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A B S T R A C T

The key advantage of solid oxide fuel cells (SOFC) – high fuel flexibility – still remains the main challenge
disturbing their stability, reliability and durability. Specific operating conditions induce and accelerate various
degradation mechanisms and reduce the overall fuel cell lifetime. Identifying and predicting the onset of
degradation at the preliminary stage is of crucial importance, in order to provoke appropriate countermeasures
and to prolong the service time of the fuel cell technology. This is not possible when using available
conventional monitoring tools. When employing appropriate online-monitoring tools the principle of which
differs from the most common measurement of a linear stationary system, relevant information about the
occurring failure modes can be obtained. An example for it is a total harmonic distortion (THD) tool, which
is based on identification of the system non-linearity and its alternation from the stable state. Taking this into
account, this study moves from the traditional concepts and we show that: (i) non-conventional methodologies
can be used to identify relevant failure modes at their preliminary stage, (ii) it is possible to in-operando
differentiate individual degradation mechanisms, and (iii) advanced unconventional online-monitoring tools
are time-efficient and required measuring time can be reduced by factor up to 20.
1. Introduction

The development of commercial solid oxide fuel cell (SOFC) systems
and their market acceptance require fulfillment of key criteria for
long-term stability availability, reliability and durability under ‘‘real-
world’’ operating conditions [1]. However, when operating SOFC under
operating conditions typical for real application, different failure modes
can occur such as electrode degradation based on high fuel and air uti-
lization, carbon deposition [2,3], load cycles, local hot spots caused by
high temperature differences, various impurities, or even unpredicted
shut-down [4–8]. Moreover, degradation in system components, e.g. re-
former and/or effects from the controlling of aging systems, e.g. control
lags, overshoots, etc. can also induce system degradation [3,9]. All
the mentioned failure modes can accelerate degradation processes and
influence the overall operation, which can further result in irreversible
damages and strongly reduced remaining useful lifetime [10]. The
fundamental understanding of degradation mechanisms and the most
important – the possibility for the in-operando identification of degra-
dation at an early stage – are crucial factors to ensure undisturbed
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operation of SOFCs under a variety of operating conditions and thus
to extend the lifetime of this technology [11,12].

Until now, the state-of-the-health (SoH) methods mainly focus on
simple methodologies such as polarization curve measurement and
electrochemical impedance spectroscopy (EIS) [13,14]. Further possi-
bility is prediction of the cell performance applying simulations based
on neural networks [15] or multi-physical models [16,17]. Electro-
chemical impedance spectroscopy is the method usually applied to
analyze processes that occur within electrochemical systems and to
deconvolve them [18–20]. Recently, distribution of relaxation times
analysis (DRT) is used to split the information obtained from the EIS
data according to their time constants [21–23]. When a system operates
under safe conditions representing a degradation-free mode, it repre-
sents a linear system. Linearity means that a perturbation signal and its
response are correlated by linear differential equation [24]. In the case
of system linearity, electrochemical impedance spectroscopy represents
an appropriate method for analysis of the electrochemical performances
of the system under operation. In this case, the amplitude should be as
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low as possible in order to retain the system linearity. In the opposite
to this, high amplitude perturbations result in high signal-to-noise
ratio thus increasing the signal quality. For the purpose of linearity
assessment, total harmonic distortion (THD) method or non-linear fre-
quency response analysis (NFRA) is used [25]. It shows distortion of the
measured impedance spectra by means of higher harmonics (THDA) or
higher order frequency response functions generation (NFRA), which
are mainly caused due to the high amplitude perturbations. In [26]
non-linear frequency response analysis was performed by applying AC-
amplitudes in the range of between 12% and 50% of the DC-signal,
when investigating membrane flooding and dehydration of polymer
electrolyte fuel cells (PEM), as well as CO-poisoning. The analysis of
higher order harmonics gave an insight into the processes, which were
not observable by using only first order frequency response function.
Thus, it is shown that NFRA can be a useful tool to get a better
insight into the processes within low temperature fuel cells. Moreover,
the same method, when applying it in the range between 2.5 Hz and
15.8 Hz gives information related to the oxygen reduction reaction
in the proton exchange membrane fuel cells [27]. Using the same
principle on direct methanol fuel cells (DMFC), simulations showed that
THD spectra correlate to the methanol concentration in a monotonous
manner [28]. In [29] the following frequencies were indicated to
correlate to the specific failure modes in PEM cells: 163 Hz to hydrogen
starvation achieving approximately 4% of THD, 153 Hz to anode drying
conditions with 4% THD, 83 Hz and 12% THD to anode flooding,
and 201 Hz and 12% THD to cathode flooding. For high temperature
PEMs, the frequencies of 15 Hz and 25 Hz are identified to indicate
air starvation, while hydrogen starvation may be associated with the
frequency of 15 Hz [30]. Moreover, 6 kW SOFC-stacks were examined
on fuel starvation, showing the THD peaks higher than 1% [31]. These
peaks are observable while altering operating conditions, until the
steady-state for the new conditions is reached. With regards to the
studies mentioned, a high current amplitude was superimposed to the
system, in order to bring it into the non-linear state and thus to get
additional information about the ongoing processes. Nevertheless, in
comparison to other studies, which use high amplitudes to provoke
the non-linearities in low-temperature fuel cells, this study aims to
identify non-linearities that are caused by undesired deviations from
the system steady state, while operating the system under stationary
conditions and superimposing the amplitude low enough to do not
induce a non-linear state.

Scope of this study

A fast determination of degradation in SOFCs at the preliminary
stage and identification of different failure modes that simultaneously
occur is not available in the literature according to the best of the
authors knowledge. In the present work we show how unconventional
technique can be applied to monitor and even predict state-of-the-
health of the SOFC cells. For that purpose we divided the aims of the
study like the following: (i) to evaluate the impact of specific degrada-
tion mechanisms that are likely to appear during the real-world system
operation, (ii) to accelerate specific degradation mechanisms, and (iii)
to apply advanced characterization methods for the effective in-situ
identification of intentionally caused degradation. The failure modes
to be examined are related to both the fuel and the air electrode. The
impact of the induced degradation modes on the electrochemical cell
performance and the cell’s microstructure is examined in detail. Fuel
starvation caused by high fuel utilization (FU) and carbon depositions
caused by low S/C-ratio during the steam reforming process were intro-
duced to examine the behavior and the subsequent degradation of the
fuel electrode. On the air electrode, air starvation was imposed during
the operation at high load to investigate the possible degradation.

For the better insight into different techniques, we compare the non-
conventional methodology with the results observed while applying
2

the conventional electrochemical impedance spectroscopy, for which in
specific cases a very long measurement duration (higher than 25 min)
is required. The advanced approach represented in this study helps
to reduce the overall measuring time down to only several minutes,
since the non-linear behavior of different failure modes is necessary to
be determined only for specific frequencies. Identifying those specific
frequencies is a demanding process. However, when the identification
procedure is finished for a specific cell type, only the selected specific
frequencies are required to be known for the future measurements, thus
reducing the wide frequency range and the measuring time. Moreover,
this approach enables to obtain more detailed information on specific
processes within electrochemical systems by separating them, thus
improving the reliability and durability of high temperature fuel cell
systems. The SoH method shown gives the relevant information on the
system behavior, which represents a step forward needed to create a
holistic prognostic and control system. Its application offers a great
predictability of various processes and eventual failure modes that may
arise.

This study is focused on investigation of large high-temperature
solid oxide fuel cells, which significantly increases the complexity of the
measurement procedure. This is of crucial importance, since such cells
are employed in stacks and real systems, and all the knowledge gained
on this stage can further be used for system operation. The SOFCs
used are in-house made, thus giving the authors the entire knowledge
about the cell microstructure, morphology changes that are expected
to be observed under specific operating conditions and in general, the
expected cell behavior. The results observed are of great interest to
obtain a deeper insight into the processes and degradation of SOFC cells
and to predict them in a very short measurement time.

2. Experimental setup and methods

For the purpose of this study, large anode-supported solid oxide
fuel cells (ASC) with an active surface of 81 cm2 manufactured by
Forschungzentrum Jülich were employed. Since different degradation
mechanisms were examined, a number of cells was used. All the cells
were initially tested under reference operating conditions (H2/N2 mix-
ture on the fuel electrode and synthetic air on the air electrode) in order
to compare their reference performances. The maximum deviation
observed was ±3%. Afterwards, the operating conditions were adjusted
in order to promote the tailored degradation mechanisms.

Fuel cell fabrication. The anode-supported solid oxide fuel cells were
manufactured in the following sequence: the support is tape cast based
on a slip composed of the appropriate amounts of raw powder (nickel
oxide, Mallinckrodt-Baker, USA and with 8mol% yttria stabilized zir-
conia (8YSZ), UCM, Germany), solvents, dispersing agents, binders and
plasticizers [32,33] with a doctor-blade on a polymeric support tape.
After drying and cutting by knife or stamping, the support is pre-
sintered at temperatures >1200 ◦C for 5 h. Afterwards, the anode,
composed of NiO and 8YSZ (Tosoh, Japan) is printed via screen printing
on the support. The anode is dried and calcined at 1000 ◦C to ensure a
smooth surface for the next coating steps. The 8YSZ electrolyte (Tosoh,
Japan) is also screen printed and dried. The three layer system is co-
fired at 1400 ◦C for 5 h to ensure electrolyte gas-tightness. The overall
shrinkage is approximately 17% linearly. During the high-temperature
sintering the multi-layered structure bends towards the substrate. Thus,
to receive flat samples the component is flattened at 1350 ◦C by apply-
ing a load on top of each cell. This flattening step is done directly in one
step after the electrolyte densification in a specialized furnace. After
cooling down, the samples are cut to the desired size by laser cutting.
To mitigate interdiffusion between the electrolyte and the cathode
a barrier layer composed of gadolinia-doped ceria (GDC, Treibacher,
Austria) is screen printed, dried and sintered at 1300 ◦C for 3h. This
temperature ensures sufficient adherence to the 8YSZ and reasonable
densification to avoid interdiffusion with cathodic elements. It is also

low enough to hinder complete interdiffusion between the 8YSZ and
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the GDC. For more details we refer to [34]. Finally, the cathode is
screen printed on the GDC and sintered at 1080 ◦C for 3h. The cath-
de material is a mixed ionic-electronic conducting LSCF perovskite
La0.58Sr0.4Co0.2Fe0.8O3- 𝛿) made in house. The active cathode area is
0 × 90 mm 2 on 100 × 100 mm 2 squared cells.

Experimental setup and electrochemical characterization tech-
niques. The ASC-SOFCs, the manufacturing of which is described
above, were installed in a ceramic cell housing. The anode side was
contacted with nickel mesh, while the cathode side was contacted
with platinum mesh. The anode was fed with (i) H2/N2 mixture to
investigate fuel starvation, and (ii) CH4/H2O/N2 mixture to investigate
internal steam-reforming and its impact on the anode degradation.
The partial pressures of single gas components mentioned above were
varied in order to induce the desired failure modes and controlled
by means of separate mass flow controllers. The cathode side was
supplied with synthetic air, the amount of which was stepwise reduced
during the cell loading to obtain more information on air starvation
phenomenon and its influence on the cell degradation. The operating
temperature was set to 800 ◦C. During the entire operating time,
temperature was measured in a ceramic housing on 14 different points.
The analysis of the gas mixture at both the anode inlet and outlet was
performed using a gas analyzer. In order to analyze the electrochemical
performance of the polarized cells, the DC galvanostatic technique was
applied and an AC sinusoidal amplitude (4% of the DC value) was
superimposed for the purpose of the electrochemical impedance spec-
troscopy (EIS). Electrochemical impedance spectroscopy measurements
were carried out in a frequency range from 10 kHz to 100 mHz using an
impedance analyzer with a 20 V/30 A booster and an option to isolate
total harmonic distortion (THD) spectra. THD reflects the non-linear
behavior of the system under investigation and in this sense it refers
to a ratio between two relevant signal response amplitudes: a sum
of all higher harmonic frequencies and the fundamental frequency.
In this study operating current was controlled and the voltage was
measured. Thus, the THD analysis is related to the voltage response.
Because of the defined current range of 30 A for the device used, the
operating parameters such as volumetric flow of the fuel used and its
composition were chosen and distinctly reduced to bring the maximum
cell current down to 30 A at 0.7 V. It is important to mention that all
the data presented here are the measured ones, without applying data
post-processing.

Microscopic analysis. Small sample areas of approximately 1 cm2

were broken out carefully from the regions of interest of the cell
and fixed on a sample holder for the investigations in the electron
microscope. The samples are sufficiently conductive. Thus, their sur-
faces were investigated in a as delivered condition, unchanged, without
coating with a metal or carbon film. That would reduce the sensitivity
for the carbon detection and also eliminate the low contrast differences
in material contrast. All SEM (semi electron microscope) investiga-
tions were performed in a ZEISS Ultra 55 Field Emission Scanning
Electron Microscope (FESEM) in the high vacuum mode at 10keV ex-
citation energy. Secondary Electron (SE) Images acquired with the SE2
detector (Everhart Thornley Detector — ETD) and SEI Secondary In-
lens Detector show topographic contrast. Backscattered Electron (BSE)
Images acquired with the HDAsB detector (High Definition Angle Se-
lective Backscatter Electron Detector) show material (z-contrast) and
additional orientation contrast (especially in the images of the cross
sections/BIB cuts). The Energy Dispersive X-ray (EDXS) spectra were
acquired with an EDAX Super Octane Silicon Drift Detection System
(Energy Resolution of about 123eV @ Mn Ka) equipped with a silicon-
nitride window for best sensitivity in the low energy region (carbon
signal). For a better understanding and interpretation of the EDXS
spectra, some additional Monte Carlo Simulations using Casino v2.42
at a spot diameter of 2 nm were made. The interaction volume and
backscatter coefficient of the backscattered electrons and the depth of
3

X-rays depending on their energy were simulatede. For the simulation
of nickel a density of 8,9 g/cm3 was used. Due to different referenced
literature values for the density of zirconium oxide a mean value of
6 g/cm3 was applied. Due to their low conductivity several samples
were investigated in an Environmental Scanning Electron Microscope
(FEI Quanta 200 ESEM) in the low vacuum mode at 100 Pa with air
as an imaging gas at an acceleration voltage of 20kV. Instead of the
high vacuum ETD in the low vacuum the so called Large Field Detector
(LFD) was used to acquire a secondary electron image. Backscattered
electron images were acquired with the so called Solid State Detector
(SSD). The EDXS spectra were acquired with an EDAX Genesis Si–Li-
Detector. For the cross sections a small region of interest of the cell
is clued on a so called blade for our investigations we used blades
made of tungsten with a little overhang. This blade is transferred
into the Gatan Ilion Broad Ion Beam Milling system (BIB or Slope
Cutter). The overhang of the sample is milled by low energy argon
ions, producing an artifact- and damage-free surface for subsequent
investigation techniques, where the signal is generated near the surface
(Low Energy FESEM, EDXS, EBSD).

3. Results and discussion

With an aim to prove the applicability of the methodology used for
identification of various failure modes at their preliminary stage, three
different degradation mechanisms were purposefully induced. They are
described in detail in the following.

3.1. Fuel starvation

When operating SOFC stacks under real-world conditions, high fuel
utilization (FU) is desired in order to maximize the overall efficiency
for systems without anode recirculation. Fuel utilization is equal to the
reciprocal of fuel stoichiometry as well as to theoretical needed fuel in
an ideal case and the provided fuel multiplied by 100. It is a very impor-
tant parameter for characterization of the stack performance [35]. High
fuel utilization can, however, cause fuel starvation and thus accelerate
the cell degradation, which is mainly based on undesired reoxidation
of the Ni-catalyst and possible mechanical damage of the cell, as a
consequence [35].

In order to enable detailed insight into the problematic of high
fuel utilization within large SOFCs, FU was varied in the present study
between 15% and 92% at the critical operating voltage of 0.7 V for
single cells, as can be seen in Fig. 1(b). The fuel utilization is deter-
mined by the gas analysis performed at the anode inlet and the anode
outlet, thus excluding the possibility of measuring FU as a function
of the cell length. Hydrogen was used as a fuel, and its amount in
nitrogen was reduced to increase FU at the specific voltage, while the
overall volumetric flow on the anode side remained unchanged. For
instance, when using fuel mixture of 45% H2 in N2, the fuel utilization
was approximately 18% at 0.7 V. In this case, the maximum power
of approximately 500 mA/cm2 was achieved, which corresponds to
approximately 420 mW/cm2, as visible in Fig. 1(a). FU was increased
up to 85% by decreasing hydrogen amount down to 10 vol% and
thus the power density to 200 mW/cm2; FU further increased to 90%
by reducing the hydrogen amount further towards 5 vol% and the
maximum achievable power at 0.7 V down to 120 mW/cm2. Regarding
this, the overall electrochemical performance of the SOFCs used signif-
icantly varied. Fig. 1(c) shows the evolution of the impedance spectra
measured under four different current densities, under which the effect
of increasing fuel utilization on the cell performance and polarization
losses becomes visible when supplying a fuel mixture of H2/N2=10/90
to the anode. Under operating conditions at which FU<70%, increasing
current density results in decreasing losses, since activations losses get
smaller and ohmic losses remain almost unchanged. When significantly
increasing the fuel utilization, concentration losses occur, since the
fuel transport is not ensured to all the reaction zones. Therefore, the
fuel shortage or fuel starvation locally occur. This effect becomes
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visible at current densities higher than 250 mA/cm2 in the specified
testing regime, as shown in Figs. 1(c) and 1(d). Impedance spectra
and thus the process losses significantly increase especially in the
range of middle and high frequencies. The impedance spectra evolution
with the increasing current density and thus increasing fuel utilization
shows increasing ohmic resistance at high frequencies (from 7.8 mΩ at
50 mA/cm2 to 8.72 mΩ at 289 mA/cm2), which can be associated with
he changes of the Ni catalyst. Operation under hydrogen depletion
onditions for a certain time led to reoxidation of Ni catalyst in the
node as well as to oxidation of the Ni contact mesh, which was verified
y microscopic analysis based on SEM- and EDX-analyses, as shown
n Fig. 2. NiO is not conductive and not able to act as a catalyst
or chemical reactions, in comparison to pure Ni, which thus leads to
ncrease of the ohmic resistance. At this stage, slight Ni reoxidation
ccurred (see Fig. 2(b)) that can be reversed and does not accelerate the
echanical electrolyte degradation. In the opposite, when operating

OFC under degradation-free conditions, providing sufficient amount
f hydrogen, no changes of Ni mesh microstructure are observable.
dditional degradation mechanism observed was Ni-agglomeration, as
hown in Fig. 2(a). Frequent Ni oxidation and reduction were also
bserved to occur during the fuel starvation experiments in [10], in
hich the anode side was composed of Ni/GDC and fuel starvation
as induced by interrupting gas supply for 1 or 2 h. In opposite to

he present study, in the study mentioned it was stated that redox
ycles induced strong cathode degradation that provoked performance
eterioration, which can be impacted by the GDC electrolyte. Neverthe-
ess, by employing the anode-supported (ASC) solid oxide fuel cell type
pecified in our study, intense Ni oxidation could result in irreversible
egradation, because of which the identification of the degradation at
he early stage is of crucial importance for the specified SOFC type,
n order to guarantee the desired state of the health. When employing
onventional EIS technique, depending on the data quality and thus
he set parameters (e.g. frequency range, number of points per decade,
umber of measurements per frequency, etc.), one measurement can
ake even more than 20 or 30 min. For example, when investigating
ery slow processes, for which the measurements are required to be
arried out down to very low frequencies, e.g. 1 mHz. This time period
s, however, too long to prevent very fast degradation that takes less
han 10 min, when e.g. critical operating conditions, like high FU
ccur. It is therefore necessary to employ advanced methods that
nable very fast degradation identification at its preliminary stage, such
s THD methodology illustrated in Fig. 1(d). Results obtained while
nducing hydrogen starvation indicated non-linear occurrences mostly
n the frequency range <20 Hz, while the total harmonic distortion was
bserved to be between 3% and 6%.

The results are compared for 4 different operating current densi-
ies: 100 mA/cm2, 200 mA/cm2, 250 mA/cm2 and 270 mA/cm2. During
he operation at 100 mA/cm2, the cell was operated under stationary
egradation-free conditions. Under such conditions, water vapor is pro-
uced in an electrochemical reaction of hydrogen oxidation along the
ell and the reactant–product exchange within the cell takes place in an
ndisturbed manner. The measured data for this case are indicated by
ray line, which shows almost no distortion for the frequencies higher
han 0.5 Hz. At frequencies lower than 0.5 Hz slight distortion with a
aximum values of 1% is observed. This is because of the cell size,
hich results in non-uniform temperature and gas (both reactant and
ydrogen) distribution along the cell, and the effect of which is visible
t lower frequencies [36]. Thus, 1% distortion is to be considered as
threshold value in the low-frequency range. Increasing the operat-

ng current density up to 200 mA/cm2 (illustrated with green line),
ignal distortions started to occur at the frequencies lower than 2 Hz,
chieving the maximum amplitude of 3% at 0.1 Hz. Further increase
f the current density increased the signal distortion and extended the
requency range. Operating the cell at 250 mA/cm2 results in FU=80%
nd visible fuel starvation. An increasing THD value was observed in
4

he entire frequency range; but especially at frequencies lower than
Fig. 1. Comparison of cell performance by reducing hydrogen quantity in nitrogen at
a constant fuel flow, thus inducing fuel starvation effect at the operating temperature
of 800 ◦C.

5 Hz. The maximum distortion of 4% was observed. This effect was
distinctly more pronounced when increasing the FU up to approx. 85%
and the current density up to 270 mA/cm2. Very strong distortion of
almost 4% was observed already at 20 Hz, the value of which increased
with the decreasing frequency. The changes in the anode morphology
observed as oxidized and agglomerated Ni-surface, which occurred as
a consequence of fuel starvation, are shown in Fig. 2. In Fig. 2(a)
the surfaces marked with a black surface clearly show very large Ni-
particles, for which grain boundaries of individual Ni-particles are
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Fig. 2. SEM and EDX images of the anode surface observed after fuel starvation
experiment.

visible. This refers to their agglomeration. The surface within the white
square shows the individual Ni-particle, as expected to be before Ni-
agglomeration occurs. In addition, a sample of the reference anode is
shown in the lower right corner in the same figure.

3.2. Air starvation

A further important parameter that can restrict power generation
and accelerate degradation in SOFC systems is insufficient air supply;
this occurs in the case when current is drawn from the cell, but the
air supply is inhibited. The effects of the insufficient air supply can be
determined by non-linear reduction of the cell power, as can be seen in
Fig. 3(a). Detailed electrochemical analysis shows arising of the third
semi-circle during the impedance spectroscopy measurements when
reducing air supply, as represented in Fig. 3(b). The third semi-circle
appears only in the case of air starvation, when provoking it on the
ASC cells used in this study, thus referring to additional diffusion losses
appearing on the cathode side. When intensifying the air starvation by
increasing operating current towards critical operating point at which
concentration losses significantly increase and cell power reaches a
rapid drop towards zero, the ohmic losses increase by almost 50%, as
can be seen in Fig. 3(c) for which air supply on the cathode side was
set to 0.5 SLPM. Loading the cell at 100 mA/cm2, the ohmic resistance
amounts approximately 5 mΩ, whereby increasing the current density
up to 150 mA/cm2 increases the ohmic losses up to approximately
7.5 mΩ. Under same conditions, the third semi-circle increases abruptly
thus implying very high process resistances at low-frequencies, refer-
ring simultaneously to slow processes and possible mechanical damage
of the cathode. The long-term operation under accelerated degradation
conditions, thus considering several hours operation under very low air
5

and thus oxygen quantity at high current density, which consequently
decreased the voltage down to zero, caused mechanical degradation of
the cathode surface and delamination of the cathode and barrier layer.
At the operating current of 150 mA/cm2, the theoretical air utilization
accounts approximately 42%. However, the possibility of the leakage
occurrence and undesired air losses must be considered because of the
low volume flow, which can be estimated with a maximum of 0.2 SLPM.
If the losses account 0.2 SLPM, the air utilization is calculated to be
70%. This can also cause non-uniform air distribution and local starva-
tion effects can occur, which lead to a subsequent cathode degradation.
Degradation effects were observed by post-mortem analysis, as can be
seen in Figs. 4(a) and 4(b). As already mentioned, the cathode side
was contacted with Pt-mesh, which is placed on the upside of the
cell and mechanically loaded to improve the overall contact. Because
of the specific mesh density, the contacting points were distributed
along the cathode. It is likely that on several points better contact
surface is available. The better the contacting, the lower the contacting
resistance and the higher the temperature is. Taking this into account,
local degradation firstly occurred, which was further distributed. Due
to the air starvation, not sufficient amount of oxygen was available
for reactions under a specific current density, which was set to be
constant. Therefore, oxygen missing for ionic conduction was drawn
from the LSCF structure, which is especially visible at points, on which
the contacting resistance was the lowest, as can be seen in Fig. 4(a).
Next, the temperature increase on such points is possible, which in
addition accelerates the morphological degradation of the cathode.
Such strong degradation, however, was not stopped at the electrode
surface, but was further distributed in order to enable oxygen supply
required and resulted in the extensive mechanical damaging of the
cathode structure, thus affecting the barrier layer, too, as can be seen
in Fig. 4(b). The irreversible degradation and the lost contact between
the electrolyte and the cathode resulted in increasing ohmic losses.
The cathode preparation and sintering process do not induce such
degradation type observed, as visible in Fig. 4(c). It shows the prepared,
untreated cathode cross-section, directly after the sintering procedure
was finished.

As stated above, when comparing Nyquist plots in Fig. 3(c), the
effect of air starvation has obviously increased overall losses shifting
the spectrum to the right, and caused both appearing of the third
semicircle and strongly rising of the diffusion losses on the cathode side.
The THD spectra in Fig. 3(d) show the occurrence of signal distortions
with increasing current density. At frequencies higher than 40 Hz, the
distortion under air starvation conditions appears to be negligible;
as a result, the harmonic analysis is restricted to be shown in the
frequency range between 100 Hz and 100 mHz. At a current density of
100 mA/cm2, under which normal operating conditions are presented,
very stable operation can be observed. This case is the same as the
one explained in the previous section. Since the measurements are
performed on the single-cell level, and not on the separated electrodes,
slight distortions are visible as an impact of the processes that occur
on both electrodes in parallel, the value of which is lower than 1%.
This occurs as a consequence of the non-uniform hydrogen and water
vapor (reactant vs. product) distribution along the cells. Therefore,
1% distortion is considered as a threshold value. When this value is
exceeded, it refers that undesired changes occur within the system
under investigation. Moving towards higher operating current density,
thus inducing critical operating conditions, increase of the system
non-linearity becomes clear. Non-linear behavior under air starvation
conditions can be inferred at frequencies lower than 20 Hz. Rising the
operating current density up to 130 mA/cm2 results in two separated
peaks observed between 5 Hz and 10 Hz with a distortion of 3%.
At frequencies lower than 2 Hz, an exponential increase is visible in
comparison to the reference data observed under 100 mA/cm2. In this
case the maximum distortion of 4% is observed at frequencies lower
than 0.3 Hz. Further increase of the operating current intensifies the
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Fig. 3. Comparison of cell performance by reducing air amount and inducing air starvation effect at the operating temperature of 800 ◦C.
Fig. 4. SEM images of the cathode before and after performed air starvation experiment
while supplying the cathode with 0.5 SLPM.

distortions, resulting in the value of even 8%, which refers to the run-
ning degradation within the air electrode. Approximately 8% THD was
observed at 100 mHz and 5% THD was visible at 18 Hz, respectively, at
150 mA/cm2. Based on the results achieved, it can be concluded that
performing measurements at specific frequencies lower than 20 Hz is
sufficient to obtain data related to the cathode degradation, caused by
oxygen starvation.

The air depletion effect was as well investigated for BSCF cath-
odes [10]. In that study, the air supply was firstly sequentially de-
creased per 0.5 h under constant current density of 180 mA/cm2, such
cycles were repeated 10 times. In contrast to the degradation of the
LSCF cathode prepared for the ASC cells used in the present study, the
authors showed in [10] that the performed experiments led to slight
voltage increase and improvement of the cell performance, which are
explained by the increasing porosity of the anode side and reduced
6

Fig. 5. Performance monitoring while fueling SOFC with CH4/H2O with S/C = 0.5 for
8 h.

amount of steam in the anode pores. However, in general, not much
attention has been paid to this degradation phenomenon in the litera-
ture, which, as shown in this study, can lead to very fast irreversible
SOFC degradation.

3.3. Carbon deposition

Aside from the aforementioned degradation mechanisms, which are
based on the insufficient gas supply of either fuel or air electrode,



Applied Energy 277 (2020) 115603V. Subotić et al.

c
a
t
m
f
w
c
f
d
t
t
w
e
b
a
a
i
o
E
t
f
t
a
b
t
t
d
s
T
w
p
4
s
f
l
v
i
o
p
s
d

o
u
u
s
T
a
f
e
a
t

=
t
i

carbon deposition as a consequence of SOFC operation under carbon-
containing fuels was investigated as a further failure mode. For its
detailed investigation, carbon formation based SOFC degradation was
induced. Since carbon formation is particularly depending on the ratio
between the amount of steam and carbon-forming species in the fuel
used, water vapor quantity is considered as a relevant accelerating
factor, which was varied to intensify the specific degradation mecha-
nisms. To influence degradation time and the amount of carbon formed,
SOFC was operated under carbon-inducing atmosphere by: (i) varying
S/C ratio when using pure methane as a fuel, and (ii) adding CO
as a second carbonaceous fuel component into a gas mixture, thus
simultaneously decreasing the S/C ratio. Firstly, methane fuel was
used, and S/C ratio was varied between 1 and 0.5. When feeding the
SOFC with the fuel with S/C = 1 no degradation was observed at the
urrent density of 50 mA/cm2, which corresponds to 4 A. In order to
ccelerate the degradation process, the S/C-ratio was decreased down
o 0.5, while the operating current remained unchanged. During the
easurement procedure, the cell was operated in a galvanostatic mode

or 5 min, after which EIS and THD were measured. The same cycle
as repeated 24 times, during which significant deterioration of the

ell performance could be identified. Decreasing the S/C-ratio by a
actor 2 (from 1 down to 0.5), slight voltage degradation was observed
uring the first 160 min, as can be seen in Fig. 5(a). At this stage,
he degradation trend can be seen as linear and predictable. Never-
heless, after this point, a non-steady behavior of the voltage curve
ith observable fluctuations became apparent. Voltage monitoring thus
nables to give only general information on operating voltage and its
ehavior as a function of different accelerating factors. In addition,
comprehensive electrochemical analysis was performed during the

ccelerated SOFC degradation. Electrochemical impedance study, as
llustrated in Fig. 5(b), diagnoses increasing resistance as a function
f time, whereas the operating conditions remained unchanged. The
IS response showed further increasing instability after 320 min of
he SOFC operation under humidified methane. The instability was
urther emphasized with the increasing operating time. Interestingly,
he overall polarization losses decreased, which could be attributed to
dditional processes that occur in parallel, e.g. direct oxidation caused
y mechanical cell damages and increased oxygen partial pressure on
he anode side, which thus decreased the overall impedance. During
he first 60 min very stable operation was observed, and THD values
id not exceed 1%, as indicated by green and gray lines. The first
ymptoms were determined after 140 min, by measuring the increasing
HD-value of 4% at 8 kHz. The deviations in the spectra measured
ere more prominent with the increasing operating time. The most
ronounced peaks were observed at the following frequencies: 2 kHz,
kHz and 8 kHz. Induced degradation and the decreasing operating

tability increased the THD from 1% up to a maximum of 12% in the
requency range mentioned, as depicted in Fig. 6. Nevertheless, in the
ow frequency range, thus considering frequencies lower than 15 Hz, a
ery strong THD increase, of even up to 500%, is observable, as shown
n Figs. 6(b) and 6(c). In those two figures the scaling is logarithmic in
rder to better illustrate the changes observed. As already stated in the
revious sections, also here the application of the THD methodology
ignificantly reduces the measurement time from more than 30 min
own to several minutes.

In order to improve the visualization and accessibility of the data
bserved during the long-term operation and to enhance application
tility of diagnostic techniques to the customers, we recommend to
se the following way of data presentation, as shown in Fig. 7. For
uch data interpretation, stochastic data analysis is firstly required.
his means that numerous samples must be tested under same oper-
ting conditions in order to determine the threshold for degradation-
ree/degradation-inducing operating conditions. In the present study,
.g. pink color is used to outline that the threshold was exceeded
nd non-desired processes occurred within the cell. When comparing
7

he colors observed, we can estimate if the cell is operated under a
Fig. 6. THD spectra observed during SOFC fueling with methane S/C = 0.5 during
400 min.

safe conditions, and if the safety operation mode is disturbed. Since
the SOFC was operated under humidified methane, high non-linearity
is expected to be seen at very low frequencies because of several
reasons. High steam content in a fuel mixture is the first reason.
Furthermore, a number of different reactions can occur when using
the above-mentioned fuel mixture; these are steam-reforming, water
gas shift reaction, dry-reforming, hydrogen oxidation, but also methane
cracking. This means that concentration of gaseous species differs along
the cell and it also impacts the temperature distribution making it to
be non-uniform. Such behavior is at any case expected for industrial-
sized cells and cannot be prevented [37]. Nevertheless, it thus depicts
behavior of cells used in stacks and real systems. When comparing the
three diagrams in Fig. 7, we can see that in the low and high frequency
range (except between 5 kHz and 10 Hz), non-linearity is observable,
which is illustrated with THD values >1%. This non-linearity observed
does not mean that degradation occurs, but includes all the effects
mentioned above as well as time required to reach an equilibrium state.

In diagrams in Fig. 7, on the left-hand side the performance mon-
itored during the 5 h of fueling with methane/steam with a S/C =
1 is shown, while the right-hand side presents the operation under
accelerated degradation conditions with S/C reduced to 0.5, during
which carbon is expected to be built faster and in a larger amount.
Initial performance is very similar, while during fueling with S/C
= 1 the performance does not change. However, reduced S/C-ratio
shows increasing instability within several hours of operation. If 1%
is considered as a threshold it could be assumed that very fast degra-
dation occurs. The instability shown can also occur during reaching
the thermodynamic equilibrium of the methane reforming. In order to
be able to identify degradation, it is also necessary to set the correct
threshold. The conclusion can be made that in this case the threshold
has to be increased. Increasing the threshold up to 5%, distortion is
observable, as expected, at very low frequencies for both operating
conditions, S/C = 1 and S/C = 0.5. When operating the SOFC with S/C

1, it is clearly shown in Fig. 7 that during five hours, no changes in
he system occur. However, by decreasing S/C down to 0.5, we can see
ntensified distortions after approximately 2 h.

Distortions are visible at frequencies lower than 100 Hz as well as

t high frequencies of 2 kHz, 4 kHz and 8 kHz. In order to improve
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Fig. 7. 2D THD-distribution observed during the SOFC fueling with humidified
methane with both S/C = 1 and S/C = 0.5 at the operating current density of
50 mA/cm2 and the operating temperature of 800 ◦C.

the visibility of the undesired failure modes that occurred during the
operating time, the threshold value can further be increased up to
10%. In this case, we can see that failure modes started to appear
firstly during the SOFC feeding with the methane fuel with S/C =
0.5. However, this would mean the lack of necessary information and
therefore 10% distortion is identified to be too high threshold for
correct interpretation of the processes within the cell.

Considering all the measurement data shown above we came to the
conclusion that degradation mechanisms that occurred caused unde-
sired changes of the cell performance and could lead to irreversible
changes. This conclusion is also approved by post-mortem analysis,
in which formation of amorphous carbon was identified, as shown in
Fig. 8. For initial characterizations, before making final conclusions
that can be applied on stacks and real systems, very detailed in-
operando analysis and supporting post-mortem analysis are required
to be performed.
8

Fig. 8. SEM image of the anode surface after the SOFC fueling with S/C = 0.5.

Fig. 9. 2D THD-distribution observed during the SOFC feeding with a CH4/CO/H2O
mixture with S/C = 0.4 at 800 ◦C.

Accelerated degradation with carbon-containing fuel

Besides the previously shown experiments dedicated to the identi-
fication of the carbon deposition phenomenon, one further step was
made in this direction. In order to intensify carbon formations and
shift the reaction equilibrium by adding the product component to
the fuel mixture, CO-component was used to this goal. The S/C-ratio
was thus decreased down to 0.4. The online-monitoring of the cell
performance was carried out on the way already described above. Here
we show the 2D-THD distribution over the operating time, which can
be seen in Fig. 9. Two thresholds are selected and presented here,
the first one to be 5% and the second one to be 10%. As previously
discussed, the threshold should always be identified as a function of
operating conditions and gas composition. All the alternations from the
steady-state conditions and the threshold defined are thus considered
as degradation indications.

The THD-spectra analyzed referred to degradation after less then
10 h, while the voltage monitoring did not show any distinctive vari-
ations in the operating voltage. The distortion was observed in the
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Fig. 10. SEM images of the anode after the SOFC fueling with S/C = 0.4.

middle-frequency range of between 3 Hz and 10 Hz. However, when
operating the cell further without taking any appropriate countermea-
sures, further failure modes occurred and the degradation intensity
increased. After approximately 30 operating hours, significantly in-
creased THDs were observed, but this time the frequency range was
extended. This could be linked to the undesired changes within the cell
under investigation. In comparison to using humidified methane as a
fuel, additional degradation mechanisms were triggered here, which
can be associated with the new identified frequency ranges.

After the experiment was finished, post-mortem analysis disclosed
intensive carbon depositions, as can be seen in Fig. 10. It is visible that
a thick carbon layer covered the complete surface of the contacting
Ni-mesh used, whereas on the anode surface a thick layer of solid
carbon was formed. The post-mortem analysis was supported by EDX-
analysis. It seems that such carbon layer completely disturbs further
fuel distribution to the functional layer. Comparing the microstructure
of this cell and the previously shown cell after fueling with CH4/H2O
mixture, microstructure degradation that occurred after fueling with
S/C = 0.4 is significantly more pronounced. Considering identification
of carbon depositions, the THD analyses showed the most distortions
in the same frequency range like in the previous case, which can
thus refer to the carbon-related degradation. However, the peak values
in the second case, during fueling with the CH4/CO/H2O mixture,
were significantly higher, thus referring to the higher intensity of the
degradation that occurs.

4. Conclusion

This work has clearly demonstrated the potential for application
of unconventional online-monitoring tools to identify degradation and
damaging operating conditions, that occur during the SOFC operation,
already at their preliminary stage. For that purpose, tailored degrada-
tion mechanisms were induced and their progression was observed as
a function of time. The most relevant failure modes that can occur
during the systems operation, such as fuel starvation, air starvation
and carbon deposition were taken into account. The work performed
here indicated a very promising new diagnosis methodology and data
9

analysis to the fuel cell research field that can be build upon. Moreover,
the alternative online-monitoring methods developed here play a signif-
icant role in end-of-life predictions and evaluation of accelerated stress
testing procedures. Next, we showed that application of conventional
characterization tools such as electrochemical impedance spectroscopy
can take more than 20 min in specific cases (e.g. when very slow
processes occur), while applying the methodology presented in our
study, the required time can be reduced down to several minutes, even
by a factor of 20. This is of great relevance, since early identification of
degradation mechanisms at their preliminary reversible stage enables to
take appropriate counteractions and significantly prolong the lifetime
of the fuel cell technology.

The measurement techniques and data analysis have only been
executed on cell level and the validation of the approach on stack
level will be evaluated in a further step. The potential to detect diverse
damaging operating conditions and degradation in the SOFC stack will
also be evaluated in the future, transferring the knowledge gained up
to the higher system levels. Indeed, the validation and verification,
and if necessary online recalibration of the method for application
in an industrial environment would need to be executed in order
to ensure a robust and reliable feedback. The authors also consider
additional techniques/approaches to detect the exact time when the
specific degradation starts or when it is likely to start.
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