 
hydrogen reduction occurred within seconds; however, sur-
face oxidation required 5–10 min to reach the asymptotic 
limit. The kinetics of Ni oxidation were studied for samples 
prepared with three different sizes of Ni particles (5–20 nm, 
2–3 μm, and 3–7 μm). The data indicate that the initial par-
ticle size is not a significant factor in controlling pseudo-
first-order oxidation rates. Furthermore, in contrast to other 
studies, water vapor itself does not appear to oxidize Ni 
particles. However, humidity does affect the susceptibility 
of Ni to subsequent oxidation when H2O is replaced by O2. 
After exposure to water, Ni oxidation appears to follow two 
separate first-order kinetic processes. This effect is shown 
to occur only for the first oxidation cycle after exposure 
to water, a finding that is in excellent agreement with the 
results of [122].

Hence, in-situ Raman spectroscopy combined with elec-
trochemical and structural analysis methods allows us to 
study the mechanisms and kinetics of SOFC anode reduc-
tion and to identify the main limiting factors depending on 
the operating conditions of the SOFC.

Fig. 5  Top: conventional geometry of the cells for Raman measure-
ments (right) and alternative geometry with an optically transparent 
electrolyte [121] (left). Bottom: photographs of the cell with the new 
geometry (the cathode side is on the right and the anode side is on the 
left)
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Fig. 7  Comparison of the microstructures of the composite anode before and after reduction cycles

 

Fig. 6  Characteristic time dependencies of the studied Raman peak intensity for the first three reduction cycles [122]
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to the cerium-based anode sublayer, which supported the 
“oxygen spillover” mechanism [141–143].

In Refs. [91, 138], a linear relationship between the 
change in the area of the peak shifted at about 460  cm− 1 
(F2g CeO2) and the level of the chemical potential of oxygen 
in the region of the internal “anode/electrolyte” interface 
was shown. The rate-limiting mechanism in the reaction 
zone at low current densities could be associated with the 
transport of anions through this interface. At higher cur-
rent loads, the dependence of the overpotential showed 

general shape of the dependencies is quite similar; it can be 
attributed to the transport of the oxygen anion from the solid 
electrolyte membrane to the anode electrode.

The possibility of direct measurements at the internal 
“electrolyte/anode” interface in the case of a polycrystalline 
thin-film zirconium solid electrolyte was further demon-
strated experimentally using optical transparency tests and 
Raman spectroscopy studies [137]. Oxygen anions were 
directly transported from the YSZ electrolyte membrane 

Table 6  A summary of the works where analysis of the oxygen chemical potential was carried out
Cells and materials Temperature, оС Raman 

line, cm− 1
Brief conclusion Ref.

GDC disk 600 ~ 460 - F2g 
CeO2

The peak shift method is more reliable and faster and is capable of providing 
higher resolution. Work has begun on developing an in-situ method for map-
ping the temperature in operating SOFCs while simultaneously monitoring 
their chemical composition.

[132]

Ni − Ce0.8Sm0.2O2−δ 700 ~ 460 – F2g 
CeO2
540–600 
– О 
vacancies

The change in the chemical potential of oxygen on the upper anode surface 
during polarization was successfully quantified. An increase in the chemical 
potential on the anode surface with an increase in the anodic overpotential 
resulted from two overpotential-dependent factors: an increase in P(O2) by 
electrochemically generated steam and an expansion of the electrochemically 
active zone.

[133]
[134]

ESC SOFC 850 ~ 460 – F2g 
CeO2

The F2g peak area of CeO2 varied with anodic current and hydrogen partial 
pressure. Rate-determining mechanisms may be related to ion transport across 
the GDC/YSZ interface. Subsequent rate-limiting steps, such as electrochemi-
cal oxidation of hydrogen in the Ni-GDC layer, were undetectable due to the 
limited penetration depth of the laser beam.

[135]

ESC SOFC
ASC SOFC

750 ~ 460 – F2g 
CeO2

Dependencies of the F2g CeO2 line on the current load for ESC and ASC cells 
and for various fuel mixture compositions were obtained. RS measurements 
on ASC samples demonstrated greater sensitivity, extending the range of cur-
rent loads and operating temperatures. The general shape of the dependencies 
was similar and could be attributed to the transport of oxygen anions from the 
electrolyte to the anode.

[136]

ASC SOFC 750 ~ 460 – F2g 
CeO2

The feasibility of direct measurements at the internal “electrolyte/anode” 
interface in the case of a polycrystalline thin-film zirconium solid electrolyte 
was experimentally demonstrated using optical transparency tests and Raman 
studies. Oxygen anions were directly transported from the YSZ electrolyte 
membrane to the cerium-based anode sublayer, which supported the “oxygen 
spillover” mechanism.

[137]

ESC SOFC
ASC SOFC

750 ~ 460 – F2g 
CeO2

There was a linear relationship between the F2g peak area of CeO2 and the 
chemical potential of oxygen at the anode/electrolyte interface. At higher 
current loads, the overpotential dependence showed significant differences for 
different cell types, indicating an increased role of exchange processes with the 
gas phase. Combination of optical measurements with electrochemical studies 
made it possible to evaluate the dependence of the local anodic overpotential 
on the current load. The overpotential exhibited the Tafel behavior.

[138]
 [91]

SOFC: Pt/CGO/Pt 900
200

~ 460 – F2g 
CeO2
540–600 
– О 
vacancies

Systematic doping of cerium with various lanthanides allowed the authors to 
correlate the Raman shift with the structural changes in the cubic fluorite cell 
caused by the dopant. The advantages of the Raman method for tracking in-
situ temperature changes (e.g. changes in the cell volume due to purely thermal 
effects or effects due to the formation of oxygen vacancies) were demonstrated.

[139]

8YSZ in operating 
SOFCs

715 ~ 600 – F2g 
YSZ

The YSZ surface can be affected by the reducing and oxidizing atmospheres 
observed during standard SOFC operation. The effect was quantified by a 50% 
reduction in the F2g peak of YSZ under reducing conditions, a phenomenon 
being reversible upon cycling. Near the TPB, YSZ became even more reduced 
as the overpotential increased. The altered electronic structure of the reduced 
surface layer can improve electronic conductivity. YSZ with a reduced surface 
can promote the propagation of chemical reactions from the electrodes, thereby 
effectively increasing the width of the electrochemically active region.

[140]
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an evaluation of purely electrochemical characteristics, such 
as the dependence of anodic overpotential on current load.

Application of in-situ Raman spectroscopy for gas 
analysis

One of the promising methods for studying the mechanisms 
of processes occurring in SOFCs is gas analysis [150–152]. 
Raman spectroscopy is also used for in-situ studies of 
SOFCs as a tool for gas analysis. A summary of studies in 
this area is provided in Table 7.

For instance, Raman spectroscopy was successfully used 
to determine the distribution of the main gaseous substances 
along the flow in an optically accessible model of a DIR-
SOFC reformer at operating temperatures of 600 and 700 °C 
[153]. A calibration methodology was developed that allows 
the experimental results to be presented as the mole fraction 
of substances.

In Refs. [154] and [155], a primary calibration was 
first performed. When the channel was filled with cold air, 
the Raman bands of N2, O2, and residual H2O were well 
resolved. This method was then successfully applied to 
the diagnostics of a SOFC operating under standard con-
ditions: 1123  K and dry hydrogen as a fuel. Under these 
conditions, the Raman bands of H2 and H2O were detected 
and provided a sufficient signal-to-noise ratio for quantifi-
cation after accumulation. The profiles were recorded with 
a spatial resolution of 1 mm along the channel length and 
clearly demonstrated the expected behavior, i.e., a decrease 
in the H2 concentration and an increase in the H2O concen-
tration along the flow direction. However, because of leaks 
in the experimental cell, the concentrations could not be 
quantified.

In [150], a methodology was developed for the next work 
by the same authors [156]. In [156], the results obtained 
under OCV conditions and low current densities showed 
possible competition between carbon dioxide and water in 
internal methane reforming, which led to the presence of 
two different types of methane reforming: steam and dry. 
The chemical gradient of CH4 along the cell surface was 
the same under the three studied conditions, indicating that 
it was not affected by the current at all. The contribution of 
WGSR to OCV was shown only in the anode region, close 
to the cell outlet. This may due to the strong presence of the 
endothermic reforming reaction, which hides the exother-
mic contribution of WGSR along the surface. At the same 
time, under current, its contribution was apparently greater, 
which led to an increase in water and CO2. Moreover, at low 
fuel utilization values, the authors demonstrated the readi-
ness of SOFCs for the co-production of hydrogen along 
with the generation of electricity.

significant differences for different cell types, which indi-
cates an increasing role of exchange processes with the gas 
phase (e.g., hydrogen oxidation on the GDC surface or near 
the interface between the three phases). A combination of 
optical measurements with electrochemical studies made 
it possible to evaluate the dependence of the local anodic 
overpotential on the current load applied to the cell. In both 
cases, the overpotential exhibited the Tafel behavior [144, 
145]. A comparative analysis of the anodic impedance with 
different fuel gas mixtures suggests that spectroscopic mea-
surements of the internal interfaces provide direct informa-
tion on the contribution of the fuel oxidation reaction to the 
total losses of SOFCs.

Finally, a systematic study of doping of cerium oxide 
with various lanthanides was carried out in [139]. It allowed 
the shift of the Raman lines to be correlated with the struc-
tural changes in the cubic fluorite cell caused by the dopant. 
The study of praseodymium-doped cerium oxide at high 
temperatures demonstrated the advantages of the Raman 
method for in-situ monitoring of changes with tempera-
ture (e.g. changes in the cell volume due to purely thermal 
effects or effects due to the formation of oxygen vacancies), 
which can subsequently be related to the cell expansion and 
electrochemical properties.

In Ref. [140], instead of the more frequently studied 
doped cerium dioxide (GDC) [146, 147], a more classical 
electrolyte based on stabilized zirconia (YSZ) [148, 149] 
was studied. Initial in-situ Raman measurements showed 
that the YSZ surface could be affected by the reducing 
and oxidizing atmospheres that were realized in two gas 
volumes during standard SOFC operation. This effect was 
quantified by a 50% decrease in the intensity of the F2g peak 
of YSZ under reducing conditions. This effect was revers-
ible upon cycling from a reducing to an oxidizing environ-
ment. In-situ Raman spectroscopy was used to measure the 
relative oxide concentration on the YSZ surface. The data 
demonstrated that near the triple-phase boundary, YSZ 
became even more reduced as the overpotential increased. 
This observed surface reduction suggests an explanation for 
the observed decrease in the impedance on the YSZ surface 
with an increase in the cell polarization: the altered elec-
tronic structure of the reduced surface layer can slightly 
improve electronic conductivity. YSZ with a reduced sur-
face can also promote the propagation of chemical reactions 
from the electrodes, thereby effectively increasing the width 
of the electrochemically active region.

Hence, in-situ Raman spectroscopy can be successfully 
applied to monitor the chemical potential of oxygen over a 
wide range of operating conditions, including partial pres-
sure, temperature, and anodic overpotential, as well as in 
various materials used to create SOFCs. Optical data enable 
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Studies of SOFC anode poisoning with sulfur-containing 
compounds can be carried out over extremely wide con-
centration ranges. When combined with more traditional 
electrochemical techniques, this method enables detailed 
investigation of degradation mechanisms, identification of 
various compounds formed during poisoning, and detection 
of their removal under specific conditions. In-situ Raman 
spectroscopy also enables successful studies of SOFC 
anode poisoning with chlorine-containing fuel impurities. It 
is worth noting that it is possible to study combined poison-
ing with chlorine and carbon deposition on the SOFC anode.

When investigating carbon deposition on the anode, this 
technique allows for the separation of ordered (graphitic) 
and disordered (amorphous) carbon and the localization of 
processes across the electrode surface. By studying carbon 
deposition, in-situ Raman spectroscopy also enables the 
study of the electrooxidation mechanisms of various hydro-
carbons, including complex ones. Furthermore, the signifi-
cant role of SERS in these studies should be noted.

When combined with electrochemical and structural 
analysis methods, this technique also allows studying the 
mechanisms and kinetics of SOFC anode reduction and 
identifying key limiting factors depending on the cell 

Hence, in-situ Raman spectroscopy can be successfully 
applied as a gas analysis technique to assess the distribution 
of gaseous components in a fuel mixture and to determine 
the mechanism of fuel conversion.

Conclusions

In-situ Raman spectroscopy is an extremely convenient 
and informative method for solving a number of critical 
research problems related to the study and development of 
SOFCs, such as assessing mechanical stresses, SOFC anode 
poisoning with sulfur- and chlorine-containing compounds, 
carbon deposition on SOFC anodes when using various 
hydrocarbons as fuel, studying the mechanisms and kinet-
ics of SOFC anode reduction, and monitoring the chemical 
potential of oxygen, as well application as a gas analysis 
technique.

When assessing mechanical stresses during SOFC opera-
tion, the accuracy of the method is in the range of tens of 
MPa, and both the position and half-width of peaks in the 
Raman spectra can be used as a source of information.

Cells and 
materials

Operating 
tempera-
ture, оС

Gases 
studied

Brief conclusion Ref.

Ni/YSZ 
anode

600, 700 N2, H2, 
CH4, H2O

Raman spectroscopy was used to determine the flow dis-
tribution of key gaseous species in an optically accessible 
DIR-SOFC reformer at operating temperatures of 600 and 
700 °C. A calibration methodology was developed that 
allows the results to be presented as mole fractions of the 
species.

[153]

SOFC:
Ni/GDC 
− 3YSZ - 
LSM/8YSZ 
– LSM

900 O2, N2, 
H2O

The method was successfully applied to SOFCs operat-
ing on dry H2. The bands of H2 and H2O were detected 
and yielded a sufficient signal-to-noise ratio for quantita-
tive assessment. The profiles were recorded with a spatial 
resolution of 1 mm along the channel length, showing a 
decrease in the H2 concentration and an increase in the H2O 
concentration along the flow direction.

[154]

50х50 mm 
ESC SOFC:
NiO/GDC 
– TZ3Y 
− 8YSZ/
LSM - LSM

H2, H2O, 
N2

[155]

A methodology for the next work (below in the table) was 
developed

[150]

121 cm2 
ASC SOFC:
Ni/YSZ – 
YSZ – GDC 
– LSC

At low current densities and OCV, competition between 
CO and H2O in internal methane reforming was possible, 
resulting in two distinct types of methane reforming: steam 
and dry. The chemical gradient of CH4 along the cell 
surface was the same under the three studied conditions, 
indicating that it was completely unaffected by the current. 
The contribution of WGSR to the OCV was demonstrated 
only in the anode region, close to the cell outlet. At high 
currents, the contribution of WGSR was greater, leading to 
increased water and CO2 production. Moreover, the SOFC 
was demonstrated to be capable of co-producing H2 along 
with electricity generation at low fuel utilization rates.

[156]

Table 7  A summary of works in 
which studies were carried out 
using Raman spectroscopy as a 
gas analysis tool
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and proof of concept. J Power Sources 585:233635. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​p​o​​w​s​o​​u​r​.​2​​0​2​​3​.​2​3​3​6​3​5

14.	 Miura Y, Takemiya S, Fukuyama Y et al (2023) Improvement of 
the internal reforming of metal-supported SOFC at low tempera-
tures. Int J Hydrogen Energy 48(65):25487–25498. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​0​1​6​​/​j​.​​i​j​h​​y​d​e​​n​e​.​2​​0​2​​3​.​0​3​.​1​9​5

15.	 Akbar M, An Q, Ye Y et al (2025) 400 °C operable SOFCs based 
on ceria electrolyte for powering wireless sensor in internet of 
things. Appl Energy 378(B):124916. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​a​p​
e​​n​e​r​​g​y​.​2​​0​2​​4​.​1​2​4​9​1​6

16.	 Agrawal BK, Karimi MN (2012) Thermodynamic performance 
assessment of a novel waste heat based triple effect refrigeration 
cycle. Int J Refrig 35(6):1647–1656. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​i​j​r​​e​
f​r​​i​g​.​2​​0​1​​2​.​0​5​.​0​2​0

17.	 Sasaki K, Wurth J-P, Gschwend R et al (1996) Microstructure-
property relations of solid oxide fuel cell cathodes and current 
collectors: cathodic polarization and ohmic resistance. J Electro-
chem Soc 143:530. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​4​9​​/​1​.​​1​8​3​6​4​7​6

18.	 Prakash BS, Kumar SS, Aruna ST (2017) Effect of composition 
on the polarization and ohmic resistances of LSM/YSZ compos-
ite cathodes in solid oxide fuel cell. Bull Mater Sci 40:441–452. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​2​0​3​4​-​0​1​7​-​1​4​0​1​-​5

19.	 Zhang J, Lenser C, Menzler NH, Guillon O (2020) Comparison 
of solid oxide fuel cell (SOFC) electrolyte materials for operation 
at 500°C. Solid State Ion 344:115138. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​s​
i​.​2​0​1​9​.​1​1​5​1​3​8

20.	 Prica M, Alston T, Kendall K (1997) Mechanical and thermal 
properties of a 200 Tube SOFC reactor. ECS Proc 1997–40:619. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​4​9​​/​1​9​​9​7​4​0​.​0​6​1​9​P​V

21.	 Li X, Blinn K, Chen D, Liu M (2018) In-situ and surface-
enhanced raman spectroscopy study of electrode materials in 
solid oxide fuel cells. Electrochem Energ Rev 1:433–459. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​4​​1​9​1​8​-​0​1​8​-​0​0​1​7​-​9

22.	 Yu Y, Xiao T-H, Wu Y et al (2020) Roadmap for single-molecule 
surface-enhanced Raman spectroscopy. Adv Photon 2(1):014002. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​7​​/​1​.​​A​P​.​2​.​1​.​0​1​4​0​0​2

23.	 Maher RC, Duboviks V, Offer GJ et al (2013) Raman spectros-
copy of solid oxide fuel cells: technique overview and application 
to carbon deposition analysis. Fuel Cells 13(4):455–469. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​f​u​​c​e​.​2​0​1​2​0​0​1​7​3

24.	 Maher RC, Offer G, Brandon NP, Cohen LF (2012) In-situ raman 
characterization of SOFC anodes. MRS Online Proc Library 
1385:201. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​5​7​​/​o​p​​l​.​2​0​1​2​.​8​5​2

25.	 Workman J Jr (2025) A New Radiation: C.V. Raman and the dawn 
of quantum spectroscopy, part I. Spectroscopy 40(4):30–33. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​5​​6​5​3​​0​/​p​​e​c​t​​r​o​s​​c​o​p​y​​.​y​​o​1​4​8​3​v​7

26.	 Google Scholar. https://scholar.google.com. Accessed 12 Sept 
2025

27.	 Excessive growth in the number of scientific publications. ​h​t​t​p​​s​:​
/​​/​w​w​w​​.​o​​u​v​r​​i​r​l​a​​s​c​i​​e​n​c​​e​.​f​​r​/​e​​x​c​e​s​​s​i​​v​e​-​​g​r​o​w​​t​h​-​​i​n​-​​t​h​e​​-​n​u​​m​b​e​r​​-​o​​f​-​s​​c​i​
e​n​​t​i​f​​i​c​-​​p​u​b​l​i​c​a​t​i​o​n​s​/. Accessed 12 Sept 2025

28.	 Growth rates of modern science: a latent piecewise growth curve 
approach to model publication numbers from established and new 
literature databases (2021) ​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​a​t​u​​r​e​.​c​​o​m​/​​a​r​t​​i​c​l​​e​s​/​​s​4​1​5​​
9​9​​-​0​2​1​-​0​0​9​0​3​-​w. Accessed 26 Aug 2025

29.	 Scientists around the world report millions of new discoveries 
every year − but this explosive research growth wasn’t what 
experts predicted (2024). ​h​t​t​p​​s​:​/​​/​w​w​w​​.​r​​e​s​e​​a​r​c​h​​g​a​t​​e​.​n​​e​t​/​​p​u​b​​l​i​c​a​​t​i​​
o​n​/​​3​8​5​0​​4​1​2​​1​7​_​​S​c​i​​e​n​t​​i​s​t​s​​_​a​​r​o​u​​n​d​_​t​​h​e​_​​w​o​r​​l​d​_​​r​e​p​​o​r​t​_​​m​i​​l​l​i​​o​n​s​_​​o​f​
_​​n​e​w​​_​d​i​​s​c​o​​v​e​r​i​​e​s​​_​e​v​​e​r​y​_​​y​e​a​​r​_​-​​_​b​u​​t​_​t​​h​i​s​_​​e​x​​p​l​o​s​i​v​e​_​r​e​s​e​a​r​c​h​_​g​
r​o​w​t​h​_​w​a​s​n​’​t​_​w​h​a​t​_​e​x​p​e​r​t​s​_​p​r​e​d​i​c​t​e​d. Accessed 26 Aug 2025

30.	 Elcogen website. https://elcogen.com/. Accessed 12 Sept 2025
31.	 SOFCMAN website. https://www.sofcman.com/. Accessed 12 

Sept 2025
32.	 BLUEGEN website. https://bluegen.eu/en/. Accessed 12 Sept 

2025

operating conditions. In-situ Raman spectroscopy can be 
successfully used to monitor the chemical potential of oxy-
gen over a wide range of operating conditions, as well as in 
various materials used to create SOFCs. Optical data allows 
for the evaluation of purely electrochemical characteristics. 
This technique can be successfully applied as a gas anal-
ysis method to assess the distribution of gaseous compo-
nents in a fuel mixture and to determine the fuel conversion 
mechanism.
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