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carbon deposition and its removal
in solid oxide fuel cells by applying a non-
conventional diagnostic tool

Vanja Subotić, *a Philipp Harter,a Mihails Kusnezoff,b Teko W. Napporn, c

Hartmuth Schroettnerd and Christoph Hochenauera

Operating solid oxide fuel cells (SOFC) in a specific industry-relevant environment can result in undesired

performance alterations and subsequent morphological changes. Conventional characterization tools,

such as polarization curve or electrochemical impedance spectroscopy, can be employed to gain

a rough overview of the cell performance. Nevertheless, if these conventional tools fail and seemingly

invisible degradation mechanisms occur inside the cell and system, such degradation cannot be

identified. Eventually, these mechanisms can cause the system to collapse abruptly and irreversibly. In

this study, novel online-monitoring tools based on total harmonic distortion analysis (THD) were

employed to identify the most relevant degradation mechanism when using carbon-containing fuels, i.e.

carbon deposition. The examination was performed on SOFCs of industrial size, methane was used as

a fuel, and the cells were operated under a constant current load. The operating conditions were

designed as required for application in auxiliary power units (APUs). The results reveal that the

preliminary stage of degradation can be most quickly identified using the frequencies: 1 Hz, 10 Hz,

100 Hz, 2 kHz, 2.5 kHz, 4 kHz and 8 kHz. If the lower frequencies are removed and only the frequencies

equal to or higher than 2 kHz are applied, almost the same information is obtained, and the measuring

time can be significantly reduced. In addition, this study enabled us to identify a highly efficient strategy

that can be used to remove carbon and to regain the initial cell performance. Carbon removal during the

regeneration process was also successfully detected by applying the THD methodology.
1 Introduction

Solid oxide fuel cells (SOFCs) offer attractive options to meet the
rapidly increasing demand for emission-free energy supply
systems. Used in a wide range of different technologies, the use
of these cells results in high levels of electrical efficiency and
very high levels of overall efficiency. SOFCs can be used effec-
tively in applications in which the excess heat can be used to co-
generate electricity and process heat. Moreover, they represent
an excellent option in portable power and transportation
applications, and especially for the power supply of large
trucks.1 However, the commercialization of SOFCs is still in its
infancy, and several issues must still be addressed. All stack and
system manufacturers are currently facing the same challenges
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in terms of system costs, reliability, durability and the valida-
tion of the system longevity for periods of more than 40 000 h.

To ensure the reliability of SOFCs, it is crucially important to
answer the question “How close to their limits can SOFCs be
operated?” This question is also of interest because the answers
rely upon the limits dened. On the one hand, operating limits
are dened as the capacity of the system to tolerate impurities,
such as sulfur or chlorine. On the other hand, these operating
conditions are selected by dening a system operator, such as
the fuel type and operating current. The system tolerance level
regarding impurities in both the fuel and oxidant is a decisive
factor, which has been insufficiently investigated in SOFC
systems. These impurities can also cause SOFC degradation and
lead to a total system collapse. Local electrochemical deactiva-
tion, resulting from the poisoning and material degradation of
an SOFC, occurs on both the nano- and micro-scales. Taking
this aspect into consideration, the stack electrochemical activity
increases at a specic macro-scale point; this activity, in turn,
accelerates material degradation processes due to the increase
in temperature. This effect can also result in several types of
critical mechanical failures within the stack. Among the
different fuel impurities, sulfur is well-known to cause the
deactivation of catalytic active sites and decrease cell
Sustainable Energy Fuels, 2021, 5, 2065–2076 | 2065
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performance.2–5 The critical concentration of sulfur in a fuel has
a threshold of only 1 ppm in SOFC systems.6 In addition, acidic
gases, such as chlorine7,8 and alkalic substances, should be
removed from a fuel before it is used in an SOFC.9 By ensuring
that the appropriate fuel pre-processing steps are followed,
system degradation due to fuel impurities can be properly
controlled.

Aiming to increase the overall system efficiency, it seems to
be necessary to reach the system operating limits in specic
cases. In such cases, however, operation malfunctions can
occur, and several failure modes can arise either independently
or simultaneously. A good example of a failure mode is that of
high fuel utilization. Most stack developers suggest that the
stack should be operated at a fuel utilization rate of 60–85%.10–12

A fuel utilization rate of even 94% has been reported,13 although
the authors of this study reported that a very low power density
of 0.17 W cm�2 was achieved when using a 60/40 H2/N2 fuel
mixture. However, even very tiny changes in fuel utilization can
affect the system performance noticeably over longer periods of
time. High fuel utilization can cause both macroscopic and
microscopic changes in the SOFCs used. In a related study,
a ve-cell stack manufactured at Forschungszentrum Jülich
GmbH was tested under high fuel utilization (90%) condi-
tions.14 The results show that the stack operation under such
conditions caused the cells to oxidize locally. The greatest
amount of oxidation was observed near the fuel outlet. Two
different stack designs were employed, and 20% humidied
fuel and pre-reformed liquied natural gas (LNG) were used.
Both stacks operated smoothly under 85% fuel utilization
conditions, although the initial effects of increasing the
concentration polarization were already visible at 80% condi-
tions. Very high fuel utilization leads to undesired Ni reox-
idation effects, but also accelerated Ni agglomeration.15 One
possible way to increase the cell stability when operating under
high fuel utilization conditions is to use alternative materials or
anodes impregnated with noble metal catalysts.16,17 Their
applicability has already been approved for small button cells,
but has not yet been approved for the industrial-sized cells. For
this reason, it is necessary to make a compromise between
achieving high fuel utilization or high power. In this context,
the degradation caused by fuel shortages and the subsequent
oxidation observed at the anode when higher amounts of fuel
are utilized show how SOFCs work almost perfectly within the
dened limits, but once these limits are exceeded, catastrophic
consequences (e.g. regarding their durability) can occur.
Therefore, a good compromise between durability and perfor-
mance must be found, as SOFC systems need to be able to fulll
the high requirements placed on them and still operate effec-
tively and efficiently.

When further considering the operating conditions that
result from certain system operators, the steam/carbon-ratio (S/
C) can be identied as an important parameter that can
signicantly inuence the system longevity. Higher amounts of
carbon-containing fuel components impact the carbon deposi-
tion processes. This eventually blocks porous gas channels or
results in catalyst degradation.18 Carbon deposition can also
rapidly decrease cell performance and even cause irreversible
2066 | Sustainable Energy Fuels, 2021, 5, 2065–2076
cell damage.19–21 For instance, when fueling SOFCs directly with
carbonaceous fuels, such as biogas,22 natural gas,23 syngas,24 or
diesel reformat,25 the risk of carbon deposition is very high. As
an example, when operating an SOFC stack with a fuel mixture
that contains 39.6% H2, 11.91% CH4, 25.67% H2O and 22.78%
N2 for 800 h at an operating temperature of 750 �C, strong
amounts of degradation were observed during the initial 300 h
of operation.26 During the subsequent 500 operating hours,
stable operation but also signicantly reduced cell performance
were observed. The authors of this study measured a degrada-
tion rate of approximately 1.42%. This degradation was mainly
due to the deposition of carbon in the form of carbon nano-
bers. For anode-supported SOFCs that were operated under
methane with an S/C of 0.5 at 800 �C, rapid performance dete-
rioration and microstructure degradation were observed.15

Moreover, in another study, the authors claimed that increasing
the amount of CH4 in a simulated syngas resulted in strong
amounts of performance degradation and even irreversible
morphological degradation, particularly when the amount of
methane exceeded 23%.27 Operation under dry methane at
800 �C resulted in the abundant growth of whisker-type carbon
laments, which impacted the Ni catalysts and the anode
porosity.28 A detailed numerical study on SOFCs operated under
methane with varying S/C ratios indicated that, when in equi-
librium state, 0.5 mol of graphite is formed from 1 mol CH4 at
700 �C, and 0.6 mol carbon-nanobers is formed at 750 �C.29

Equimolar mixtures of CO and CH4 showed similar results.
Many studies have been carried out to scrutinize the phenom-
enon of carbon deposition under open-circuit voltage (OCV)
conditions, showing that carbon deposition has strong impact
on the cell performance and its microstructure.30–34 However, in
order to investigate the impact of the operating environment on
the systems for application in real-life scenarios, it is crucially
important to examine the operation under load conditions. In
general, all degradation effects begin with the Ni catalyst,
although different impurities cause performance deterioration.
Mechanisms that inuence Ni morphology include: (i) Ni
reoxidation, (ii) Ni agglomeration, (iii) Ostwald ripening, (iv) Ni
deposition on the ion-conducting grains within the anode and
(v) Ni deposition on the electrolyte surface.35 Additional degra-
dation occurs due to thermal expansion mismatch. If all of the
aspects mentioned previously are considered, we can conclude
that SOFC durability can be impacted by: (i) intrinsic degrada-
tion mechanisms, which are initiated by operating conditions,
such as high-operating temperatures or operating currents, and
(ii) extrinsic degradation mechanisms, which occur as a result
of fuel impurities.35

Although a basic understanding of failure modes and
damage phenomena exists, the entire SOFC industry is still
facing a signicant problem, because there is yet not enough
information about the degradation behavior of stationary power
generators over long lifetimes (>40 000 h). It would be possible
to obtain this information if systematic damage analyses were
carried out. This information would enable degradation to be
identied in its preliminary stage and even allow it to be
reduced. Another problem is the fact that validation tests run
for 40–80 000 h would take many years to carry out, so
This journal is © The Royal Society of Chemistry 2021
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procedures must be developed that allow researchers to
demonstrate the durability of these systems in accelerated tests.
To achieve this purpose, the operating conditions were adjusted
in the present study to accelerate a specic degradation mech-
anism that is relevant for a real-system application, namely,
carbon deposition-based SOFC degradation. These investiga-
tions were performed under operating conditions that are
relevant for industrial application; thus, the system operation
under load conditions using methane as fuel and SOFCs of
industry-relevant dimensions were considered. This enabled us
to obtain highly detailed insights into the degradation
processes that occur during the cell operation and determine
how this degradation could be identied early on. Next, we
addressed two specic challenges: (i) to improve the system
reliability and durability and (ii) to develop tools that allow us to
identify different failure modes at a preliminary stage. In situ
near-IR thermal imaging was identied as an appropriate tool
to investigate the behavior of the button-cell anode when using
carbon-containing fuels (e.g. humidied ethanol and direct fuel
oxidation), as well as potentially damaging processes.36,37

Thermal imaging has also already been used to characterize the
operation of high temperature electrolysis.38 Moreover, the
method of in situ vibrational Raman spectroscopy has also been
used successfully to identify both rates of carbon deposi-
tions32,39,40 and its removal from the Ni/YSZ anodes.32 Applying
the in situ Raman spectroscopy, the authors32 showed that H2O,
CO2 and O2 can be employed to remove the carbon formed, but
also that the carbon removal has to be performed carefully to
prevent undesired Ni reoxidation. By applying unconventional
online monitoring tools based on the total harmonic distortion
(THD) principle, it seems possible to identify cell degradation at
its preliminary stage, before irreversible degradation occurs. In
addition, the integration of these online monitoring tools into
the running systems can be easily accomplished. To date, fuel
cells under operation have mainly been monitored online by
applying conventional tools, such as polarization curve or the
more sophisticated electrochemical impedance spectros-
copy.41–44 When employing electrochemical impedance spec-
troscopy, a linear and time-invariant system state is assumed.
The information obtained by taking EIS measurements
provides more detailed insights into the process mechanisms
occurring inside the cells. Recently, EIS data recorded could be
used in a distribution of relaxation times analysis (DRT) to
observe the time constants of individual processes.45–49 By
employing the DRT analysis, researchers could identify the
electrochemical properties of microtubular ASC-SOFCs as
a function of their microstructure.50

However, if the criterion of system linearity is neglected,
undesired processes within cells are assumed to occur. These
can be identied when employing an in situ total harmonic
distortion analysis method. This methodology has already been
employed in the eld of electrical engineering to reduce non-
linear loads in power sources. Its potential has also been
successfully demonstrated in low-temperature cells,51–53

increasing the understanding of the effects of fuel and oxygen
starvation. The same effects, which are related to fuel and
oxygen starvation, were recently reported for anode-supported
This journal is © The Royal Society of Chemistry 2021
SOFCs, consisting of Ni-YSZ/YSZ/LSCF.15 In another study that
dealt with application of THD for SOFC,54 fuel starvation was
investigated on the stack level, and the THD results were higher
than 1% when fuel starvation occurred. Moreover, the
nonlinear impedance approach was taken to identify distinctive
aspects of electrochemical mechanisms occurring at the LSCF
electrode at 750 �C, which could not be observed in linear EIS.55

Since the electrolyte-supported Ni-GDC/ScSZ/LSM SOFCs
used in this study are intended for use as a core of an auxiliary
power unit, which is operated with natural gas with an inte-
grated desulfurization system, the most critical degradation
processes based on carbon deposition are investigated and
presented in this paper. The cells were operated under load
conditions, as in the real operating case. It was possible to
identify carbon that formed on the SOFC anode rapidly and
early on by applying the THD methodology. Thus, in this paper
we present a method that can be used to identify SOFC degra-
dation early on, as well as a strategy that can be applied for
efficient carbon removal and performance regeneration. The
ndings of this study improved the understanding of (i) the
operation of and processes that occur within industrial-sized
electrolyte-supported solid oxide fuel cells (ESC-SOFCs) that
have been designed to be used in an auxiliary power units
(APUs) and operated directly with methane, (ii) the application
of unconventional online-monitoring tools, based on the THD
principle, which can be used to identify undesired degradation
and carbon removal mechanisms, and (iii) strategies for carbon
removal that allow us to re-attain the initial cell performance, as
observed in the degradation-free state.
2 Experimental setup and methods

The experimental investigations were carried out on electrolyte-
supported (ESC) single-cells that were manufactured by the
Fraunhofer Institute IKTS. The cells had an average thickness of
0.17 mm. The fuel electrode was screen-printed nickel–oxide
with fully gadolinia (Gd2O3) stabilized ceria (CeO2) on the 10ScSZ
electrolyte, whereby the oxygen electrode consisted of co-doped
lanthanum strontium manganite (La1�xSrxMn1�yM0

yO3�d). The
overall area of the single-cells was 10 cm � 10 cm with an elec-
trochemically active area of 81 cm2. For more detailed informa-
tion about the microstructure and materials of the cells used we
refer to other studies.56,57 For the purpose of experimental
investigations, the cells were embedded in a ceramic-cell
housing.

The gas inlet and outlet pipes were manufactured as alumina
and heated up to the operating temperature in an electrical
furnace. Glass sealing was used to prevent gas from leaking
between the electrodes. On the fuel electrode, Ni meshes were
used as contact point. On the oxygen electrode, a platinum
mesh was used. No contact pastes were used. The temperature
was measured at six different points on the fuel electrode, six
points on the oxygen electrode, and on both the fuel and air
inlets and outlets. A mechanical load was applied to decrease
the contact resistance. For more detailed information about the
test rig and ceramic housing used (Fig. 1), as well as their
Sustainable Energy Fuels, 2021, 5, 2065–2076 | 2067
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Fig. 1 Ceramic cell housing.59
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impacts on the measurements, we refer the readers to previous
studies.58,59

The operating temperature was set at 800 �C. Since the
SOFCs used should be employed as a part of a system, lower
operating temperatures are preferred. Both hydrogen and
methane were used as fuels, while the cathode was supplied
with synthetic air. A mixture of hydrogen and nitrogen was used
to initially characterize the cell performance, whereby methane
was used to induce cell degradation based on carbon deposi-
tion. The methane fuel was humidifed using a humidier unit
based on the bubbler principle. The S/C ratio was varied
between 1 and 0.5. In order to accelerate the cell degradation,
the S/C-ratio was set to 0.5. Considering the outcome of
a numerical study on the probability that carbon is formed as
a function of operating temperatures, it was shown that when
using methane with S/C ¼ 0.5 as fuel, the amount of carbon
nanobers formed is highest between 700 �C and 800 �C, while
it decreases as the temperature increases. Moreover, to conduct
long-term investigations, the operating current was set at 50 mA
cm�2. This decision was made to accelerate carbon depositions,
since a higher amount of carbon deposition was expected at
lower operating currents. Nevertheless, all the electrochemical
processes occur under the current density selected. Subse-
quently, the hydrogen/steam mixture was used as a regenera-
tion mixture to remove carbon and achieve an initial cell
performance; thus, the cell performance was considered before
the degradation occurred. The parameters applied in the
experimental investigations in this study, in which the fuel gas
Table 1 Operating parameters used

Operating parameters, units

Fuel electrode

w, �C i, mA cm�2 xCH4
, % xH2

, %

Fuel mixture F20 800 50 20 0
Fuel mixture F40 800 50 40 0
Regeneration mixture RM 800 50 0 40

2068 | Sustainable Energy Fuels, 2021, 5, 2065–2076
composition, fuel and air volume ow and operating tempera-
ture were considered, are shown in Table 1. Throughout the
study, we continuously analyzed the inlet and outlet fuel gas
with an ABB gas analyzer with a measurement uncertainty <1%.
Five cells were used to ensure the reproducibility of the results.
The maximum performance deviation observed for different
cells over the entire load range (the lowest operating voltage of
0.7 V) was �3%. According to these observations, slight oscil-
lations in the ACmeasurements occurred. However, the specic
frequency ranges remained unchanged.

To perform the electrochemical analysis, measurements of
polarization curves and electrochemical impedance spectros-
copy (EIS) were made employing a Gamry reference 3000
potentionstat/galvanostat with an appropriate booster. The
measurement uncertainty for the DC range accounted �0.3%,
while for the AC range the accuracy was higher than 99%. In
addition, a total harmonic distortion analysis was performed
with subsequent post-processing of the data measured as
a primary tool to identify degradation at its earliest stage. The
initial EIS and THD characterizations were performed over the
entire load range; specically, the operating current was
increased while the voltage was simultaneously decreasing
down to 0.7 V. The sine current was superimposed with an
amplitude 4% of the DC value. The voltage response was
measured. Moreover, the measurements were performed in
a frequency range of 20 kHz to 10 mHz. The measurements
always began with the higher frequencies and proceeded
toward the lower frequencies. The measurement procedures
for electrochemical impedance spectroscopy and total
harmonic distortion analysis are, in principle, very similar, but
the subsequent data evaluation methods differ. While the EIS
assumes system linearity, the THD is observed for non-linear
systems. In a linear system, the signal distortion from the
fundamental oscillation is very low, and the THD approaches
zero. The THD data are generated by applying the fast Fourier
transformation (FFT), during which the signal measured is
converted from its original time domain to the frequency
domain. Here, total harmonic distortion presents a ratio
between two relevant signal response amplitudes: this is a sum
of all higher harmonic frequencies and the fundamental
frequency. For the purpose of this study the current was
controlled and maintained at a constant level, allowing the
voltage response to be measured. Therefore, signal distortions
observed in this study are related to the measured voltage
response. Taking this into consideration, the THD shown
Oxygen electrode

xH2O, % xN2
, % _VF, SLPM xO2

, % xN2
, % _VO, SLPM

20 60 2.4 21 79 1.9
20 40 2.4 21 79 1.9
20 40 2.4 21 79 1.9

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Simplified flow chart for the experimental investigations
performed.

Fig. 3 Performance monitoring for the S/C-ratio ¼ 0.5.
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reects the system non-linear behavior and enables us to
quantify the non-linear signal distortion.

Finally, microscopic investigations of the anode surface were
carried out. A Zeiss Ultra 55 eld emission scanning electron
microscope (FE-SEM) was used to investigate the anode
microstructure. It was not necessary to coat the cell surface and,
thus, the cell analysis was unobstructed. A simplied ow chart
of the experimental procedure applied is shown in Fig. 2.

3 Results and discussion

The results obtained from the SOFC stability and durability tests
are presented in this section, placing a main focus on the (i)
carbon deposition failure mode and the (ii) carbon removal,
performed to re-attain the initial cell performance. Compre-
hensive electrochemical, temperature, gas and post-mortem
analyses were performed. In some cases, traditional methods
(polarization curves, electrochemical impedance spectroscopy)
that were used to characterize cell performance do not allow to
reproduce the real states in the cells and, in fact, do not enable
important information (e.g. formation of carbon) to be collected,
as we discuss below. By applying non-conventional tools based
on the THD principle, it was possible to gain more detailed
insights into cell performance and the internal cell environment.
To improve the accuracy of the THD methodology used, the
carbon deposition degradation was induced in a controlled
manner. Aer ascertaining that the expected degradation
mechanisms had occurred, a customized cell regeneration
strategy was employed to remove the contaminants from the
anode surface and regain the initial performance.

3.1 Identifying degradation

The initial SOFC reliability under operating conditions with
carbon-containing fuels was examined by fueling the anode
This journal is © The Royal Society of Chemistry 2021
directly with a methane/steammixture (S/C of 1) at an operating
temperature of 800 �C. Thus, the effects of internal methane
steam reforming and its impact on the cell performance were
examined in detail. At the same time, the cathode side was
supplied with synthetic air. Detailed information about the
operating conditions can be found in Table 1. In situ perfor-
mance monitoring indicated that the SOFC performed stably
and continuously, and no visible changes were observed. A gas
analysis was performed, and the results showed a continuous
methane conversion rate. Electrochemical impedance spec-
troscopy indicated constant losses over time. Voltage moni-
toring data collected also indicated stable operation. During the
approximately 20 h of operation under methane and the applied
current density of 50 mA cm�2, no voltage oscillations were
observed. A low current density was set in order to accelerate
carbon formation. To further accelerate performance alteration
and induce degradation based on carbon deposition, the S/C
ratio was decreased down to 0.5; the cell was then operated
under these conditions for 90 h.

An analysis of data obtained while fueling the cell with
methane was conducted. In this investigation, a S/C of 0.5 was
used, and the operating temperature was maintained at 800 �C.
When applying conventional methodologies, such as voltage
monitoring, we assumed that the SOFC operation under
Sustainable Energy Fuels, 2021, 5, 2065–2076 | 2069
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methane would be stable during the 90 h period, as illustrated
in Fig. 3a. During this period, a very slight increase in voltage as
a function of time was observed. Such an increase may even
indicate a slight improvement in performance. Formation of
a local thin carbon layer can also improve the cell performance
over brief periods. Linking carbon particles and the nickel
catalyst sites together, without decreasing the anode porosity
and thus inhibiting the gas distribution, improves the electrical
cell conductivity and can result in an increase in the voltage
measured. The performance enhancement resulting from the
formation of carbon deposits was initially reported for Cu-ceria-
YSZ anodes60 and conrmed aerward by other studies.61,62

However, additional analyses need to be carried out to obtain
more precise information about the cell performance. When
considering other measured parameters, such as the tempera-
ture distribution, an overall temperature increase of approxi-
mately 10 �C was observed during the last 25 h of operation, as
shown in Fig. 3c. This temperature increase may indicate the
presence of different, undesired degradation mechanisms
within the cell, such as (i) carbon depositions which can inhibit
further CH4 reforming, or (ii) enhanced CH4 oxidation and H2

oxidation, both of which result in an increasing temperature.
Moreover, such mechanisms can inuence increases in the area
specic resistance (ASR), which, in turn, leads to temperature
increases. Considering the overall cell surface and 2D temper-
ature distribution (see Fig. 3c), the strongest increase is
observable on the anode outlet side. To interpret such alter-
ations properly, further analyses must be carried out, such as
gas analyses and post-mortem analyses.

Initially, the equilibrium calculations were performed
showing the following gas composition: 48.9 vol% H2, 1.8 vol%
CH4, 0.2 vol% CO2, 9.3 vol% CO, 0.95 vol% H2O and the
remaining N2. The equilibrium calculations reveal slight devi-
ations from the measured gas compositions, which originate
from slight leakages in the experimental setup as well as reac-
tion kinetics and electrochemical reactions that are not
considered for thermodynamic equilibrium calculations. Next,
it is very important to consider that GDC in the anode electrode
is specically designed to prevent CH4 cracking and carbon
depositions but also to enhance steam reforming. This is
revealed by the higher measured volume fraction of CH4 and
lower measured volume fraction of H2. Considering the S/C
ratio of 0.5 and the initial CH4 volume fraction of 40 vol%, it
can be assumed that 20 vol% CH4 could be converted
completely by steam reforming. The remaining converted CH4,
which accounts approximately 4 vol%, may be converted by dry
reforming ormethane cracking processes. As the operating time
increases, this ratio changed slightly and more carbon was
formed.

The results of the gas analysis (see Fig. 3b) carried out during
the entire operating time show a slight decrease in the methane
fraction measured at the anode outlet as a function of operating
time. Initially, a 16.5 vol% of CH4 was measured. Aer 85 h, this
fraction had dropped down to 15.1 vol%. At the same time, the
H2 and CO fraction increased. The initial volume fraction of H2

wasmeasured as 38.4 vol%, whereby it had slightly increased up
to 38.8 vol% aer 85 h of operation. The CO quantity remained
2070 | Sustainable Energy Fuels, 2021, 5, 2065–2076
constant during the initial 20 h, but rose during the last 20 h
(from 13.4 vol% up to 14.3 vol%); this correlated with a decrease
in CO2. Such an effect could be linked to the more pronounced
dry-reforming process that occurred during this time. In one
study,63 an increased quantity of H2 generation did not correlate
with an increase in CO, but could be associated with the CH4

decomposition. Moreover, when examining unsupported Ni
catalysts, another study reported that increasing the CH4

decomposition rate resulted in carbon depositions.64 Thus,
more CO2 was consumed and the quantity of CO produced was
higher than predicted, since the equilibrium of the Boudouard
reaction was shied.

Regarding the steam- and dry-reforming processes, these are
endothermic reactions. The effect of the endothermic reaction
was especially visible on the anode inlet side, at which the
temperature decreased by 13 �C as compared to the furnace-
controlled temperature of 800 �C; this temperature was 27 �C
lower than the temperature on the anode outlet side. During the
initial 30 h of operation, the temperature decreased at the
anode inlet, indicating that enhanced reforming was occurring
in this specic area as a function of time. As the operating time
increased, the temperature increase could be observed over the
entire cell surface. The temperature and gas analysis results
thus provided additional information about possible chemical
and electrochemical reactions that occurred in the cell. To
obtain more detailed insights into the SOFC performance,
electrochemical studies based on electrochemical impedance
spectroscopy and a total harmonic distortion analysis were
performed.

Fig. 4a shows the Nyquist plots for the frequency range
between 15 kHZ and 10 mHz, observed over the operating time
of 90 h. In this gure, the measurements at the specic time
points of 10 h, 40 h, 50 h, 60 h and 90 h are presented. Slight
instability was clearly observed at the lowest frequencies. This
occurs due to the high steam content and the ongoing slow
reactions, which continuously and slightly varied the concen-
tration of specic fuel components. For this reason, such
deviations had to be identied in the system, and a specic
threshold value had to be determined. This enables to illustrate
the correct cell behavior and avoid interpreting slight changes
as false degradation.

A more detailed explanation is provided below. Moreover, in
Fig. 4, the alteration of the impedance magnitude (Fig. 4b) as
well as the measured response distortion (Fig. 4c) are presented
along the y-axis. The x-axis shows the timeline of the experi-
ment, which was 90 h overall. The color scale indicates the
intensity of the changes that occurred during the operation,
which were up to 0.01 mU cm2. When considering the magni-
tude alteration, as can be seen in Fig. 4b, the most pronounced
alterations with an intensity of 0.01 mU cm2 are visible at very
low frequencies, lower than 1 Hz, and these occur in constant
intervals of approximately 10 h. These alterations correlate
with the relling of the humidier system, which can disturb
the fuel equilibrium over short periods, since a slight temper-
ature change initially occurs. The THD response (approx. 5%)
can also be observed at the same time points, as shown in
Fig. 4c. At higher frequencies, a stable operation without any
This journal is © The Royal Society of Chemistry 2021
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Fig. 4 THD monitoring during the operating time of 90 h.

Fig. 5 THD monitoring of individual frequencies during the operating
time of 90 h.
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signicant changes or distortions was observed. The distorted
signals are, however, clearly visible in the frequency range
between 10 and 0.1 Hz. We surmised that this distortion arose
from changes induced by carbon formation within the anode
channels and the catalyst. The hypothesis was supported by the
results of microscopic investigations, which are illustrated in
Fig. 6. The carbon was mainly deposited in the form of carbon
nanobers which covered much of the anode surface (see
Fig. 6a and b). However, the greatest amount of carbon was
found at the anode outlet; this can be seen in the picture of the
anode aer its removal from the cell housing, as shown in
Fig. 6d. It has to be mentioned here that the cell was
mechanically damaged during its removal from the ceramic
cell housing and, more precisely, during its separation from
the ceramic frame to which it was connected using a glass seal.
Although carbon was deposited over the entire anode surface
and even caused slight alterations in the anode microstructure,
the electrochemical reactions were not inhibited by this
deposition, since the porosity sufficiently enabled undisturbed
This journal is © The Royal Society of Chemistry 2021
gas diffusion, and the catalytic active sites remained available.
For this reason, no voltage decrease was determined, and the
power generated remained constant.

These ndings enable us to reach two important conclu-
sions: (i) the preliminary stage of degradation cannot be
observed with conventional online-monitoring tools, indicating
that the irreversible degradation stage can easily be reached
without prior detection, and (ii) the present cell type is highly
resilient towards carbon deposition; although carbon deposi-
tions formed, and surface changes occurred, the cells could be
further operated without an observable reduction in the power
generated. Although the SOFC performance was not strongly
affected by carbon deposition in the present study, we observed
massive carbon deposits in the anode outlet lines, as shown in
Fig. 6d. These may have been due to the increase in temperature
that occurred at the anode outlet. Carbon accumulates in the
pipe and, aer a specic length of time, this carbon can inhibit
the removal of the exhaust gas, causing an undesired system
shut-down. The carbon that accumulated in the anode outlet
pipe was analyzed post-mortem, and the image taken is shown
in Fig. 6c.

More detailed insight into THD response of the individual
frequencies is obtained when separating the frequencies into
specic ranges, as presented in Fig. 5. The average THD value
over a frequency range is shown for the following: (1) 0.04–
2.50 Hz (indicated by red color), (2) 2.50–31.25 Hz (indicated by
black color), (3) 21.25–398 Hz (indicated by blue color), and (4)
Sustainable Energy Fuels, 2021, 5, 2065–2076 | 2071
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Fig. 6 Pictures and SEM images taken after 90 h operation with
humidified methane at an S/C of 0.5.
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398–10 078.13 Hz (indicated by gray color). For each of the
frequency ranges mentioned, the cell behavior under the
specic selected frequencies is presented in addition, thus
taking into account the following frequencies: 0.5/1 Hz, 10 Hz,
100 Hz, and 2/2.5/4/8 kHz. This behavioral analysis was carried
out to determine the range of frequencies at which the carbon
deposition phenomenon is predominantly visible. The opera-
tion time is presented along the x-axis, whereby the y-axis shows
the THD normalized with regard to the maximum values over
the entire frequency range. Thus, it seemed to be simpler to
present the signicance of the individual peaks observed.

Almost no changes were detected during the 70 h of SOFC
operation withmethane at frequencies higher than 30Hz. Two very
high peaks were observed aer approximately 21 h and 50 h. The
peak observed aer 21 h was observed only in the frequency range
from30Hz to 10 kHz, but not at lower frequencies.We assume that
this peak results from fast processes, as oscillations only occurred
briey around the equilibrium state. The peak occurrence seemed
to be inuenced by the fuel mixture used and the high steam
quantity in this mixture.

For frequencies ranging from 0.04 to 2.5 Hz, the THD signals
were observed periodically at 10 h intervals. These signals
correlate with the humidier system, as already stated above.
Based on these results, the changes that occurred in the inlet
fuel could be identied by distortions at 0.05 Hz. Very strong
distortions were observed for the rst time aer 50 h,
throughout the entire frequency range, but more specically for
the following frequencies: 0.05 Hz, 10 Hz, 100 Hz, 2 kHz, 2.5
kHz, 4 kHz and 8 kHz. Aer these oscillations were observed,
the initial state was regained. Aerward, signal distortions were
observed aer approximately 75 h throughout the entire
frequency range, which indicates that carbon deposition
impacts not only the mass-transfer processes, but also con-
tacting and the overall cell conductivity.

Distorted impedance was most pronounced in the low
frequency range, i.e., for frequencies below 30 Hz. However,
distortions were also clearly visible at higher frequencies, which is
highly advantageous in terms of the measurement time. In such
cases, all information required can be obtained when performing
measurements at higher frequencies (i.e. 2 kHz, 2.5 kHz, 4 kHz and
8 kHz), enabling the measurements to be carried out over short
period. This also enabled the identication of degradation at an
early stage. However, if different degradation mechanisms are ex-
pected to occur simultaneously in the system, it is rst necessary to
exclude the possibility that different processes provide the exact
same specic high frequencies.

Moreover, a low level of distortion (approximately 2%) was
determined at the beginning of the investigation, which was
identied as a threshold value. This distortion stemmed from
the fuel mixture used and the processes that occur, which have
an impact in the form of continuous slight oscillations around
the equilibrium state. When comparing the results obtained in
this study with those from other available studies, it is impor-
tant to note that THD has been used in only a limited number of
studies to analyze several failure modes, most of which are
studies on low-temperature fuel cells.
2072 | Sustainable Energy Fuels, 2021, 5, 2065–2076
THD has already been successfully employed for PEM to
compare Damjanovic ORR mechanisms with oxygen electro-
chemisorption and oxygen chemisorption mechanisms.53
This journal is © The Royal Society of Chemistry 2021
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Moreover, another research group used THD to obtain more
information about mass-transfer losses related to fuel and
oxidant starvation in PEM cells.52 For this purpose, they
restricted the amplitude used above 1% and below 5% of the DC
load applied. Regarding the oxidant starvation, the harmonics
signicantly decreased as the frequency increased and were
visible mainly at frequencies below 100 Hz. In contrast, the fuel,
or namely, hydrogen starvation was observed only at frequen-
cies below 15 Hz. The same effects were investigated for anode-
supported SOFCs,15 but these cells are manufactured using
processes and materials that signicantly differ from those
used to fabricate the ESC-SOFCs used in the present study. With
respect to both effects, signal distortion could be observed at
frequencies below 10 Hz. At higher frequencies, the impedance
was undistorted. The carbon deposition phenomenon could be
identied at similar frequency ranges, indicating that the THD
methodology could be used to identify the specic failure mode.

The data visualization method used, which is more appro-
priate for practical applications, is shown in Fig. 7. The rst
indication that changes had occurred was observed aer
approximately 50 h of operation, as already discussed above.
The mean value of distortion had not reached a maximum by
that time point. Aer operation was continued without taking
any appropriate actions to counteract this effect, and the cell
was operated for another 40 h. However, beginning at 80 h, very
strong THD signals appeared. These did not disappear even
aer another 10 h; instead, they intensied. These signals
indicated that irreversible changes had occurred in the system
under operation and resulted in its eventual shutdown.

The appropriate measurement procedures must be
employed to identify the relevant outliers and to process the
information they provide. Therefore, the quality and linearity of
the measured data must be determined early on, i.e., at the
beginning of the experiment. If the outliers are ignored and
considered as indicators of the extraneous, poor quality of the
measured data, the system under operation could be destroyed
rapidly aer being operated for a specic period. In the case
shown, no appropriate actions were taken aer 50 h, but the cell
was operated still further, until an irreversible degradation state
was achieved. However, if suitable countermeasures are taken
when only a slight degradation has occurred, which can be
Fig. 7 THD monitoring of SOFC performance and degradation during
the operating time of 90 h.

This journal is © The Royal Society of Chemistry 2021
identied by the presence of outliers (i.e., as observed in our
study aer 50 operating hours), the overall system lifetime can
be signicantly prolonged.
3.2 Carbon removal and performance regeneration

In order to prolong the undisturbed system operation period,
further tests were performed. The already dened operating
conditions were established to initiate carbon deposition aer
approximately 50 h of operation and to apply appropriate
carbon removal strategies. Initially, different fuel mixtures were
used to compare the impacts of different fuels on themeasuring
signal quality, as indicated by the height of THD signal, and to
determine the threshold value for different fuels. The fuel
mixtures were supplied to the cell as follows: H2/N2 ¼ 40/60, H2/
H2O/N2 ¼ 40/20/40 and CH4/H2O ¼ 40/20. Their impacts on the
signal distortion are shown in Fig. 8. No distortions could be
observed when fueling the cell with dry hydrogen. When the
fuel was switched to humidied hydrogen, slight distortions of
approximately 1% were identied. Moreover, feeding the anode
with humidied methane resulted in higher levels of distortion.
Fig. 8 Identification of SOFC degradation and regeneration
processes.

Sustainable Energy Fuels, 2021, 5, 2065–2076 | 2073
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This distortion is induced by variety of chemical reactions that
occur and the oscillations around the equilibrium state.

Very high THDs were observed at the initial point in the
investigation, when the fuel was changed to methane, until the
equilibrium state was reached. Aer the equilibrium state was
reached, the THD threshold was identied as approximately
2.5%. An increase in the THD value thus indicates that specic
changes have taken place in the operating system. The cell was
operated for 50 h with humidiedmethane, aer which the rst
THD signals were observed, as expected based on the results of
the previous experiments performed. These indicate that
carbon was deposited on the anode surface and that it needs to
be removed.

In order to remove carbon, we applied a regeneration
mixture that contained hydrogen and steam. This regeneration
mixture was effective and highly time-efficient in this case, since
the carbon deposition process was still at its preliminary stage.
Its effectiveness has already been proven and described in
previous works.58,61 In those studies, carbon depositions could
be completely removed and the initial cell performance could
be regained in anode-supported SOFCs by feeding them with
humidied hydrogen. Since the anode thickness is signicantly
lower in the electrolyte-supported SOFCs used in this study, and
because the mixed ionic/electronic conductor used had a lower
propensity to deposit carbon, the overall regeneration time
required could also be reduced.

During the carbon removal procedure, several individual
peaks were observed, and especially peaks in the low frequency
range. We concluded that these indicated the point at which the
carbon deposits are rst removed from the anode surface; these
rst appeared aer 10 h. Aerward, high peaks with an
increased intensity are seen aer 20 h of fueling with the
regeneration mixture. These peaks could be detected for several
hours. It seems as though complete removal of the deposits was
achieved during this period, and the initial performance was
regained. Aer the regeneration procedure had been completed
and determined as successful, the fuel mixture was switched to
the humidied methane to validate the cell performance.
Operation under methane took about 10 h, and stable perfor-
mance was monitored that was equal to the initial performance
achieved. Subsequently, the H2/H2O-mixture was used, and no
performance alterations were observed, indicating that
a degradation-free state existed inside the cell.

More detailed information about the individual frequencies
observed during fueling with different mixtures, which are
indicative of the reference cell performance, degradation, and
regeneration processes, is provided in Fig. 8b. The analysis was
performed for the frequencies of 1 kHz, 2 kHz, 2.5 kHz, 5 kHz, 8
kHz and 20 kHz to decrease the overall measuring time.
Employing a H2/N2 mixture as a fuel resulted in the observation
of almost no distortions. This nding was expected, since the
equilibrium state can be reached almost immediately and very
stable operation is expected to occur when using dry hydrogen.
Moreover, no possible degradation mechanisms can occur,
except for a slight amount of material degradation that arises as
a function of operation time aer several thousands of hours.
The signal distortions slightly increased when humidied
2074 | Sustainable Energy Fuels, 2021, 5, 2065–2076
hydrogen was used, but this difference can almost be neglected.
If the H2/H2O-ratio is sufficiently high, no degradation is ex-
pected to occur. Nevertheless, if the steam quantity in the fuel
mixture is very high and much higher than hydrogen quantity,
Ni reoxidation processes can occur, which can even cause irre-
versible morphological changes. In the present study, the H2/
H2O-ratio was maintained at two, which ensured safe SOFC
operation and prevented any undesired degradation. Next, the
basic level of signal distortion observed at approximately 2.5%
was much higher for the CH4/H2O mixture than for any of the
other fuel mixtures. Especially high values were observed at the
initial cell state at the following frequencies: 2 kHz, 2.5 kHz and
20 kHz. This indicated that the equilibrium state existed at each
of these frequencies. Aer approximately 50 h, clear signs of
carbon formation were detected. Considering the specic
frequencies shown, all of these indicated that carbon deposi-
tion had occurred. However, the signal amplitude and the
signal incidences differed at different frequencies. At 2.5 kHz,
the THD had a value of approximately 3%, which increased up
to 5–10% at 8 kHz. Once these appeared, the THDs were
observable for 15 h. At 1 kHz, only one peak was detected aer
40 h of operation, with a distortion of 4%. For the frequency of 2
kHz, three distortions were recorded altogether between 35 and
50 h of operation. The rst one had a value of 6%, and the
remaining two had values of approximately 4%. Slight distor-
tions were observed for the remaining frequencies, with 1.5%
measured at 5 kHz aer 45 operating hours and 4%measured at
20 kHz aer 40 h. Regarding the carbon removal, no clear
indication of carbon removal and its identication could be
observed for the specic selected frequencies. This is more
clearly visible at lower frequencies in Fig. 8, which also resulted
in an increase in measurement time. When the fuel used was
changed from humidied hydrogen to methane, slight distor-
tions were observed at 2.5 kHz, 8 kHz and 20 kHz, which are
associated with the time required to reach an equilibrium state.
Aerwards, a stable continuous operation was observed.

4 Conclusion

This work moves away from the conventional methods of char-
acterizing SOFCs towards the application of novel online-
monitoring tools to identify degradation mechanisms in their
preliminary stages. The results indicate that this application is
a highly effective approach that can be taken to determine
whether undesired processes are taking place within cell that
cause alterations from the steady state. The relevant critical
conditions identied when operating SOFCs under real-life
application scenarios and, namely, carbon deposition due to
a low S/C ratio, were examined by applying THD. The S/C ratio of
0.5 was utilized in this study, which caused irreversible
morphological degradation over a period of 90 h. Rapid degra-
dation occurred due to the extremely low S/C-ratio and low
operating current density of 50 mA cm�2, which were selected to
accelerate the degradation processes. By applying a non-
conventional THD tool, we could rapidly identify the failure
mode examined. Frequencies of 2 kHz, 2.5 kHz, 4 kHz and 8 kHz
were identied as relevant for carbon deposition identication.
This journal is © The Royal Society of Chemistry 2021
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Since the frequencies are in the third order of magnitude, the
measuring time required is thus low. Employing conventional
electrochemical impedance spectroscopy when fueling SOFC
with methane requires the measurements to be performed until
very low frequency of 10 mHz. Based on the frequency range
necessary and depending on the measurement setting, one
measurement can take more than 20 minutes. In contrast, when
employing the THD methodology presented in this study, the
measurements have to be performed only at specic relevant
frequencies, thus reducing the overall measuring time at most
several minutes and, in specic cases, by a factor of 15–20. This
signicantly simplies the measuring procedure. Appropriate
mitigation strategies and regeneration approaches can be used
to prolong the system lifetime only if the degradation is identi-
ed at its preliminary and reversible stage.

The power generated from the SOFCs used remained almost
unchanged even aer 90 h of operation, and the electro-
chemical processes continued. Thus, the cells displayed a stable
performance and strong durability; this indicates that they may
serve as the rst choice for further commercial applications.
The signal amplitude of 4% was identied as appropriate to
identify higher harmonics that occur if the cell moves out of the
safe operation state and if undesired degradation processes and
contaminations occur in the running system.

Moreover, we veried that this served as an effective method
to regenerate cell. Using this method, if carbon deposition is
identied at an early stage and is removed by applying already
proven regeneration strategies, the initial cell performance can
be effectively regained. However, carbon removal processes
could not be identied at higher frequencies, but only at lower
frequencies, indicating that longer measurement period are
needed for these processes than were required to identify
whether carbon deposition had occurred. The methodology
applied in this study is crucially important in that it allows
a state-of-the-health analysis to be made and, thus, predictions
to be made regarding the remaining SOFC lifetime. This
methodology also can be used as a low-cost, online-monitoring
and diagnostic tool for commercial SOFC systems. The study
has been carried out on the industrial-sized cell level to examine
the most relevant degradation phenomenon that can occur in
real system under operation with natural gas: carbon deposi-
tion. A further step is validation of the approach on the stacks
level and analysis of diverse degradation modes. This is also
a requirement for very efficient separation between different
degradation mechanisms that occur simultaneously, in order to
identify the overlapping frequencies and separate only singular
process-specic frequencies for further application.
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