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H I G H L I G H T S

• SOFC with a cathode surface area of 100 cm2 was subjected to a 1700 h test.
• An ‘electrochemical fingerprint’ of a large-scale cell was described.
• In situ stack characterization was introduced by means of EIS-DRT.
• The degradation issues of the cells in the stack were investigated.
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A B S T R A C T

Inducing changes in performance and observation of electrochemical processes is quite easy to do using ‘button 
cells’, which are the favorite objects in most research studies. Unfortunately, those cells may sometimes provide 
misleading outcomes or lead to promising results, applicable only on small scale, belittling their technological 
value. In this study, a large-scale SOFC with a 100 cm2 cathode active surface area was subjected to 1700 h 
working time tests. After the stabilization period, a series of EIS measurements was taken under various changes 
in operational conditions. Variations in multiple parameters such as pO2, pH2, pH2O, drawn current, or working 
temperature were introduced to provide an ‘electrochemical fingerprint’ of the large-scale cell. The impedance 
data was processed via equivalent circuit fitting and DRT analysis. It was possible to assign the electrochemical 
and transport processes to the corresponding peaks in the DRT spectra. A clear separation of the peaks origi-
nating from diffusion and charge transfer-related resistances was obtained. The single-cell tests allowed for the 
analysis of the actual state of the repeating units in the working 15-cell stack. The material causes of the changes 
in the performance of the cells were found to be mostly related to changes in the microstructure of the anode via 
Ni migration and unwanted diffusion of LSC-born elements such as Co segregation or the formation of the SrO- 
ZrO2 phases. Furthermore, the degradation issues of the cells in the stack differ depending on the placement due 
to the formation of the hotspot in the central part.

1. Introduction

The current worldwide energy crisis and geopolitical situation is 
causing many research groups to concentrate their studies towards 
finding alternative energy sources and efficient ways to store it. Solid 

Oxide Fuel Cells (SOFCs) represent one of the most promising groups of 
electrochemical devices that could be a solution for future energy pro-
vision. Due to relatively high operation temperature and the possibility 
of reversible operation this technology was given a pronounced interest. 
The switch between the SOFC and SOEC (Solid Oxide Electrolysis Cell) 
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work regimes could potentially be coupled with the intermittent energy 
sources to match daily fluctuations [1,2]. In general, state-of-the-art 
SOFC consists of an ion-conducting electrolyte layer sandwiched be-
tween two porous electrodes. Over the years, cells evolved by adding 
functional layers protecting the electrolyte or gradual porosity intro-
duced into both the fuel and air electrodes [3]. Despite promising results 
from laboratories and high-scale manufacturers, technology must 
continue to develop degradation rates lower than the ones reported so 
far, especially when cells are used for water electrolysis [4]. However, 
the improvement of performance and lifespan relies not only rely on 
finding better materials but also on a wide understanding of the elec-
trochemical processes happening with working cells. Observation of the 
real-life operation of the SOCs would offer guidance and target the most 
crucial limiting aspects for achieving the desired parameters.

Within all characterization techniques, Electrochemical Impedance 
Spectroscopy (EIS) coupled with Distribution of Relaxation Times (DRT) 
are one of the most powerful and, at the same time, non-invasive 
methods for bringing the insights into the electrochemical phenomena 
happening inside the cells [5–7]. Prior to the development of the DRT 
technique, the EIS data were traditionally evaluated using the equiva-
lent circuit models (ECMs) that were used to represent the polarization 
and series resistance of the cells. The overall resistance of the SOCs is, in 
fact, a very complex issue. Due to the fitting limitations using predefined 
models and poor knowledge of the electrochemical processes happening 
on the anode and cathode, the results could lead to unreliable conclu-
sions. The DRT technique helped to deconvolute cumulative sum of the 
parallel processes seen as a polarization resistance and generate more 
unambiguous models [5,8,9]. However, it is worth mentioning that DRT 
is a comparative method which provides valuable information and 
attribute peaks only if a meaningful comparison is carried out. That is 
why, despite the important role in the research, the outcomes of the 
studies involving DRT and EIS methods are not univocal.

In general, five or six processes are normally distinguished within 
complex DRT spectra, which change in intensity and shift their summit 
frequency as the measurement conditions change. Proper analysis of the 
positions and relative changes of the peaks in the spectra can provide 
reliable data on the main sources of their degradation and failures. In 
that sense, the use of the EIS and DRT techniques could provide the 
‘electrochemical fingerprint’ to resolve the origins of the specific re-
sistances for various types of the cells. Despite widespread usage, the 
conditions of the measurements and small lab scale of the tests limit the 
value of the findings for more industrial application. To achieve prof-
itable data and models, a proper and standardized testing scheme must 
be introduced at the scale mimicking real-life systems as close as 
possible.

In this work an innovative approach for in situ stack characterization 
was introduced by means of EIS-DRT performed on a single cell of the 
same construct as in the stack.

The main objective of this study was to provide a detailed analysis of 
electrochemical processes as seen through EIS and DRT techniques. All 
assumptions regarding the origin of the DRT peaks in the spectra of a 
single cell were implied for the measurements made on the selected cells 
embedded in the stack, all of which were made without disruption in its 
operation. By developing the ‘electrochemical fingerprint’ of the large- 
scale cell, it was possible to determine the actual state of the stack. 
What is more, the differences in the DRT spectra could be distinguished 
both between the single cell and stack as well as various cells forming 
the stack.

The results revealed how complex the nature of the processes that 
occur inside the stack observed through the DRT peaks can be. In 
addition, a wide palette of characterization methods was utilized to 
properly correlate the DRT results with degradation issues caused by 
structural and chemical changes in the cell after work.

2. Experimental

2.1. Single cell structural composition

Large anode-supported cells were delivered by the Elcogen (www.el 
cogen.com) and on the fuel side were composed of 380 μm Ni-3YSZ 
(Y0.06Zr0.94O2) anode base layer and thin 15 μm Ni-8YSZ anode func-
tional layer (AFL) owning decreased porosity. The electrodes were 
separated by ~3 μm dense 8YSZ electrolyte followed by ~2 μm GDC 
(Gadolinia-Doped Ceria) barrier layer. The bimodal cathode was 
composed of double-porosity LSC64 layer composed of 15 μm base layer 
and 10 μm contact layer. Additionally, the Ni porous layer was screen 
printed on top of the fuel electrode to decrease the contact resistance 
between the anode and the interconnector mesh. The diameter of the 
circular cell was 120 mm and the effective cathode area was 100 cm2.

2.2. Testing rig and startup procedure

The cell was placed inside the open-flange geometry testing rig. The 
testbed consisted of two alumina interconnectors of circular geometry 
with machined gas distribution channels and Pt electrical leads. The cell 
was placed between those alumina interconnectors with an interlayer of 
Ni and Pt mesh on the anode and cathode sides, respectively. Those 
acted as the current collectors from the electrodes. The oxidant and fuel 
inlets were placed symmetrically in the geometric center of the housing 
and provided a radial distribution of the reactant gases. The cell was 
placed inside the furnace and compressed using an alumina rod and 
brass weights. The testing rig was equipped with the power source 
(Delta Elektronika, The Netherlands), electronic load (Kikusui, Japan), 
voltage booster (Delta Elektronika, The Netherlands), voltage meter 
(Keithley, USA), water evaporator unit and a set of mass flow controllers 
(Bronkhorst, The Netherlands).

The cell was heated under constant flow of 500 ml⋅min− 1 safety 
hydrogen (5:95 v/v H2:N2) to maintain the reducing condition on the 
anode side and protect the Ni mesh from oxidizing. The cell temperature 
was increased to 650 ◦C with 1 ◦C⋅min− 1 ramp rate. Ambient air was 
pumped on the opposite electrode with a fixed flow rate of 500 
ml⋅min− 1. After reaching the desired temperature, the amount of H2 in 
the anode feed stream was increased in increments until 100 vol% H2 
concentration was reached. The selected scheme was given by the cell 
manufacturer and ensured optimal reduction of the NiO-YSZ electrode. 
The final flows of the fuel and oxidizer streams for all experiments were 
set to 1 Sl⋅min− 1 and 2 Sl⋅min− 1, respectively. The gas feeding rates were 
chosen based on the previously established nominal operation condi-
tions given by Elcogen, but most importantly, to minimize resistance due 
to the diffusion in the gas channels, ensure high exchange rates, main-
tain pseudo-uniform gas composition in the electrode surroundings, and 
exclude starvation effects, which are of no importance for EIS studies. 
No gas cleaning buffers were included, and the gases were supplied 
directly to the electrodes via a heated gas line. Unfortunately, no hu-
midification of the gas below (~10 vol%) was possible within the testing 
rig. The hydrogen stream was further referred to in the text as pure 
hydrogen, although a minor water content was present at the anode, 
mostly because of internal leakage and formation of the water vapor 
around the housing. The influence of leakages related to cell and 
housing was limited thanks to the open flange geometry and high flow 
rates of both oxidant and fuel. Exemplary EIS spectra were also collected 
for the second cell of the same batch to confirm the reliability of the 
data.

Prior to the testing regime, the cell was activated and conditioned 
under nominal operating conditions for 168 h. The cell was operating in 
SOFC mode under the aforementioned gas flows generating a current 
density of 250 mA⋅cm− 2 (25 A total current). During this time the cell 
voltage was constantly increasing due to the reorganization of the Ni- 
YSZ cermet material and the growth of Ni grains, which is a common 
behavior for SOCs during the reduction and the startup [10]. Current- 
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voltage characteristics (iV curves) were collected from the OCV (0 A) up 
to the nominal operating point of 25 A, with a current increase rate of 1 
A⋅min− 1. The values of current, power densities, and impedances were 
normalized to the cathode area.

The data was constantly collected using dedicated PLC-based control 
software in the microsecond range. The control software on the test rig 
was equipped with an alarm and safety modes in case of improper work 
of the cell or any of the components.

2.3. Electrochemical impedance of single cell and DRT analysis

The impedance spectra were collected using the Reference 3000™ 
potentiostat from Gamry Instruments Inc. equipped with the Reference 
30k™ Booster. The spectra were collected in galvanostatic mode within 
the frequency range of 100 kHz to 0.1 Hz with 13 points per decade. If 
not stated differently, all the impedance measurements were performed 
with the polarization of the cell equal to 0.015 A⋅cm− 2 (DC 1.5 A total) 
in fuel cell mode with proper stabilization time under load prior to 
applying the AC amplitude. The measurement at low DC drawn current 
fitting the range of the AC sinusoidal amplitude ensured the EIS 
collection always to be performed in the SOFC mode. At the same time, 
the applied load was small enough so that the measurement mimicked 
the OCV conditions with marginal changes in gas composition and water 
formation across the cell [11,12]. Additionally, periodic EIS tests of the 
working stacks should not force cells to reverse the operating mode, 
which could introduce measurement-related degradation effects. The 
AC amplitude was set to 0.6 A based on the preliminary scanning results 
using various settings to provide a well-defined pseudolinear response of 
the electrochemical system and a satisfactory signal-to-noise ratio. All 
spectra were also verified prior to any fitting using a linear Kramers- 
Kronig transformation and impedance data sets with errors above ±1 
% were eliminated from further processing. The cell setup provided 
twisted leads for both current and voltage probes as well as the shortest 
path from the cell to the spectrometer to limit the inductive contribution 
of the testing rig. Even though, all the data above 30 kHz was discarded 
as it was mostly a parasitic inductive signal coming from the test bench i. 
e., wiring, meshes, and electronic equipment. A high inductive contri-
bution was quantified by measuring the short-circuited housing at high 
temperature with all balance-of-plant (BoP) equipment attached to the 
measuring rig. Despite correcting the EIS spectra by subtracting the 
inductance signal, noticeable distortions in equivalent circuit fitting 
were observed. Furthermore, the residuals from Kramers-Kronig test (χ2) 
revealed values higher than 10− 6 indicating poor fit quality [13], unless 
inductance-influenced high frequency datapoints were discarded. To 
correct the impedance data, an additional small resistor was measured 
separately to estimate the leakage current. To further increase the 
viability of the data, during the EIS tests, the external electronic load/ 
power source was unplugged, and the power was dispersed by the 
spectrometer itself. The equivalent circuit fitting was performed using 
Elchemea Analytical software developed by DTU Energy, Denmark, and 
ZView software (Scribner Associates).

The distribution of relaxation times (DRT) computing was performed 
using DRTtools software based on Tikhonov regularization [14]. The 
impedance data with the discarded inductance was processed by the 
discretization method using Gaussian and a regularization parameter of 
1⋅10− 3. The DRT spectra were deconvoluted into corresponding pro-
cesses using purely Gaussian curves. The Gerischer element-related part 
of the fit was treated as a widened Gaussian.

The difference in impedance spectra (ADIS) analysis was performed 
by interchanging single variables in SOFC working conditions while 
keeping the rest of the parameters constant [15,16]. The parameters 
selected to be varied were as follows: T, I, pO2, pH2 and pH2O. The partial 
oxygen pressure was altered by diluting compressed ambient air with 
pure N2 using flow controllers. Similarly, pH2 was changed using N2 
mixed with hydrogen before entering the fuel electrode. Water vapor 
was introduced into the fuel-feeding stream, thanks to the water 

evaporator followed by the heated transfer line. The temperature of the 
evaporator was previously optimized to limit the pressure fluctuations 
that affect the voltage readings. Before all measurements under altered 
conditions, the cell was allowed to relax until the voltage and temper-
ature readings were fully stable (~1 h). Along with the changes in the 
chemical potential via gas alterations, a series of measurements under 
various temperatures were performed in the range of 550–650 ◦C. For 
the pO2 and pH2 tests, the temperature was kept constant at 650 ◦C 
throughout all EIS measurements. Due to the extremely low impedance 
of the cell in the presence of water vapor, during those tests, the tem-
perature was lowered to 600 ◦C to improve the EIS responsivity and limit 
the noise from the spectrometer. The temperature was a reading of the 
center thermoelement placed at the fuel gas inlet. The set of the varying 
parameters that were tested to obtain a reliable process map based on 
the differences in the DRT spectra is summarized in Table 1. Information 
about directly affected electrode was included.

To further analyze and uncover the chemical processes behind the 
DRT peaks a series of tests were performed using cells of slightly 
modified construct compared to large-scale cell. To observe the influ-
ence of the anode thickness on gas diffusion, the second cell with a 
thicker anode (400 μm) was tested using the same procedure. To 
determine the diffusion related impedances, a series of two button cells 
(Elcogen Oy) of the same construct as the large-scale, but with two 
different thicknesses of the LSC cathode, were tested. The tests were 
carried out on 400 μm anode-supported button cells due to the technical 
limitations in the manufacturing of the large-scale cells with modified 
cathode thickness. The button cells were tested on a SOC testing rig 
(Fiaxel, Switzerland) under the same conditions, but scaled down 
because of the smaller cell dimensions.

2.4. Stack characterization and EIS spectra collection

The test stack was provided by Elcogen and consisted of 15 cells of 
the same construct as the one used for single cell studies. Each cell had 
an active area of 121 cm2 with all cells connected in series. The stack was 
tested in a test rig consisting of an external high temperature furnace, 
stainless steel gas lines providing reactant gases through the mass flow 
controllers (Bronkhorst, The Netherlands), pneumatic stack pressurizer, 
electronic load (Kikusui, Japan) and electronic voltage booster (Delta 
Electronika, The Netherlands). During operation, the stack was fed with 
air on the cathode and 50:50 v/v N2:H2 mixture on the anode. All gases 
were heated before being fed to the stack. During operation, the cells’ 
voltage, gas flows, gas inlet and outlet pressure and temperatures, as 
well as furnace temperature stack internal temperature, and electric 
current were constantly monitored.

The test was initiated with a heat up of the furnace to 650 ◦C 
(2 ◦C⋅min− 1) feeding air on the cathode side (33 Sl⋅min− 1) and diluted 
hydrogen on the anode side (N2 10 Sl⋅min− 1 + H2 0.5 Sl⋅min− 1). After 
heating, the nominal flow on the anode side was changed to 15.5 
Sl⋅min− 1. After stabilization, performance tests (OCV; iV curve; air and 
fuel utilization) were performed to validate the performance of the 
stack. After this point, a long-term operation test under 0.25 A⋅cm− 1 

electric current was performed. During the long-term operation of the 
stack the temperature of the surrounding furnace was set to 650 ◦C, 
which resulted in a real reading from the middle of the stack equal to 

Table 1 
Selection of the varying parameters during the EIS measurements.

Variable Values Unit Targeted electrode

T 550, 600, 650 ◦C Anode/Cathode
I 1.5, 3.0, 5.0, 7.5, 10, 15 A Anode/Cathode
pO2 0.05, 0.11, 0.16, 0.21 atm Cathode
pH2 0.25, 0.5, 0.75, 1.0 atm Anode
pH2O 0.125, 0.25, 0.375, 0.5, 0.75 atm Anode
TpH2O 560, 580, 600, 620 ◦C Anode/Cathode
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~675 ◦C. The gas inlet temperatures were between 615 and 620 ◦C.
During the long-term test, EIS measurements were performed with 

Gamry Reference 3000™ potentiostat for cells No. 5 and No. 8 counting 
from the bottom of the stack, giving out the data about the middle of the 
stack and the bottom outer cell. EIS spectra were measured in the fre-
quency range of 0.1 Hz to 100 kHz with 10 points per decade. The EIS 
measurement setup was constructed, so that the DC current was run 
through an external electronic load and EIS current leads were con-
nected to the stack terminals in parallel. A small (15 mΩ) resistor was 
mounted between the stack and the electronic load, allowing to measure 
a part of the EIS excitation signal that leaks through the electronic load 
and to correct the datasets. For all measured frequencies, the leakage 
signal was rather small (below 5 % of the excitation signal) and mostly 
had any significance only for the measurements points over 10 kHz. 
Unfortunately, the stack could not be disassembled and characterized 
after the test.

2.5. Material characterization methods

The diffraction patterns were collected using Bruker D2 PHASER XE- 
T with a Cu-Kα radiation source both on the anode and the cathode side 
without prior grinding of the samples. The morphology of the fractured 
and polished cross-sections of the cells, before and after the reduction as 
well as post mortem images were taken using Scanning Electron Mi-
croscope (SEM, FEI Quanta FEG 250) with the Energy Dispersive X-ray 
Spectroscope (EDX, EDAX Genesis APEX 2i) and Apollo X SDD detector 
or Phenom XL (Thermo Fisher Scientific, The Netherlands) instrument 
with integrated spectroscopy analyzer (Thermo Fisher Scientific, 25 
mm2 Silicon Drift Detector). The cross sections for the imaging were 
prepared by embedding the cells in epoxy (EpoFix™, Struers) and pol-
ishing them down to 1 μm finish.

The specific surface area (SSA) was measured based on the BET 
isotherm model on the N2 sorption unit (NovaTouch LX1, Quantach-
rome). Prior to the sorption measurements, the samples were finely 
ground and subjected to adsorbate removal under high vacuum at 
300 ◦C for 3 h. Where mentioned, the SSA values were calculated for the 
BET region of the isotherm and the total pore volume was taken from the 
pressure point p/p0 ≈ 1. The X-ray Photoelectron Spectroscopy (XPS) 
spectra were collected using Omnicron NanoTechnology X-ray photo-
electron spectrometer with a 128-channel collector. XPS measurements 
were taken under ultra-high vacuum conditions (<1.1⋅10− 8 mbar). The 
photoelectrons were excited by an Mg-Kα X-ray source with the anode 
operating at 15 keV and 300 W. The obtained spectra were analyzed and 
deconvoluted using the XPSPEAK41 freeware software. Prior to the 
measurement, the samples of freshly reduced and spent cells were 
manually ground to fine powder and mounted onto the test plate using 
carbon tape. The tape was used to calibrate the charging of the sample 
based on the C1s edge location.

3. Results

3.1. Cell performance during the testing time

The cell was reduced according to the producer’s recommendations 
and reached the desired range of OCV. A preliminary collection of the iV 
characteristics was performed to further check the state of the cell and to 
prove the proper work of the housing and the cell itself. All delivered 
parameters were within the normal range ascribed to Elcogen cells. The 
data regarding recorded values of the voltage, the current and the 
temperature are shown in Fig. S1. in Supplementary Materials. The cell 
was subjected to a heavy testing regime involving intermittent work 
under the nominal SOFC operation conditions: 650 ◦C furnace temper-
ature, 250 mA⋅cm− 2, 1 Sl⋅min− 1 H2, and 2 Sl⋅min− 1 air. The breaks in 
continuous operation were caused by the EIS measurements at lowered 
drawn current, as well as testing of the water evaporator setup and 
external bidirectional power source, which took over the role of main 

electronic load partially during the tests (EA Elektro-Automatik, Ger-
many). The cell also underwent an emergency shutdown procedure due 
to a short-term power loss for ~200 h. During all distortions in the 
operation, the cell was maintained under the flow of 5 vol% H2/Ar and 
air but at lowered flow rates due to the existence of automatic emer-
gency protocols. Thanks to that the cell was never reoxidized, and the 
performance was maintained despite the breaks in the operation, which 
are inevitable during such a long-term test. All the ruptures in the work 
of the cell that are clearly visible were indicated and described in Fig. S1. 
Despite the issues mentioned above, the cell was found to be sturdy and 
extremely stable during the entire testing time of ~1700 h (period under 
high temperature conditions). Occasionally, to characterize the perfor-
mance of the cell, iV curves were taken. The iV characteristics from 3 
different time periods are presented in Fig. 1, after the reduction and 
stabilization (7 days, 168 h), after 232 h of working (400 h from start), 
and at the test terminal point (after 1700 h of working time). All iV 
curves were collected up to nominal current with the proper time taken 
for stabilization. As can be seen in Fig. 1, the performance of the cell 
increased by a couple percent during the testing time regarding the 
voltage values under nominal operating conditions of 25 A. The increase 
was quite prominent during the initial hours, which is a very common 
behavior for this type of cell, and it is called an activation time. During 
that time, the anode undergoes changes in microstructure through 
reorganization of the Ni network and changes in porosity levels [17,18]. 
This leads to an improvement in the performance of the cells, even for a 
couple of hundred hours from the starting point of the test. The changes 
in the microstructure of the Ni-YSZ cermet correlate well with the results 
of SEM imaging and BET specific surface area postmortem measure-
ments on the spent cell, where it was proven that the size of the pores 
and Ni grains increased during whole testing time. The findings are 

Fig. 1. iV and iP curves for single cell during the test duration (up) and Nyquist 
plot of the cell measured at exemplary EIS measurement point with equivalent 
circuit fitted (down).
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described in more detail in Section 3.5. This clearly states that the cell 
most likely did not undergo visible degradation effects during the testing 
time, despite harsh conditions and a shutdown procedure. That state-of- 
the-art single cell came up as a status sample for performing the elec-
trochemical processes deconvolution. In that sense, single cells could be 
used as a source of ‘electrochemical fingerprint’ for application in the 
characterization of working stacks based on the same composition and 
construction of cells. This approach eliminates the need to perform all 
the analyzes on the stacks under varying conditions, which might be 
challenging and laborious.

Nearly invisible deterioration levels were maintained as a result of 
the usage of proper starting materials, a thin electrolyte, a good quality 
barrier layer, and a well-prepared cathode. This also implies a decrease 
in the working temperature to 650 ◦C, which again limits the unwanted 
aging of the cell. Furthermore, the cell was kept without the influence of, 
for example, evaporating Cr species from the interconnects or migration 
of Si from a sealant material [19]. Those limitations picture clearly show 
how important a complex view is on the degradation issues, that occur 
not only at the cell level but also due to the interactions within the 
components of the stack [20]. Changes in EIS and DRT spectra of the 
single cell at the starting point and after the testing time will be 
described further in the text.

3.2. Impedance analysis of the single cell

All retrieved EIS data was validated using the Lin-KK test tool pro-
vided by the Karlsruhe Institute of Technology. The exemplary result of 
the linear Kramers-Kronig fitting can be seen in Fig. S2. The high fre-
quency response of the single-cell EIS measurement was affected each 
time by the testing rig setup, cabling, and all the imperfections of the 
electronic equipment. This noise can be observed in Fig. S2. since the 
Kramers-Kronig residuals start fluctuating at higher frequencies. 
Furthermore, an additional process P6 (RCPE5) was found each time at 
high frequency ~ 40 kHz. Based on the work of Wang Y. [5] this process 
was ascribed to the transport of the ionic species in the cathode. Due to 
high uncertainty of the high-frequency signal of the EIS the process P6 
was eliminated from CNLS fitting and DRT analyzes to prevent drawing 
false conclusions from ADIS. This process was able to be deconvoluted 
with high precision in button cells, due to much higher overall imped-
ance. The DRT spectra containing the P6 process are presented in 
Fig. S3. Eliminating the P6 process from further investigation did not 
lower the scientific value of the analysis, as other processes are more 
complex to describe and can carry similar information. In a fully 
developed diagnostic tool, the process could be implemented within the 
CNLS fitting depending on the quality of the measured EIS spectra.

According to the tests’ outputs, it was decided to set the cutoff fre-
quency at 30 kHz, disregarding the rest of the data points. The usage of a 
dedicated booster for the impedance spectrometer increased the reli-
ability of the data, by decreasing high-frequency inductive errors. All the 
datasets considered were treated in the same way. The exemplary EIS 
spectra of the single cell at 0.015 mA⋅cm− 2 in the form of the Nyquist 
plot are presented in Fig. 1. The DRT analysis involving the ADIS 
methodology was used to establish the characteristic frequencies of 
different electrochemical processes prior to the equivalent circuit fitting 
using the complex non-linear least squares (CNLS) method. An equiva-
lent circuit composed of seven elements connected in series was pro-
posed based on the DRT analysis and the CNLS fitting results. The 
following symbols on the circuit correspond to: L – inductance, R – 
resistance, Q – constant phase element (CPE), and G – Gerischer element. 
The L element represents the inductance of the testing rig and all the 
components installed within. The value of Rs was taken from the fit as a 
theoretical x axis intercept of the high-frequency arc [21]. The resis-
tance of the 8YSZ electrolyte is represented as Rs element. This param-
eter accounted for most of the ohmic resistance of the cell and might be 
further improved via the application of thinner electrolyte layers or the 
utilization of other materials for the construction of the cells. Although 

so far, 8YSZ is the most common one due to acceptable ionic conduc-
tivity, high availability, and good chemical stability that provides me-
chanical strength under both oxidizing and reducing conditions 
[22–24]. At high frequency range two processes were distinguished with 
the summit frequencies around 4 kHz and 1 kHz, corresponding to the 
O2− ionic conduction through the anode with the main contribution 
from the Ni-YSZ cermet material and charge transfer reactions occurring 
at triple phase boundary (TPB), respectively. The middle frequency 
(~300 Hz) was introduced as the Gerischer element, which was attrib-
uted to the overlapping diffusion in the AFL and the cathode linked to 
oxygen surface reactions. Finally, two additional elements were intro-
duced due to gas diffusion (mass transfer) and gas conversion at the 
summit frequencies 25–40 Hz and 0.5–1.5 Hz, respectively. The 
composition of the equivalent circuit was established based on both 
CNLS fitting and the DRT-ADIS methodology, described in detail below.

Where given, the polarization resistance (Rpol) was calculated as a 
difference of the full real-part impedance (Rall) taken as a theoretical x 
axis intercept of the last low frequency arc and Rs value.

Thanks to the widely detailed DRT analysis of the single cell per-
formed under numerous varying conditions, an interpretation of the EIS 
spectra accurately describes the complex nature of the undergoing 
processes within the fuel cell. The equivalent circuit presented in this 
study is also in line with other findings previously described in the 
literature concerning the button cell and short stack measurements done 
e.g. by Drasbæk D. et al. [25].

3.3. Differences in DRT spectra under varying temperature and cell 
current

Prior to all the atmosphere manipulations, the single cell underwent 
a characterization under varying temperature in the range of 
550–650 ◦C followed by the tests under different setpoints of drawn 
current up to 15 A (150 mA⋅cm− 2). The results are presented in Fig. 2. as 
the DRT spectra with general trends marked with black arrows. To better 
visualize the changes happening in the DRT spectra they were decon-
voluted using Gaussian function fitting. The exemplary fit is presented in 
Fig. S4. The data on the spider graphs are presented as a relative change 
of the peak summon frequency position (Pi, freq) or integrated area of the 
fitted peak (Pi, res) taking as a reference the starting value of the 
parameter. Each time, the reference value is given in the form of a 
dashed line equal to 1. This methodology applies to all graphs to come. 
The errors in the P3 and P4 fits come from a strong overlap of the pro-
cesses in the spectra. The numerical values of the resistances obtained 
using the CNLS fitting are given in Table 2. and Table 3.

The change in the temperature of the cell caused a drastic change in 
the DRT spectra. The most affected peaks were in the middle- and high- 
frequency regions, which reveals the thermally driven character of those 
physicochemical processes.

Starting from the fastest process, P5 revealed a gradual decrease in 
peak intensity when temperature increased with no change in fre-
quency. After cell polarization, P5 remained nearly unchanged. As the 
amount of hydrogen fed to the cell was in excess, the impedance did not 
react after the current was drawn. All these observations could be 
considered as proof that P5 can be ascribed to the ionic conductivity of 
YSZ (oxygen transport) in the anode strongly affected by the tempera-
ture and insensitive to the amount of current drawn. This finding is in 
line with the number of studies preceding this one [5,11,26].

The lowering of the impedance with simultaneous shift towards 
higher frequencies is mainly pointing out the increase in diffusion rates 
as the diffusion coefficients (Dcoeff) tend to increase when the temper-
ature increases [27]. The fitting revealed the coexistence of two highly 
overlapping peaks P3 and P4. Based on the behavior of merged middle 
frequency peak, it was stated that it comes from the superposition of the 
diffusive part (mainly P3) resulting from the mass transport across the 
AFL [28] and the cathode (see 3.3.) and charge transfer reactions at the 
anode (P4). A similar trend as P3 was clearly observed for the P2 
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process, which was ascribed to diffusion in the anode support layer 
similar to the study by Leonide A. et al. [11] and Caliandro P. et al. [16]. 
Both diffusive processes reacted strongly to cell polarization, as the 
concentration gradient of water vapor forming at the reactive sites 
induced faster exchange of products and reactants, decreasing imped-
ance and forcing the shift to higher frequencies [29].

The highest drop in the peak area was observed for processes P3/P4 
and P5, for which the redox reactions and ionic conductivity are highly 

dependent on thermal activation. The placement of the DRT peaks 
within specific frequency ranges is also in line with the characterization 
of the simplified button cells with Pt electrodes studied by Osinkin D.A. 
[30], where the cathodic and anodic overpotentials were deconvoluted 
using PrOx impregnation of the active electrode.

The process introduced as P1 is not as strongly affected as the rest of 
the processes, as gas conversion is much less directly dependent on 
temperature and relies on changes in the Nernst potential across the cell. 
A higher drop in the impedance value is observed when current is 
applied. It is a direct result of the change in the Nernst potential caused 
by the production of water vapor at the anode. This behavior strictly 
follows the results of the numerical model calculations presented in 
Fig. S5. and the research of Wang Y. et al. [31] during the comparison of 
the performance tests between button and industrial cells.

3.4. Differences in DRT spectra under varying oxygen or hydrogen partial 
pressure

To further describe whether the processes have a stronger cathodic 
and anodic contribution to the overall impedance, tests under varying 
pO2 and pH2 were performed. The results are presented in Fig. 3. Along 
with the corresponding spider graphs representing relative parameter 
change and fitted resistance values (see Table 4.)

Referring to the previous statement on the source of the P1 process 
being gas conversion, it is clearly visible that it is a superposition coming 
from both the anode and cathode. However, the influence of the oxygen 
partial pressure of oxygen on the shift and decrease of the peak is quite 

Fig. 2. DRT spectra of the single cell under various temperatures (left) and drawing currents (right) with the corresponding peak changes depicted in spider graph.

Table 2 
Results of the CNLS fitting on two extreme conditions of cell temperature with 
relative change of each resistance (rounded up to full %).

Parameter/ 
Unit

Value Rs 

(mΩ)
Rpol 

(mΩ)
P1 
(mΩ)

P2 
(mΩ)

P3 
(mΩ)

P4 
(mΩ)

P5 
(mΩ)

T (◦C) 550 2.67 28.13 7.37 3.88 4.95 9.66 2.27
T (◦C) 650 0.49 12.70 6.01 0.71 0.47 4.77 0.74
ΔRi (%) − 82 − 55 − 18 − 82 − 91 − 49 − 67

Table 3 
Results of the CNLS fitting on two extreme conditions of drown current with 
relative change of each resistance (rounded up to full %).

Parameter/UnitValueRs (mΩ)Rpol (mΩ) P1 (mΩ) P2 (mΩ) P3 (mΩ)P4 (mΩ)P5 (mΩ)

I (A) 1.5 0.71 13.21 6.97 0.79 3.31 0.98 1.16
I (A) 15 0.71 6.39 1.68 0.30 2.15 1.01 1.25
ΔRi (%) 0 − 52 − 76 − 62 − 35 3 8
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weak, compared to the much stronger answer when H2 is diluted with 
nitrogen at the fuel electrode. That is, the gas conversion resistance is 
mostly ascribed to the anode side of SOFC.

Both the diffusion processes P2 and P3 were strongly affected by the 
change in pO2 and pH2. In case of P2, a more pronounced response was 
observed in case of fuel dilution with a corresponding shift in the peak 
summon frequency as well as an increase in impedance while depleting 
the fuel mixture in H2. It is in line with the behavior of the gas con-
version peak, as those two are codependent, as previously described in 
detail by Jensen M. B. et al. [32]. On the other hand, the P3 peak was 
nearly insensitive to pH2 change, but reacted stronger to the change in 
oxygen content on the cathode side. Thanks to those observations, it was 
possible to conclude that the P2 process located at lower frequency 
mainly corresponds to the bulk diffusion process in the anode, while the 
peak P3 in addition to the diffusion in AFL also includes an additional 
contribution to the impedance coming from cathodic diffusion processes 
and/or oxygen adsorption processes. The high responsiveness of the P2 
and P3 is also in line with the quantified theoretical changes of the 
Nernst resistance values presented in Fig. S5., which are connected to 
the gradients of the partial pressure of water across the fuel electrode.

For the P3/P4 merged processes, the overall impedance value 
changed slightly compared to the depression of the peak area of the P1 
process. Due to that huge difference, the change of the P3/P4 resistance 
is nearly invisible in the corresponding spider graph.

In contrast, the P4 and P5 peaks were less prone to change when 
altering pO2 or pH2. The feeding gas composition did not cause the 
starvation effect during the EIS measurements, as the applied DC po-
larization was far lower than the limiting current. Due to the selected 
measurement conditions, the charge transfer resistance (P4) and O2−

transfer (P5) were left nearly unchanged during those tests. Further 
deprivation of oxygen and hydrogen would most likely cause the peaks 
to shift towards lower frequencies and increase impedance values as 
described also by Moussaoui H. et al. [33] in the study of the online 
diagnosis tool of lab-scale SOFC.

To further ensure full reliability of the proposed association of the 
peaks, two additional tests were performed using geometrically altered 
cells. All other constituents of the cells remained identical, including the 
thickness of the AFL. The results of the comparative study of two cells 
with thickness of the anode, respectively, 300 and 400 μm are presented 
in Fig. 4. As can be seen in the DRT spectra, clear change occurred 
exclusively in the P2 process. This is predominantly a direct proof that 
P2 is related to the diffusion process in Ni-YSZ cermet. The effect might 
be counterintuitive as the depression of the impedance as well as the 
shift towards higher frequency was observed for a higher thickness of 
the anode. In fact, the 400 μm anode is more porous than thinner one. 
This is due to the technological aspects of cell processing. The difference 
in porosity was first discovered via SEM imaging and later measured via 
Archimedes principle porosity measurement using kerosene as the 
penetrating liquid. The values of the apparent porosity and SEM mi-
crographs can be seen in Fig. 4. (right). Higher porosity, followed by a 
rounder shape of the pores, and better interconnectivity between them 
led to a depression of the polarization resistance from mass transport 
through the anode (P2). All other peaks were minorly affected by the 
change in anode thickness.

A similar study was performed for the cathode side to check which of 
the processes can be directly bound to the mass transport through the 
LSC layer. The tests were performed using a commercial test rig, and the 
button cells were prepared as previously described. The results are 

Fig. 3. DRT spectra of the single cell under various pO2 conditions on the cathode (left) and changing pH2 conditions on the anode (right) with corresponding 
changes depicted in spider graphs.
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presented in Fig. S3. in Supplementary Materials. According to changes 
in DRT spectra measured for the cell with 20 and 40 μm cathode, the 
most affected peak was P3, which is located within a frequency range 
similar to P3 of the pristine large cell. The highest increase in the area 
revealed that P3 is directly related to cathodic processes. Zheng Z. et al. 
[34] studied impregnated cathodes, where a similar behavior of the 
peaks responsible for diffusion and charge transfer was observed after 
alteration of the microstructure of the LSC-CGO20 composite. It can also 
be seen that the overall impedance of the charge transfer processes de-
creases as the thickness of the cathode increases. An identical trend was 
observed by Barbucci A. et al. [35], where they have shown remarkable 
influence of LSM thickness on the reaction rates. They described the 
dependence between the added electrode volume, resulting in more 
active sites for oxygen reduction, and the progressive drop of efficiency 
due to mass transport losses in thicker layers of LSM. The observations of 
the button cell resulted in another valuable piece of information proving 
the way the peaks were ascribed to the physicochemical processes is 
correct.

Additionally, the aforementioned P6 process could be observed more 
clearly in the button cell DRT analysis due to a higher overall imped-
ance. It is highlighted in Fig. S6. and as it corresponds to the transport of 
the ionic species in the cathode, it also reacts to some extent to the 
change in LSC thickness.

3.5. Influence of the water vapor partial pressure on DRT spectra

To bring the ADIS closer to the realistic conditions under which the 
cell is operating, but without the need to draw much current, a series of 
tests under various pH2O and various temperature under pH2O = 0.375 
were performed. The results are shown in Fig. 5A-B and Fig. 5C-D, 

respectively. For various water vapor measurements, the temperature 
was decreased to 600 ◦C due to a severe decrease in impedance followed 
by an impeded DRT analysis. The DRT spectrum from the test with pure 
hydrogen taken at 600 ◦C was given for comparison in Fig. 5A. The 
addition of water vapor had a significant influence on the polarization 
resistance of the cell. Series and polarization resistances of the pure 
hydrogen fed cell (pH2O = ~0) and the cell with a water concentration 
of 50 vol% (pH2O = 0.5) decreased by 30 % and 70 %, respectively. This 
is mostly due to the pronounced drop in the gas conversion resistance, 
which is in line with the Nernst potential change caused by the intro-
duction of water. As predicted in Fig. S5. an increase in pH2O causes a 
sudden decrease in the Nernst resistance followed by an increase above 
pH2O = 0.5 (P1, Fig. 5A). Furthermore, the P1 process appeared to be 
nearly non-responsive when temperature increased in the presence of 
37.5 vol% H2O (Fig. 6C). This further proves that P1 is related to gas 
conversion resistance.

Under the influence of water vapor, the overall polarization resis-
tance decreased strongly. It is best seen for the P3 and P4 processes, 
where the addition of steam caused a total overlap of those two. The 
higher share of the peak located at ~103 Hz corresponds to the charge 
transfer overpotential (P4), which is directly influenced by water vapor 
as was previously stated by Budiman R.A. et al. [36]. During their study, 
hydrogen oxidation reaction (HOR) mechanisms in Ni/YSZ porous an-
odes were examined via EIS measurements and transmission line model 
calculations. It was found that humidity increases the surface catalytic 
activity and changes the rate-limiting steps of HOR, which, in the end, 
decreases the polarization resistance of the charge-transfer reaction. 
Furthermore, the merging, depression, and shift in the frequency of P3/ 
P4 processes is directly connected to the mass transport mechanism 
through the active zone of the cell, where most of the overpotentials are 
generated. According to the non-linear Butler-Volmer expression model 
of Qiangqiang L. et al. [37], it was numerically shown that a decrease in 
the share of the H2 molar fraction increases the reaction rate. Similar 
observations were made by Del Zotto L. et al. [38], where diffusion- 
related peaks in DRT revealed a shift towards higher frequencies when 
pH2 was lowered. This again is in line with the results obtained in this 
study and presented in Fig. 5A.

Similarly to P1, the diffusion resistance of the anode bulk (P2) 
changed when water vapor was introduced. The mass transport of H2O- 
H2 through Ni/YSZ depends not only on the geometric factors but also 
on the chemical potential and the rates of reactions that occur at active 
sites on the electrode. In this sense, the diffusive part of the impedance 

Table 4 
Results of the CNLS fitting on two extreme conditions of pO2 or pH2 change with 
relative change of each resistance (rounded up to full %).

Parameter/ 
Unit

Value Rs 
(mΩ)

Rpol 
(mΩ)

P1 
(mΩ)

P2 
(mΩ)

P3 
(mΩ)

P4 
(mΩ)

P5 
(mΩ)

pO2 (atm) 0.21 0.53 13.18 6.55 0.89 3.84 0.73 1.17
pO2 (atm) 0.05 0.57 16.15 8.62 1.09 4.52 0.68 1.24
ΔRi (%) 23 32 22 18 − 7 6
pH2 (atm) 1 0.53 13.25 6.66 0.87 3.82 0.67 1.21
pH2 (atm) 0.25 0.52 21.48 14.57 1.54 3.86 0.58 0.93
ΔRi (%) 62 119 77 1 − 13 − 23

Fig. 4. DRT spectra of the single cell with various thickness of the anode with corresponding SEM fractures. Scale bar is 50 μm. The apparent porosities were given in 
the micrographs.
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can be linked to the processes P1 and P4, which have been highly 
influenced by water vapor. On the one hand, the higher the exchange 
rate, the higher the limiting current and the turnover frequency. 
Together, it affects the diffusion rate of the reactants and products [29]. 
It was also stated before that the diffusion constant of the H2O-H2 
mixtures is non-constant and depends on the gas mixing ratio [27]. On 
the other hand, depending on the conditions, above some steam con-
centration, the diffusion becomes highly limited because of more 

sluggish water diffusion rates compared to much smaller hydrogen 
molecules. Furthermore, the Nernst potential is directly bound to the 
diffusion processes (P1). After the sudden drop in low steam concen-
tration, the resistance rises again above pH2O ~ 0.5 (see Fig. S5.). 
Overall, the altogether effects can be observed as nonrestricted depres-
sion of the P4 process when increasing the pH2O, while the peak P2 
revealed regrowth at a higher steam concentration.

Process P5 was minorly dependent on water vapor concentration, as 

Fig. 5. DRT spectra of the single cell under various pH2O on the anode (A) and changing cell temperature under constant pH2O = 0.375 (C) with corresponding 
changes depicted in spider graphs (B,D).

Fig. 6. XPS spectra of the Sr3d, Zr3d, Co2p, and O1s core levels of powdered cell before and after the operation.
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seen in Fig. 5B. It was previously described by Sakai N. et al. [39] that 
the addition of the steam to the surrounding of YSZ was beneficial in 
terms of interfacial ionic conductivity. However, if the water concen-
tration was drastically increased and long-term measurements were 
performed, the conductivity of the electrode was diminished due to the 
blocking effect of water molecules and/or hydroxyl groups followed by 
enhanced degradation. Similar effects were observed in this study. In 
that sense, one can see that the P5 peak is mostly related to the YSZ ionic 
conductivity. The observations made on the influence of steam on the 
placement of DRT peaks follow the work of Kullman F. et al. [40] where 
various scenarios of the fitting of advanced transmission models were 
introduced in GDC-Ni cells.

The summary of various findings on the assignment of the DRT peaks 
is given in Table 5. along with the ascription of the processes in the 
SOFCs obtained in this work.

The description of the origin of the DRT peaks obtained in this study 
is partially consistent with the findings published in different works. The 
main similarity falls within the 1–10 and > 1 k Hz ranges, where many 
other groups assigned those peaks to gas conversion and YSZ ionic 
conductivity, respectively. The rest of the peaks were attributed to 
slightly different processes. For 10–100 Hz peaks, it was found with a 
high dose of confidence that the resistance comes from anode support 
layer diffusion. In contrast, for other authors, there is either less 
agreement on the assignment of the corresponding processes or the as-
sumptions are made for a very broad frequency range. In general, the 
presence of interchanging variables that can affect the resistances of 
either of the electrodes makes separation of contributions an extremely 
challenging task. While it is natural to assign DRT peaks to specific 
electrodes, one should call attention that different electrodes may 
contribute to different peaks at the same time.

3.6. Post-mortem characterization of the single cell

Prior to testing regime, the cell was initially characterized by XRD, 
SEM, and XPS methods. The phase composition before the tests was 
measured and the results are shown in Fig. S6. in Supplementary Ma-
terials along with the SEM image taken from the cross-section of a 
freshly reduced cell. The anode was composed of YSZ and metallic Ni 
grains with a trace of ZrO2 being a common impurity in the YSZ stock 

powder as well as a small amount of NiO, which formed during the 
transportation and storage of the cell under ambient conditions before 
diffractograms were taken. On the cathode side the major peaks were 
attributed to cubic LSC64 (Pm-3m), with the minor peaks of the 8YSZ 
and the CGO coming from underneath the cathode layer.

Collected XPS spectra of Sr3d, Zr3d, Co2p, and O1s from the pristine 
reduced sample were deconvoluted and the results are given in Fig. 6. 
The Zr3d5/2-Zr3d3/2 doublet was located at 182.1 and 184.5 eV, 
respectively. Based on that it was proved that all the zirconium 
remained in the Zr4+ state in the form of reduction resistant 8YSZ ionic 
component of the cermet material [41,42]. The measurement gave rise 
to the peaks attributed to the cathode material LSC64 in the form of two 
Sr3d doublets located at 132.1–133.7 and 133.7–135.2 eV, respectively. 
In general, those were attributed to the coexistence of Sr ions embedded 
within the perovskite lattice of the perovskite (lower energy) and the 
surficial species mainly involving the thin layer of terminal SrO and 
SrCO3 (at higher binding energy). This is in line with the general 
behavior of the (La,Sr)CoO3 compound, as it tends to create the segre-
gations of the Sr oxides on the surface. The segregated Sr ions upon 
contact with ambient air form the carbonate. It is a generally known 
behavior and it is not considered a cause of lowering performance based 
on the study of Pagliari M. et al. [43]. The O1s peaks found at 529.9 and 
531.8 eV have implied an equal share of surface and lattice oxygen in the 
freshly reduced sample [44,45]. Despite that, one must remember that 
the O1s signal is a superposition of many coming from both the cathode 
and anode side, as well as carbon tape used for mounting. The Co2p core 
level spectrum was decomposed into two major doublets corresponding 
to Co2+ and Co3+ states with the Co2p3/2 peaks located at 779.9 and 
781.9 eV, respectively [46–48]. A much higher share of the Co3+ state of 
cobalt ions increased the overall valence state of the metal to ~2.9 
(based on the peak integrated area). A higher Co3+/Co2+ ratio promotes 
the charge transfer reactions and is generally considered a positive 
aspect of the electrode material [49,50]. On the other hand, the high 
valence of the transition metal at the B site of the perovskite can be 
considered as a major mechanism of charge compensation and reduces 
the concentration of oxygen vacancies that provides efficient ionic 
conductivity [51,52]. It is one of the reasons for the utilization of LSCF 
or LSCF-CGO composites in the most recent cells.

After 1700 h, the cell was cooled and subjected to a similar 

Table 5 
Attribution of DRT peaks to the processes obtained in this study and by different authors under varying working conditions.

Frequency (Hz) Ref.

0.2–20 10–100 20–2000 1-10 k 50 k [5]
Cathode gas diffusion 

and anode gas 
diffusion

Cathode and anode 
electrochemical reactions 
(charge transfer) and anode gas 
diffusion

Cathode and anode 
electrochemical reactions 
(charge transfer)

Ion transport in anode Ion transport in cathode

0.1–1 1–1000 1–1000 100–1000 1-10 k [11]
Gas diffusion in the air 

electrode structure
Oxygen surface exchange kinetics 
and O2− diffusivity in the bulk of 
the air electrode

Gas diffusion in the fuel 
electrode substrate

Gas diffusion coupled with charge transfer reaction and ionic transport 
(fuel electrode functional layer)

0.1–20 2–200 20–1000 0.1–10 k 10-100 k [26]
Gas diffusion process at 

the anode substrate
Oxygen surface exchange and 
diffusion processes at the cathode

Steam production process at 
the anode

Charge transfer and ionic 
conduction processes at the 
anode

Ionic conduction process at the 
interface between the electrolyte and 
the mixed ionic-electronic conductor 
(MIEC) of the cathode

<1 1–10 10–100 100–500 500-100 k [16]
Conversion diffusion at 

low pO2 transport in 
reforming mixture

Gas conversion Fuel electrode diffusion/ 
oxygen electrode reaction +
solid state diffusion

Secondary peaks (fuel and 
oxygen electrode transport)

Fuel electrode charge transfer

0.1–1 ~1 1–10 100–1000 >1 k [28]
N/A Gas conversion Inhibited gas diffusion within 

the Ni/YSZ anode substrate
Activation polarization at 
the cathode

Gas diffusion coupled with charge 
transfer reactions at TPB and ionic 
transport in the anode functional layer

<1 1–10 10–100 100–1000 >1 k This 
work(in stacks) gas transfer 

resistance in the 
interconnect

Gas conversion Diffusion of the gas in the 
anode bulk

Mass transport across AFL/ 
cathode and charge transfer 
reactions at the anode

YSZ (3− 10k) and LSC (~40 k) ionic 
conduction
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characterization scheme as before the testing. The results are also pre-
sented in Fig. 6 (right). Excluding the almost unaffected Zr3d spectrum, 
clear evidence of chemical changes was observed. In the case of O1s core 
level, an increase in the share of surface oxygen was noticed. This can be 
to some extent connected to the increase in the amount of formed sur-
ficial SrO and CoxOy. It is proved by a slight increase in the concentra-
tion of surficial Sr as seen in the Sr3d deconvoluted spectrum after the 
test. Furthermore, a noticeable change in the Co2+/Co3+ ratio is visible. 
As shown in Fig. S7., XRD studies on the spent cell revealed the for-
mation of a Co3O4-like phase in the air electrode layer. This is a fairly 
common behavior of LSC64 [53] and, in general, it may stabilize the 
structure and can be beneficial to the catalytic activity of the compound 
[54]. In general, an increase in the relative concentration of Co2+

(781.9–797.1 eV) in the Co2p core level spectrum is obvious. No obvious 
shift in doublet placement was observed, although a slight broadening of 
the doublets is visible. It was calculated, that the average oxidation state 
of Co cations decreased from ~2.9 to ~2.6 what is quite a common 
behavior of the LSC perovskite and may cause a decrease in the number 
of oxygen vacancies [55]. Despite that, chemical changes in LSC64 can 
hardly be considered a cause of performance drop. In summary, XPS 
studies indicated chemical changes in the composition of the cell at the 
material level.

During long-term exposure, the cell underwent a slight change in the 
distribution of the peaks of the electrochemical processes according to 
the DRT spectra taken after conditioning and at the terminal point 
visible in Fig. 7. All processes besides the gas conversion (P1) were 
slightly affected during the testing time. Due to the reorganization of the 
Ni grains, the diffusion-related peak (P2) decreased and shifted towards 
higher frequencies, indicating easier transport of the mass across the 
anode. The development of the porosity can also be seen in Fig. 7. as an 

elemental map of the Ni–Zr distribution. The complementary SEM 
image of the dismounted cell is shown in Fig. S7. in Supplementary 
Materials. It is visible that Ni grains increase in size, and the previously 
finer structure becomes coarser with a higher share of open porosity. 
The influence of Ni-YSZ coarsening on conductivity and microstructural 
changes was previously studied by our group [56]. The cermet was 
prepared via a novel soft-hard templating method, and inhibition of the 
conductivity loss was obtained as a result of the nanostructuring. Despite 
enhancing mass transport, the agglomeration of Ni in the lattice leads to 
the formation of isolated metallic islands, which decreases the length of 
the triple phase boundary (TPB) and breaks the conduction paths. A 
similar conclusion can be drawn looking at the measurements of the 
specific surface area (SSA) via the N2 sorption technique (BET isotherm). 
The freshly reduced and spent cells had the SSA value of 1.96 ± 0.11 
m2⋅g− 1 and 2.36 ± 0.12 m2⋅g− 1, respectively, with the majority of active 
surface coming from the macroporosity of the anode base layer. The 
increase in total pore volume was also observed from 5.24 to 6.74 ×
10− 3 cc⋅g− 1, indicating the coarsening of the structure that enhances the 
diffusion of gases through the cermet [57]. Despite the overlap of the P3 
and P4 peaks, it seems that the P4 peak corresponding to the charge 
transfer reactions decreased and shifted towards lower frequencies. It is 
in line with the change in the density of the active sites for the reactions 
while the Ni lattice reorganization progresses.

As seen in the elemental maps in Fig. 7., minor segregation of CoxOy 
species occurred within the cathode material, but the influence on 
degradation is rather negligible at that state [44]. However, the exis-
tence of Co-enriched grains implied the diffusion of Sr ions across the 
electrode [58]. On the Sr distribution map, it is clearly visible that Sr 
diffused through the cathode towards the YSZ/GDC interface forming 
the secondary phase, which was confirmed by XRD studies on the spent 

Fig. 7. DRT spectra of conditioned and spent cell with EDX distribution maps of selected elements.
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cell. The diffractogram revealed a minor formation of poorly conducting 
SrZrO3 (Fig. S7.). This is a fairly common behavior that was previously 
reported for LSC-based cathodes. The formation of SrZrO3 is strongly 
influenced by the quality of the GDC grains that form the barrier layer, 
as described by Chou et al. [59]. Based on their work, the porous 
structure of the ceria layer in the tested cell led to an enhanced inter-
diffusion and the formation of the Sr-Zr-O phase, which caused retention 
of the conduction paths for oxygen ions and an increase in the ohmic 
resistance. Although SrO termination may not deteriorate the perfor-
mance of the cathode [60], the formation of SrZrO3 led to an overall 
increase in the Rs value and a shift of the peak of the P5 process towards 
lower frequencies. Despite that, the amount was rather low and appar-
ently did not strongly influence the efficiency of the cell during the test 
time. Cell degradation caused by the decrease in the number of perco-
lating Ni grains and the formation of SrZrO3-like insulating phases was 
compensated by a strong decrease in the polarization resistance. 
Therefore, the overall performance of the cell improved during the 
testing time. It can be stated that the DRT methodology helps to un-
derstand the possible sources of the degradation prior to materials 
postmortem characterization. In summary, the cell followed the most 
common regime of material deterioration, which was the coarsening of 
the anode and the formation of SrZrO3 on the electrolyte. These issues 
should be addressed when improving the design of the next generation 
of cells.

3.7. Performance of the selected cells in the stack

The previous findings achieved using the measurements of the single 
cell gave rise to valuable conclusions regarding the overpotentials of the 
electrochemical processes, but the aim of this study was to find a tool to 
characterize the performance of the stack in a cell-by-cell manner. The 
assignment of the peaks to the corresponding processes and finding real 
causes of the changes in the DRT spectra based on single-cell measure-
ments allowed one to find the ‘fingerprint’ of the cells. Based on that, it 
was possible to measure the individual cells in the stack one by one, 
determine their actual performance, and identify issues that lead to the 
deterioration of stack efficiency. To validate this approach, a series of 
data was collected for the 15-cell operating stack with respect to cells 
No. 5 and No. 8 being placed closer to the bottom of the stack and in the 
middle, respectively. EIS spectra were collected after stabilization of 
stack performance (T1) and after around two weeks of undisturbed work 
(T2). The results of the DRT analysis with the corresponding EIS spectra 
are presented in Fig. 8A-B. To better compare both the Nyquist and DRT 
spectra, the frequency scale in the DRT plot was reversed. Furthermore, 
a comparative graph of the results of the single cell and stack (at T2 
point) is included in Fig. 8C.

It is clearly visible that the distribution of the peaks obtained from 
the stack follows the one described for the single cell. The peak summit 
frequencies are in line with previous findings. Two major differences 
were identified for stack spectra. A new peak appeared at ~10− 1 Hz, one 
order of magnitude lower in frequency than the gas conversion P1 peak 
(Fig. 8C.). Due to the existence of interconnect plates and the lower rate 
of air feed to the stack compared to the single cell, the appearing peak 
could be related to the cathode side interconnector channels diffusion 
resistance. In the case of single-cell measurements, the mass transport 
processes of the air to the cathode layer do not bring any visible 
contribution to the overall polarization resistance, because of the 
simplified geometry of the measuring housing and direct feeding of the 
air at high rates. This low frequency peak will be further studied and 
described in our upcoming papers. Other than that, the DRT spectra of 
the cells from two different places in the stack are of similar distribution. 
Comparing the spectra from Fig. 8A-B. one can see that the cells differ 
slightly, especially regarding the P2 diffusive process. The higher 
depression of the P2 peak in Cell No.8 came from the fact that the cell 
was placed in the middle part of the stack. Due to the generation of heat 
in SOFC mode and its worse dissipation in the middle part of the stack, 

Cell No. 8 is held at slightly higher temperature than the rest of the cells. 
Therefore, it is visible that even a minor increase in the operating 
temperature had an influence on the reorganization of the Ni-YSZ 
microstructure. In that sense, it is predicted that Ni agglomeration and 
opening porosity in Cell No. 8 were much stronger than for another cell 
tested, due to thermally activated diffusion of the Ni species within the 
Ni-YSZ electrode. In both cases, the change in Nyquist plots was visible, 
due to the increase in the series resistance caused by either coarsening of 
the microstructure and loss of conductivity or the formation of the 
SrZrO3 phase, which was also found after the tests using the single cell. 
The higher drop in the performance of Cell No. 8 is also visible in the 

Fig. 8. DRT spectra of the cells No. 5 and No. 8 at two different time points (A- 
B) and (C) comparison of the single cell results and stack-derived data.
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voltage data collected during the long-term operation presented in 
Fig. S8. in Supplementary Materials.

The results clearly indicated the possibilities for the use of EIS 
spectra for the description of the actual state of the single cells in the 
stack. After the construction of the database with the ‘fingerprints’ of 
various types of single cells, it could be possible to further develop an 
automatic tool for in situ monitoring of the performance of the stack. 
Using AI and more complex algorithms, it is more than possible to create 
a system for control of the actual parameters, recognition of perfor-
mance problems, and automatic mitigation of stack degradation.

4. Conclusions

To better understand the processes occurring inside the SOCs, a se-
ries of measurements was performed using a large-scale single cell to 
further introduce the findings into stack characterization. This approach 
was chosen to omit laborious work when trying to perform a similar 
analysis using actual cells included in the operating stack. The cells were 
examined by means of EIS and analyzed using DRT-ADIS methodologies. 
The major improvement was the shift to real-life cells, which pointed out 
the differences in the common concepts of electrochemical character-
ization compared to the baseline scenarios mainly involving button cells 
and idealized conditions of measurements that may lead to over-
simplified conclusions. This study provides a nuanced understanding of 
SOC behavior that goes beyond what many reports on button cells have 
to offer.

In general, single cell tests revealed the existence of five major peaks 
in the DRT spectra. Additionally, the sixth process was determined to be 
related to the ionic transport on the cathode side, but because of the high 
inductance of the housing, it was removed from further fitting to exclude 
possible errors. The rest of the processes were ascribed to the corre-
sponding electrochemical or mass transfer processes in SOC based on 
differences in the DRT spectra when specific working conditions were 
altered. Based on the DRT analysis, it was possible to deconvolute and 
quantify the resistance resulting from the specific processes that 
contribute to the overall polarization losses in the cell.

The single cell was subjected to 1700 h of operation and based on 
postmortem analysis it was possible to determine the main issues when 
it comes to degradation. The most relevant processes were the micro-
structure coarsening in the anode via Ni agglomeration and the diffusion 
of Sr and Co cations towards the electrolyte and within the electrode 
layer. Similar observations were made when using the ‘electrochemical 
fingerprint’ of a single cell in stack tests. A clear indication of the dif-
ferences in the degradation mechanisms was provided based on the DRT 
spectra of two various cells at two distinct places in the stack. As a result 
of the thermal gradients and hotspots, inner cells suffer more from 
microstructure reorganization as well as electrolyte poisoning.

The results of this study help to understand and minimize the 
degradation of SOC stacks, thus promoting this technology for efficient 
and cost-effective hydrogen applications. To do so, the future study will 
involve standardization of the characterization methodology of large- 
scale cells using various cells widely used for stack construction to 
further confirm the viability of the approach and build the foundation 
for the database of ‘electrochemical fingerprints’. More effort will be 
made to bring the measurement conditions closer to the actual working 
environment of the cells regarding the higher steam content and influ-
ence of the interconnect plates. This will underscore the importance of 
evolving methodologies to better capture the complexities of electro-
chemical systems.

This approach could be a promising prelude to the development of 
the autonomous tool for in situ control of the actual state of stack cells 
connected to possible degradation mitigation response systems during 
long-term test runs, as well as quality control algorithms determining 
the influence of novel materials used in the cells on overall performance 
change.
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