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Abstract: Solid Oxide Cells (SOCs) are under intensive development due to their great potential to
meet the 2030 targets for decarbonization. One of their advantages is that they can work in reversible
mode. However, in respect to durability, there are still some technical challenges. Although the quick
development of experimental and modeling approaches gives insight into degradation mechanisms,
an obligatory step that cannot be avoided is the performance of long-term tests. Taking into account
the target for a commercial lifetime is 80,000 h, experiments lasting years are not acceptable for market
needs. This work aims to develop accelerated stress tests (ASTs) for SOCs by the artificial aging of
the fuel electrode via redox cycling, which follows the degradation processes of calendar aging (Ni
coarsening and migration). However, it can cause irreversible damage by the formation of cracks at
the interface anode/electrolyte. The advantages of the developed procedure are that it offers a mild
level of oxidation, which can be governed and regulated by the direct impedance monitoring of the
Ni network resistance changes during oxidation/reduction on a bare anode sample. Once the redox
cycling conditions are fixed and the anode/electrolyte sample is checked for cracks, the procedure
is introduced for the AST in full-cell configuration. The developed methodology is evaluated by a
comparative analysis of current voltage and impedance measurements of pristine, artificially aged,
and calendar-aged button cells, combined with microstructural characterization of their anodes. It
can be applied in both fuel cell and electrolyzer mode. The results obtained in this study from the
electrochemical tests show that the artificially aged experimental cell corresponds to at least 3500 h of
nominal operation. The number of hours is much bigger in respect to the microstructural aging of the
anode. Taking into consideration that the duration of the performed 20 redox cycles is about 50 to
60 working hours, the acceleration factor in respect to experimental timing is estimated to be higher
than 60, without any damaging of the sample. This result shows that the selected approach is very
promising for a large decrease in testing times for SOCs.

Keywords: solid oxide cells; accelerated stress tests; artificial aging; redox cycling; impedance
spectroscopy

1. Introduction

Solid Oxide Cells (SOCs) are under intensive development due to their great potential
to reduce net greenhouse gas emissions by at least 55% by 2030. They can ensure the
integration of renewable sources into the energy mix, combining hydrogen production by
electrolysis, and alternatively, electricity regeneration, including the option for the operation
of one and the same device in reversible mode. There are still some technical challenges for
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large-scale deployment, namely, durability and costs [1], which still need intensive research,
innovation actions, and technological progress. The target for a commercial lifetime of
80,000 to 90,000 h for stationary applications [2] requires a decrease in the degradation
rates to acceptable values—less than 0.5%.kh−1, since at the moment they are still in the
range of 1–3%.kh−1 in fuel cell mode, and between 2 and 10%.kh−1 in electrolyzer mode of
operation [3–6].

For the improvement and optimization of SOCs’ long-term performance, it is impor-
tant to identify and quantify the degradation sources and to use them as a base for the
development of successful mitigation strategies [7,8]. On the cell and stack levels, there
are numerous studies on the degradation of cell components with emphasis on electrodes,
electrolytes, and interconnects [9–24]. However, the picture is more complicated, since the
degradation processes are related to the cell/stack design, operating conditions, geometri-
cal and technological factors, quality of the raw materials, precision of the instrumentation,
preconditioning, testing protocols, and predictable and unpredictable failures [25–29]. The
“domino effect,” in which one degradation factor activates other degradation mechanisms,
cannot be avoided [30]. Thus, the work on lifetime improvement needs long-term electro-
chemical tests, followed by postmortem analyses for the identification and assessment of the
degradation mechanisms in different cell/stack components, combined with the develop-
ment of degradation models for the acceleration of the optimization steps. Many works are
focusing on the phenomena at the microscale level, since microstructure is regarded as an
important optimization parameter in relation to the triple phase boundaries (TPBs), which
govern the number of electrocatalytic sites available for reaction and their accessibility by
the transport of reactants and products. Significant improvements in the TPB characteriza-
tion of pristine and aged samples are realized, based on non-destructive 3D reconstructions
of the microstructure applying synchrotron X-ray holotomography [9,11,14,18,31–33]. The
data are then introduced in multiscale models for the determination of the degradation of
the cell or its components, due to aging [9–13,18,30–33].

Although the quick development of experimental and modeling approaches gives
much insight into the degradation mechanisms that are the basis for the development of
effective mitigation strategies, an obligatory step that cannot be avoided is the performance
of long-term tests for the accumulation of reliable data, which can continue for several years.
In addition, the validation of stack components over several years before their integration
in a real system is not compatible with the times requested by fuel cell manufacturers
for the market deployment of their product. There are only few experiments exceeding
40,000 h [34], with the longest one reaching 100,000 h, i.e., more than 10 years [35]. How-
ever, at the end of testing, the stack no longer corresponded to the SoA technology and the
conclusions, although correct, could not answer the present day technological challenges.
This problem can be overcome by the introduction of accelerated stress tests, which can
be of great benefit, since they will ensure the investigation of long-term phenomena in a
shorter time. AST will allow faster evaluation of new materials and provide standardized
sets of fast tests to benchmark materials and/or stack components, and will accelerate the
developments to meet cost and durability targets. The challenge is that the testing condi-
tions have to activate the same degradation mechanisms as in non-accelerated testing, thus
preventing the system from eventual irreversible changes, which may bring to false results.
Since there are no definite criteria for the level of acceleration of a specific degradation
phenomenon, the selection of aggravating conditions is a critical moment which has to
be overcome.

Nickel-yttria stabilized zirconia (Ni-YSZ) cermet is the most commonly employed
material for SOC fuel electrodes (anode in SOFC mode and cathode in SOEC mode), due
to its good electrochemical performance and lower price. The main degradation source of
the electrode during operation in both SOFC and SOEC modes concerns microstructural
changes in the Ni network due to Ni agglomeration, resulting in the phase coarsening,
migration, and volatization changing the Ni distribution in the electrode. The Ni mean
particle diameter increases due to the sintering of the smallest particles. The global effect
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is decrease in the TPB and in the Ni/gas specific surface area [7,10–17,33,36–39]. The
migration over long distances can bring to Ni depletion near the electrolyte interface [11].
The processes are more active in electrolyzer mode.

During long-term operation, the fuel electrode can show significant electrochemical
and mechanical degradation due to Ni reoxidation, which brings to volume expansion
that causes microstructural changes [40,41]. This phenomenon can be caused by changes
in local conditions, such as leakage, fuel starvation, increased oxygen partial pressure,
accidental switch off, etc. The repetitive changes of Ni volume damage the cermet network
in two ways: (i) the reduction in the TPB density due to accelerated Ni aglomeration and
(ii) the production of cracks at the electrode/electrolyte interface; i.e., the degradation
influences both the cell performance and its mechanical stability [42]. The high levels
of degradation are examined in intensive studies of Ni oxidation/reduction for deeper
insight into the occurring processes, as well as for the development of mitigation strate-
gies for increased oxidation tolerance [43–53]. The degradation caused by the reduction-
oxidation cycles is evaluated by electrochemical testing and microstructural post-mortem
characterization, based on the comparative analysis of pristine and cycled samples, often
supported by 3D tomography [42,53–56]. Results of dynamic in situ analyses that record
the changes in the microstructure exposed to different redox conditions are also reported,
however, they are carried out in conditions that strongly differ from those of the operating
environment [50,51,53,57,58]. Most often the experiments for the chemical oxidation of the
YSZ/Ni cermet are performed in a furnace at a high temperature and a long enough time
to cause oxidation of the entire Ni network. There are some studies with partial oxidation,
i.e., the outside of the sample is oxidized while the core is in a metallic state. Oxidation of
about 25% at 800 ◦C prevents the interface electrode/electrolyte from developing cracks.
At a lower temperature, the depth of oxidation without crack formation could be even
higher [59].

In respect to the kinetics of the oxidation process, in [60] a detailed analysis of Ni
oxidation is performed, including a comparison between pure Ni oxidation and the oxi-
dation of Ni/YSZ cermet [61]. In comparison to pure Ni (reduced in similar conditions),
Ni/YSZ cermet starts to oxidize at a lower temperature with a faster rate [62]. TGA studies
register changes in the oxidation kinetics with temperature [63]. At lower temperatures
(550–650 ◦C) under dry air, theso-called “homogeneous” oxidation is observed, in which
the full anode layer starts to oxidize with a rate-limiting process of solid-state diffusion. At
higher temperatures (between 700 and 800 ◦C), the transition towards “inhomogeneous”
oxidation occurs when the limiting process changes to gas phase diffusion, due to pore
closing when Ni oxidizes to NiO at the composite surface [64].

Direct measurements of the Ni surface oxidation of cermet anode are performed in
operando by a near-ambient pressure X-ray photoelectron and near edge X-ray absorption
fine structure spectroscopies in electrolyzer mode. They show that the Ni 2p peak can
be deconvoluted into two components: one sharp Ni 2p3/2 peak around 853 eV, which
corresponds to metallic Ni, and a broader Ni 2p3/2 feature at 856 eV, associated with
oxidized Ni. The spectrum recorded in the H2O/H2 is exclusively due to the metallic Ni,
while upon the co-feeding of O2, the characteristic peak of oxidized Ni appears [65].

The analysis of the degradation mechanisms and conditions shows that redox cycling
can cause accelerated degradation, leading to Ni aglomeration and migration. However,
there is also possibility of severe degradation due to mechanical cracks, which can damage
irreversibly the anode/electrolyte interface. Thus, redox cycling can be used as a tool for
the accelerated degradation of the fuel electrode, however, the process has to be strictly
governed with fine tuning of the oxidation depth, so that the redox cycles would mimic
normal aging, avoiding the formation of cracks at the interface.

This paper aims at developing an advanced accelerated stress test procedure based on
the artificial aging of the Ni cermet anode via chemical redox cycling, which is performed
in full-cell configuration in the experimental set up before operation, i.e., ex situ in respect
to the testing conditions.
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2. Experimental

The experiments were performed on button cell sized samples in several configura-
tions, prepared by SOLIDpower, according to a technological procedure that is subject to
proprietary information: NiO-YSZ anode pellets (bare anode) with a diameter of 20 mm and
a thickness of 250 µm; anode/electrolyte with the same anode and 10 µm thick electrolyte
(8 mol% Y2O3 stabilized zirconia) with GDC barrier layer; anode-supported button cell with
the same anode/electrolyte and oxygen electrode (La,Sr)(Co,Fe)O3-δ (LSCF) perovskite
with active surface area of 0.28 cm2 and a (La,Sr)CoO3-δ (LSC) layer on top for efficient
current collection.

The initial reduction was performed at 800 ◦C in a two-stage process with 30 min
stepwise change (6 steps) of the gas mixture from N2/H2 = 7.4/0 Nml min−1 cm−2 to
N2/H2 = 0/9.5 Nml min−1 cm−2, followed by an additional 90 min reduction in pure
hydrogen [66].

The redox cycling conditions include both oxidation and reduction and follow a
preliminary three-step procedure:

• Step 1. Determination of the oxidation level by in situ impedance monitoring of
the changes in the Ni network resistance [66–68] during oxidation of bare anode.
The oxidation depth is selected based on the preliminary chosen increase of the Ni
network resistance. Since the impedance in reduced state has an inductive behavior,
the oxidation should not change this state, thus ensuring preservation of the electronic
conductivity network. More information about this step is given in the next section;

• Step 2. Once the appropriate experimental oxidation conditions are determined, they
serve as internal standard for redox cycling and are applied on anode/electrolyte
sample to check the effect of the selected procedure on the state of the interface
anode/electrolyte;

• Step 3. Finally, the procedure is applied for redox cycling in full-cell configuration. In
this stage, the experiments are performed on button cells. In principle, they could be
carried out also on big cells and stacks.

The level of degradation is governed by the number of redox cycles and the oxidation
depth. Its evaluation is based on comparison with results (own, or available in the literature)
from: (i) electrochemical tests (i-V curves, impedance measurements) of calendar-aged
samples; (ii) post-mortem analysis of microstructural changes obtained from long-term
tests (calendar aging).

The redox cycling of the anodes was performed at 750 ◦C. The initially reduced anode
was exposed to an oxidation blend of N2 (4 Nml min−1 cm−2) and air (4 Nml min−1 cm−2)
with an adjusted duration to achieve a given level of oxidation, in respect to the chosen
increase in Ni network resistance. Before and after the oxidation step, the test rig chamber
is purged with nitrogen. It should be noted that the exact experimental conditions depend
on the test rig architecture. Since the Ni network resistance continues to increase in N2
flow after oxidation, due to the residual oxygen in the pipeline and in the rig chamber, the
duration of the post oxidation in nitrogen should be also included in the oxidation step and
measures for its deoxidation should be taken [67]. More details about the redox cycling
conditions and processes are given in the next section.

The button cell testing setup consists of a completely ceramic housing. The cell is
sealed on the oxygen electrode side by ceramic paste (Ceramabond) following the procedure
of the producer (Aremco products Inc). The testing was performed at 750 ◦C and gas flows:
air 437.5 Nml min−1 cm−2 and humidified (3%) hydrogen 79.4 Nml min−1 cm−2. In this
study the experiments are designed for fuel cell mode. However, they can be also valid
for electrolyzer mode. In the latter mode, the oxidation of the fuel electrode should be
performed in the presence of water vapor.

The impedance measurements were carried out on IVIUM CompactStat with a fre-
quency range from 1 MHz down to 1 Hz, with density 5 points/decade, in the temperature
range from 22 to 800 ◦C, and with the amplitude of the AC signal depending on the
impedance of the sample. A furnace with DC power supply and temperature drift during
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measurements less than 0.5 ◦C ensures reproducible data with high quality. For the redox
cycling experiments Pt meshes were used for contacts, which makes the system stable in
both oxidizing and reducing atmospheres.

Post-mortem microstructure and porosity analyses were performed on a scanning
electron microscope (SEM) Zeiss EVO 40 with an acceleration voltage of 20 kV, equipped
with an energy dispersive X-ray spectroscope (EDXS Pentafet). The samples were mounted
in epoxy resin and polished with up to 250 nm grain size diamond paste on specific tissue
(MD-NAP, Struers, Denmark). A calibration procedure using a standard sample of pure
Cobalt was used before each analysis. SEM-BSE pictures with magnification 5000× were
collected for quantitative image analysis and treated with Zeiss Axiovision software to
estimate the porosity and Ni crystals volume fraction. The anode cross section was divided
into 6 zones (45.22 µm height and 59.88 µm width).

3. Experimental Results and Discussion
3.1. Initial Reduction

The initial reduction of the anode is the first prerequisite test, which gives preliminary
information about the redox cycling behavior of the sample in the selected test rig. The
half-cell configuration with the bare anode positioned between two Pt meshes ensures the
direct monitoring only of the Ni network changes both qualitatively (based on the changes
of the impedance shape) and quantitatively (determining the resistance of the Ni network
for different stages of the reduction process) [66–68]. It should be noted that the absolute
value of the Ni network resistance in the anode matrix is much lower than the measured
one. In this paper, we use the term “Ni network resistance;” however, this also includes the
ohmic resistance of the test rig. As seen in the experimental results below, this parameter is
very sensitive to the changes of the Ni network in respect to oxidation and is successfully
used as an internal standard for governing and monitoring the process.

A good illustration of the method and its sensitivity is given in Figure 1, which
represents the impedance changes during the initial reduction of NiO to Ni. The primary
configuration (green anode between two Pt meshes) resembles capacitor. Its impedance has
typical capacitive behavior with a resistance of about 8 kΩ (Figure 1a). Between the ninth
and the twelfth minutes of the reduction (Figure 1b,c), the impedance drastically changes
with the transition from capacitive to inductive behavior that is typical for electronic
conductivity [68]. A sharp decrease in the resistance from few kΩ to about 150 mΩ is
observed. In the next few minutes, it drops under 100 mΩ, and in the last 100 min of the
reduction procedure, there are no changes in the measured resistance. During cooling, the
resistance decreases, which is characteristic for metals (Figure 2) [69].

The obtained results show that the selected approach is very sensitive and can be used
for governing and monitoring Ni network changes in the YSZ matrix during redox cycling.
However, since the transition from capacitive to inductive behavior, i.e., from a dominant
oxidized state to a dominant reduced state is very fast, a precise tuning of the redox cycling
regime is needed. A general criterion was selected: the increase in the Ni network resistance
should keep the inductive impedance shape, i.e., the electronic conductivity of the network
should not be totally destroyed.
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3.1.1. Artificial Aging of Bare Anode by Redox Cycling for Fine Tuning of the
Experimental Conditions

The preliminary registration of Ni network resistance that increases after the replace-
ment of air with nitrogen has prompted the question about the development of a precise
procedure for eliminating the “parasitic” continuous oxidation by quick removal of the
residual oxygen, thus ensuring partial oxidation. The following steps are included in the
oxidation procedure: (i) isolation of the rig chamber (for about 30 s after stopping the
oxidation and purging the air pipeline with N2, (ii) introduction of hydrogen shortly before
the Ni network resistance reaches the selected limiting value. Hydrogen quickly reacts
with the residual oxygen and prevents the sample from further oxidation. This may be
accompanied with a small increase (1–2 ◦C) in the temperature of the reaction zone close to
the sample.

For approbation of the methodology in regards to reproducibility, a “soft” oxidation
level was selected with Ni network resistance enhancement only used once or twice
(Figure 3a) [67]. The bare anode sample was subjected to 20 redox cycles. Excellent
reproducibility of the oxidized state was obtained (Figure 3b). The selected conditions were
repeated on the anode/electrolyte sample, where no cracks at the interface were observed,
and then on button cell. More information about this experiment can be found in [67].
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For a deeper oxidation level (in the upper limit of the affordable oxidation depth),
redox cycling conditions were selected with about a 5-fold increase in Ni network resistance
with respect to the initial measurement of the reduced bare anode, keeping the inductive
behavior of the measured impedance (Figure 4). The timing for the introduction of hydro-
gen for the reduction stage was selected empirically after monitoring and analysis of the
impedance increase. This step is of crucial importance for the fine tuning of the oxidation
cycle and for ensuring reproducible redox cycles.
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Figure 4. Impedance diagrams of bare anode during redox cycling: (a) two consecutive redox cycles—
Cycle 7 (∆) and Cycle 8 (#); (b) reduced state after four different redox cycles—Cycle 2 (∆), Cycle 7
(∆), Cycle 11 (∆), Cycle 18 (∆).

The bare anode was subjected to 20 redox cycles. The good reproducibility is demon-
strated in Figure 4a, where the impedance diagrams in two consecutive oxidation/reduction
states are presented. After the sixth cycle, the sample resistance in reduced state started
to increase, which indicates accelerated aging (Figure 4b). It should be noted that this
phenomenon was not observed in the “soft” oxidation experiment (Figure 3b) [67].

The electrochemically registered aging is also confirmed by the SEM/EDX microstruc-
tural analysis. For the presentation of the Ni distribution in the volume of the anode, a
normalized plot was used, which is less affected by porosity (Figure 5). Since the cermet
anode is produced by tape casting, the slurry has a homogeneous distribution of NiO. In
addition, Y and Zr are not diffusing or forming volatile compounds. Thus, the variation
in the ratio of Ni:YSZ should correspond to a change in the Ni content. As it can be seen
in Figure 5, before redox cycling Ni is distributed quite homogeneously in the volume of
the anode, but after 20 redox cycles, there is a visible, uneven redistribution caused by Ni
migration and aglomeration. On the side opposite to the gas flow, a distinct Ni depletion is
observed, which is an evidence for Ni migration.

The comparison of the anode SEM-BSE images after initial reduction (Figure 6a) and
after 10 redox cycles (Figure 6b) illustrates the microstructural changes of the Ni grains
(presented in red) which agglomerate and modify their shape, combined with an increase
in the porosity (Figure 6c,d). The quantitative image analysis shows that the different
fractions of agglomerated particles do not exceed 5%. Their distribution is presented in
Figure 6e,f. Since the Ni grains have irregular shape, their size is presented as surface area
(µm2). While for the initially reduced sample, the biggest size of the Ni grains does not
exceed 2.0–2.4 µm2, after 10 redox cycles there is even fraction with a size above 20 µm2.
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1 
 

 

 
Figure 6. SEM-BSE image analysis of bare anode: (a) Ni grains distribution after initial reduction;
(b) Ni grains distribution after 10 redox cycles (red—Ni; black—pores; grey—YSZ); (c) Porosity after
initial reduction; (d) Porosity after 10 redox cycles; (c,d) Ni grain size distribution; (e) Ni grains size
distribution after initial reduction; (f) Ni grain size distribution after 10 Redox cycles.

For confirmation of the partial oxidation, after 13 redox cycles on bare anode the
sample was cooled in an oxidized state. Logically, a higher resistance was measured due to
the presence of NiO phase (Figure 7a).
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diagrams after the initial reduction (•) and after 13 redox cycles (•); (b) SEM-BSE cross section image:
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The SEM-BSE cross section image (Figure 7b) registers metallic nickel in the whole
volume of the anode (red parts), which ensures conductivity, in parallel with the presence
of NiO (green parts).

3.1.2. Artificial Aging of Anode/Electrolyte by Redox Cycling

A series of experiments was also performed on the system anode/electrolyte, fol-
lowing the oxidation conditions determined for the bare anode. In this configuration, the
Ni network oxidation cannot be monitored directly by impedance, but it is defined with
the experimental conditions for the bare anode redox cycling. Figure 8a, which gives the
impedance of the configuration anode/electrolyte for different oxidation cycles, demon-
strates the reproducibility of the procedure, which ensures a constant level of oxidation.
In this stage, the impedance diagrams are analyzed qualitatively. The SEM images show
that there are no cracks at the anode/electrolyte interface (Figure 8b). This test in half
cell configuration confirms the appropriateness of the conditions for full-cell aging via
redox cycling.
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Figure 8. Redox cycling of anode/electrolyte sample: (a) impedance diagrams in oxidized state
after the 4th (∆) and 8th (#) oxidation; (b) SEM image of the interface anode/electrolyte after
15 redox cycles.

3.1.3. Artificial Aging of Button Cell by Redox Cycling

The final goal of the developed methodology is the performance of redox cycling on a
button cell. Two approaches were applied for monitoring and controlling the redox cycling:
electrochemical testing and microstructural characterization. For evaluation of degradation
level, a comparative electrochemical and microstructural analysis with calendar aged cells
was performed.

Electrochemical testing. The electrochemical control was ensured by current-voltage
(i-V) measurements which give an integral picture of the cell’s ability to produce power,
combined with impedance measurements which ensure local electrochemical characteriza-
tion in definite working points.

The degree of aging by anode redox cycling with respect to the initial state of the
sample can be extracted from the periodically measured i-V curves via calculations of the
potential U change at a constant current I (or the opposite) as a function of the number of
cycles (Figure 9). It is convenient to present the results in percentages. They are compared
with data from calendar aged cells with the same composition and load for evaluation of
the acceleration with respect to the total cell performance. The degradation with respect to
the anode is much higher because it compensates for the degradation of the electrolyte and
oxygen electrode, which occurs during calendar aging.



Energies 2022, 15, 3287 11 of 21

Energies 2022, 15, x FOR PEER REVIEW 11 of 21 
 

 

Electrochemical testing. The electrochemical control was ensured by current-voltage 
(i-V) measurements which give an integral picture of the cell’s ability to produce power, 
combined with impedance measurements which ensure local electrochemical 
characterization in definite working points.  

The degree of aging by anode redox cycling with respect to the initial state of the 
sample can be extracted from the periodically measured i-V curves via calculations of the 
potential U change at a constant current I (or the opposite) as a function of the number of 
cycles (Figure 9). It is convenient to present the results in percentages. They are compared 
with data from calendar aged cells with the same composition and load for evaluation of 
the acceleration with respect to the total cell performance. The degradation with respect 
to the anode is much higher because it compensates for the degradation of the electrolyte 
and oxygen electrode, which occurs during calendar aging.  

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.8

0.9

1.0

1.1

1.2

750oC

U
 / 

V

i / A.cm-2  
Figure 9. Current-voltage (i-V) curves of: artificially aged cell before redox cycling (▲) and after 20 
redox cycles (•). 

The i-V curves obtained during redox cycling demonstrate a well-distinguished 
deterioration of the cell performance in comparison to the initial state. The results from 
the evaluation of the degradation extracted from the i-V measurements are presented in 
Table 1.  

Table 1. Voltage decrease at constant current density extracted from the i-V curves measured during 
redox cycling. 

Current Density  
i, A.cm−2 

Initial Voltage, U, 
mV 

Voltage after 7 Redox 
Cycles  
U, mV 

Voltage Drop for 7 
Cycles  
∆ U,% 

Voltage after 20 Redox 
Cycles  
U, mV 

Voltage Drop for 20 Redox 
Cycles  
∆ U,% 

0.28 961 956 0.52 937 2.5 
0.50 864 848 1.85 830 4.5 

A comparative analysis was also performed with i-V curves (Figure 10) from a cell 
with the same composition, subjected to 9000 h field testing in similar operating condi-
tions [70]. The data presented in Table 2 show similarity in respect to the depth of degra-
dation between the artificial aging with 20 redox cycles and the calendar aging of 4000 h. 
However, it should be taken into consideration that the degradation by calendar aging 
also involves other cell components (cathode and electrolyte), while the artificial aging via 
redox cycling affects mainly the anode. Thus, in respect to the anode degradation, the 
accelerated testing should correspond to higher level of degradation, which is discussed 
below in the analysis of the microstructural characterization. 

Table 2. Voltage decrease at constant current density extracted from i-V curves measured during 
9000 h field testing [70]. 

Figure 9. Current-voltage (i-V) curves of: artificially aged cell before redox cycling (N) and after
20 redox cycles (•).

The i-V curves obtained during redox cycling demonstrate a well-distinguished de-
terioration of the cell performance in comparison to the initial state. The results from the
evaluation of the degradation extracted from the i-V measurements are presented in Table 1.

Table 1. Voltage decrease at constant current density extracted from the i-V curves measured during
redox cycling.

Current
Density

i, A.cm−2

Initial
Voltage, U,

mV

Voltage after
7 Redox
Cycles
U, mV

Voltage
Drop for
7 Cycles
∆ U,%

Voltage after
20 Redox

Cycles
U, mV

Voltage
Drop for
20 Redox

Cycles
∆ U,%

0.28 961 956 0.52 937 2.5
0.50 864 848 1.85 830 4.5

A comparative analysis was also performed with i-V curves (Figure 10) from a cell with
the same composition, subjected to 9000 h field testing in similar operating conditions [70].
The data presented in Table 2 show similarity in respect to the depth of degradation between
the artificial aging with 20 redox cycles and the calendar aging of 4000 h. However, it
should be taken into consideration that the degradation by calendar aging also involves
other cell components (cathode and electrolyte), while the artificial aging via redox cycling
affects mainly the anode. Thus, in respect to the anode degradation, the accelerated testing
should correspond to higher level of degradation, which is discussed below in the analysis
of the microstructural characterization.
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The impedance measurements can be also used for evaluation of the depth of degra-
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tion evaluation, impedance testing was performed after i-V measurements at OCV and 
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Figure 10. Current-voltage (i-V) curves of calendar aged cell operated for 9000 h.

Table 2. Voltage decrease at constant current density extracted from i-V curves measured during
9000 h field testing [70].

Current
Density

i, A.cm−2

Initial
Voltage U,

mV

Voltage after
4000 h
U, mV

Voltage
Drop after

4000 h
∆ U,%

Voltage after
6000 h
U, mV

Voltage
Drop after

6000 h
∆ U,%

Voltage after
9000 h
U, mV

Voltage
Drop after

4900 h
∆ U,%

0.28 917 898 2.07 883 3.70 882 3.82
0.50 827 791 4.35 768 7.13 766 7.38

The impedance measurements for the monitoring and analysis of the cell behavior
during redox cycling were performed in both the oxidized and reduced states. As pre-
sented in Figure 11, during oxidation mainly the lower frequency part of the impedance
(100 Hz–1 Hz) increases. The potential varies between 915 mV in the oxidized state and
1015 mV in the reduced state, since the cell does not reach the normal operating conditions
between two cycles.
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The impedance measurements can be also used for evaluation of the depth of degra-
dation based on the increase in the cell ASR with redox cycling. For quantitative degrada-
tion evaluation, impedance testing was performed after i-V measurements at OCV and 
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The impedance measurements can be also used for evaluation of the depth of degrada-
tion based on the increase in the cell ASR with redox cycling. For quantitative degradation
evaluation, impedance testing was performed after i-V measurements at OCV and under
loads of 0.10 Acm−2, 0.28 A.cm−2, and 0.5 A.cm−2 (Figure 12).
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Impedance can also distinguish contributions from different parts of the cell. In up to
the sixth redox cycle, a small decrease in the ohmic resistance was registered (Figure 13).
This phenomenon is often observed during the first 1000 h of calendar aging, which is
explained most often by the improvement of the contacts [71].
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The evaluation of the depth of degradation at load i = 0.5 A.cm−2, based on the
calculation of the ASR increase (ohmic RΩ, polarization Rp and total RT) as a function of
the redox cycling, is presented in Table 3. The data show that both ohmic (after the sixth
cycle) and polarization resistance increase, the former by 8.2% and the latter by 24.5% for
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20 cycles. The normalization of the impedance data towards the lowest frequency point
of 1 Hz (Figure 12c) illustrates that the low frequency depressed semicircle has a constant
shape and size, while an increase in the polarization resistance is observed in the higher
frequency range.

Table 3. ASR (ohmic RΩ, polarization Rp and total RT) of button cell after the initial reduction, after
the 7th and 20th redox cycles.

ASR (mΩ.cm2) ASR Increase (vs. 0 Cycles),%

0 Redox
Cycles

7 Redox
Cycles

20 Redox
Cycles

7 Redox
Cycles

20 Redox
Cycles

RΩ 58.7 59.8 63.5 +1.9 +8.2
Rp 59.8 39.7 42.5 +16.4 +24.5
RT 92.8 99.5 106.0 +7.2 +14.2

Microstructural characterization. Since long-term calendar aging includes all com-
ponents of the cell, it should be expected that cell aging by redox cycling corresponds
to a longer calendar aging test in respect to anode degradation. For comparison of the
degradation in redox cycled (20 cycles) and calendar aged anodes in cell configuration,
an SEM/EDX microstructural analysis is performed in a series of samples subjected to
different testing conditions and timing (Table 4).

Table 4. Samples Description.

Sample (Cell) Testing Conditions

A Pristine (after initial reduction)
B After 20 redox cycles
C 3500 h at constant operation conditions
D 3000 h at changing operation conditions [72]
E 1800 h in Electrolyzer mode (750 ◦C)

In respect to the Ni distribution in the volume of the anode, the same tendency
as in that of the bare anode is observed: in contrast to the Pristine Sample A, where
Ni is distributed quite homogeneously, all the tested samples (Table 4, samples B–E)
exhibit uneven redistribution, as well as Ni depletion, in the vicinity of the interface
anode/electrolyte (Figure 14).
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Figure 14. Normalized Ni content from the interface anode/electrolyte to the outer side: (a) Sample
A (after initial reduction); (b) Sample C (3500 h); (c) Sample D (3000 h).

The Ni grain size distribution is presented in Figure 15 and illustrated with SEM-BSE
images (Figure 16), which distinguish the three phases of the cermet—Ni, YSZ, and pores.
More than 85% of the Ni grains in the pristine cell A measured by calibrated image analysis
have a maximum surface below 1 µm2 (Figures 15a and 16a). In the redox cycled as well as
in the calendar aged cells, this number decreases, while the quantity of the larger grains
increases (Figures 15b,c and 16b–e). The comparative analysis of the histograms with Ni
grains distribution shows that big changes in the microstructure are registered for the
sample after 20 redox cycles, when a fraction of about 8% with grain sizes about and above
20 µm2 is observed (Figures 15b and 16b). Bigger grains are also formed in sample D
(Figure 16d), which is tested in regimes with different operating parameters (temperature,
gas flow, current density, etc.) [72] and sample E (Figures 15e and 16e), which is tested
in electrolyzer mode, while the calendar aging of sample C causes a smooth increase in
grain size (Figures 15c and 16c). Cracks at the anode/electrolyte interface are observed in
samples D and E, while the artificially aged sample B has an unaffected interface.
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The SEM-BSE images in Figure 16 illustrate the enhancement of the Ni grain size
and the decrease in their connectivity, due to morphological changes and an increase
in porosity. This process causes the reduction of the triple phase boundary points and
thus a performance deterioration. The microstructural comparative analysis of anode
aging presented in Figures 15 and 16 shows the smooth agglomeration of the Ni grains up
to a certain level of degradation (Sample C). At a higher level of degradation, additional
exaggerated grain growth appears. A fraction of 5–10% with grains about and above 20 µm2

(Samples B,E) is registered. Similar observations are reported in [54], but they are not
discussed and the oxidation conditions are different. The obtained results require a deeper
microstructural analysis of samples with a different aging time (above the investigated),
which can potentially lead to a quantitative correlation between calendar and accelerated
degradation via redox cycling in respect to the anode degradation.

4. Conclusions

The obtained results confirm that an ex-situ artificial aging of SOCs by redox cycling
can be applied through accelerated stress tests. The developed procedure has the unique
advantage of ensuring the fine tuning of the depth of oxidation and of guaranteeing a high
reproducibility, obtained by the in situ impedance monitoring of the changes in the Ni
network resistance during oxidation/reduction, which is applied for the first time as a tool
for governing the degradation process. The experimental conditions are determined by a
separate experiment on a bare anode with precise impedance monitoring of the Ni network
formation, connected with the transformation of the impedance diagram from capacitive
to inductive and its partial oxidation/reduction. The mild oxidation retains the inductive
behavior, which on the one hand guarantees that the Ni network is not destroyed, and on
the other hand prevents the anode from cracking at the interface anode/electrolyte. The
selected conditions on the bare anode are validated on anode/electrolyte sample before
the testing on a button cell. The procedure can be applied on big cell and stack, which is
the next step of this study. It should be stressed that the exact redox cycling conditions
(especially duration) depend on the test rig architecture and should be adjusted for every
experimental setup, following the proposed algorithm of the procedure. The level of aging
can be regulated by the oxidation depth (keeping the inductive shape of the impedance
during oxidation) and by the number of redox cycles. In this study the upper limit of the
depth of oxidation is determined: about a five-fold increase in the Ni network resistance
during oxidation in bare anode configuration.

The electrochemical testing of the artificially aged cell defines the depth of cell degra-
dation caused by the anode redox cycling which is compared with calendar aging. More
precise quantitative evaluation based on the changes of the anode microstructure can give
correlation with long term testing also in respect to the anode degradation.

For the development of a safe, harmonized AST procedure, it is appropriate to decrease
the oxidation depth, which in this study was selected to be at its upper limit, and to increase
the number of cycles in order to improve the governing of the process. Another direction is
the introduction of a quantitative microstructural correlation between redox cycled and
calendar aged cell with respect to the anode degradation. Up until now, the experiments on
button cell were performed in fuel cell mode, but they can be also carried out in electrolyzer
mode, which is under development.

The selected accelerated stress testing correlates with standard cell performance degra-
dation, corresponding to about 3500 to 4000 h of calendar aging. However, the anode
degradation which causes the registered electrochemical behavior in practice compensates
for the aging of the other cell components. Thus, it should be much stronger, i.e., going
beyond 4000 h.

The AST approach based on accelerated aging of the anode can also be used for
further testing of the preliminary aged cell in nominal conditions. This will give new
information about the system behavior in conditions of degraded fuel electrode. Thus the



Energies 2022, 15, 3287 18 of 21

“domino effect”, when one degradation factor activates other degradation mechanisms, can
be avoided.

When developing a procedure for acceleration of the tests, it is important to evaluate
the acceleration factor (AF) with respect to the experimental timing:

AF = tlong term test/tAST bringing to the same degradation (1)

According to the obtained results from this study and taking into consideration that
the duration of 20 redox cycles is about 50 to 60 working hours, the AF could be estimated
to be more than 60. This strong acceleration does not cause damages on the stressed
component or on the cell. The developed accelerated stress test approach is robust and
gives opportunities for correlation with “real-world” behavior. This will be elaborated on
AST Protocol and further recommended for standardization.
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