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A B S T R A C T   

The challenges of high degradation rate and significant carbon deposition, which are common with Ni-YSZ 
electrodes, have shifted attention to other electrode materials with enhanced performance in SOECs using 
carbon-containing fuels. In this study, the performance and electrochemical behavior of the Ni-GDC fuel elec
trode under CO2 electrolysis were investigated. The study was performed over a range of operating conditions, 
varying the operating temperature, the CO2 content of the fuel gas as well as the oxygen partial pressures in the 
oxygen electrode gas. Long-term stability test was performed up to 1070 h at 900 ◦C and a current density of −
0.5 A‧cm− 2. The electrochemical impedance spectra obtained from the various measurement were evaluated with 
DRT as well as an equivalent circuit model consisting of 4 time-constant; (LR-RQ1-RQ2-RQ3-Ws). The low fre
quency Warburg (short) element (Ws) was attributed to gas diffusion and surface processes at the fuel electrode, 
the mid frequency processes of RQ2 and RQ3 are assigned to the combined contribution of fuel and oxygen 
electrode. The high frequency RQ1 was assigned to the charge transfer process at the oxygen electrode. A low 
degradation rate of 31 mV‧Kh− 1 was observed during the long-term stability test. Furthermore, analysis of the 
degradation rate illustrates that significant contributions to the degradation were from the mid and high fre
quency processes, in addition to ohmic resistance. SEM analysis of the measured cell shows agglomeration of Ni 
particles, increase in electrode porosity as well as Ni migration away from the electrode/electrolyte interface.   

1. Introduction 

Climate change has emerged as one of the most pressing issues in 
politics and society as a whole. The emission of greenhouse gases, mostly 
CO2, has reached its highest level in human history and is a significant 
contributor to global warming [1,2]. A significant fraction of these 
emissions originate from the chemical industries which either depend 
directly on or utilize products from fossil fuels [3]. Moreover, demand 
for petrochemical products by the chemical industries is expected to 
increase in the coming years. However, some of these chemical in
termediates can be produced by utilizing CO gas. For example, the hy
drolysis of methyl formate to produce formic acid and the catalytic 
carbonylation of methanol to produce acetic acid are some of the vital 
chemical processes that utilize CO as a building block [4]. As a result, 
rather than using fossil fuels in these processes, green technologies such 
as solid oxide electrolysis cells (SOECs) could be utilized to produce CO 
through CO2 electrolysis. CO2 gases from different industrial outputs 

could be electrochemically reduced to CO thereby reducing the overall 
industrial carbon emission [5,6]. 

Different competing green technologies are currently being investi
gated for CO production. Among the electrochemical CO2 reduction 
possibilities, three technologies easily stand out; low temperature elec
trolysis, molten carbonate electrolysis and the SOECs. Of the three 
technologies, the SOEC is the most advanced technology for CO2 elec
trolysis with years of operational hours [4]. In low temperature elec
trolysis, achieving high selectivity towards CO production is a 
non-trivial issue. Consequently, scarce catalysts such as IrO2 and noble 
cathodes (Au and Ag) must be utilized. On the other hand, in molten 
carbonate electrochemical cell, the rapid corrosion of the electrolysis 
cell container remains a major challenge [4,7,8]. The SOEC technology, 
however, presents higher performance efficiencies at an industrially 
relevant scale. Therefore, with respect to the different indices of com
parison such as the operating efficiency, faradaic efficiency, cell voltage, 
and area-specific resistance, the SOEC outperforms the molten 
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carbonate and the low temperature electrolysis modes [4,7,8]. 
Despite the high efficiencies in SOECs, significant degradation, 

especially on the fuel electrode, has been observed. For example, 
considering the state-of-the-art Ni-YSZ fuel electrode materials, signifi
cant electrode degradation due to Ni migration and agglomeration has 
been reported [9–13]. Furthermore, noticeable degradation due to car
bon deposition is observed when carbon-containing fuels are utilized 
[14–16]. Vanesa et al. [14] have investigated the formation of carbon on 
a Ni-YSZ electrode operating in fuel cell mode with a fuel mixture of 
75% CO and 25% H2 at 1073 K. They reported a pronounced carbon 
deposition on the Ni-YSZ electrode, resulting in an increase in polari
zation resistance, decrease in porosity and deactivation of the electro
chemical activity. Similarly, He et al. [15] have investigated the extent 
of carbon formation on a Ni-YSZ pellet after four hours of exposure to 
humidified methane fuel gas at a temperature range of 773–1073 K. 
They observed extensive carbon formation on the Ni-YSZ pellet. The 
deposited carbon was observed to dissolve into the bulk of the Ni par
ticles leading to significant expansion of the Ni-YSZ pellet. Such 
expansion could lead to delamination and deactivation of the electrode 
in single cells. Yuefeng et al. [17] demonstrated that the Ni-YSZ fuel 
electrode is deactivated in pure CO2 electrolysis at 0.9 V and 700 ◦C. 
However, a better stable performance was observed at higher operating 
voltage of 1.3 V. 

These issues, i.e carbon deposition and electrode deactivation, could 
be minimized or even resolved by using electrode materials that have 
mixed ionic and electronic conducting (MIEC) properties as well as 
suppress carbon deposition. The MIEC properties ensure that the elec
trochemical reactions extend beyond the three-phase boundary. There
fore, for these reasons, attention has shifted to ceria containing 
electrodes [7,15,18]. Under a reducing atmosphere, doped ceria oxide 
has MIEC properties, exhibiting a mixed-valence of Ce3+ and Ce4+. As a 
consequence, the electrochemical reaction zone is extended from the 
three-phase boundary to the entire electrode surface. Furthermore, the 
electronic conductivity of ceria can partially compensate for Ni 
agglomeration and depletion thereby reducing the effect on perfor
mance [7]. With regards to carbon deposition, numerous works in 
literature have shown that the mixing of fuel electrode cermet with ceria 
reduces the amount of carbon deposition on the electrode [15,18–20]. 
For instance, He et al. [15] compared the amount of carbon deposition 
on Ni-YSZ pellet, with and without a ceria catalyst and observed less 
carbon on the pellet with a ceria catalyst than without a ceria catalyst. In 
general, the presence of localized electrons and oxygen vacancies in 
ceria electrodes has been observed to play a non-trivial role in pre
venting carbon deposition during CO2 reduction [7,18–20]. In line with 
this, complete replacement of the YSZ oxide phase (in Ni-YSZ) with the 
GDC oxide phase (Ni-GDC) is being pursued. 

In this work, the high temperature CO2 electrolysis on solid oxide 
cells (SOC) consisting of a Ni-GDC fuel electrode is examined in detail. 
The electrochemical activity of the electrode is investigated by using 
electrochemical impedance spectroscopy (EIS) at different operating 
conditions. Impedance measurements were obtained at different com
positions of CO2 and CO, as well as at different temperatures 
(750–900 ◦C). Furthermore, a long-term stability test was performed to 
study the performance and durability of the electrode during operation. 
Finally, post-test analysis was carried out in order to understand the 
degradation behavior. 

2. Experimental and methods 

2.1. Preparation of the cells and electrodes 

For the electrochemical measurements, electrolyte-supported single 
cells were fabricated. The fuel electrode is made of commercial NiO- 
Ce0.9Gd0.1O0.95 (GDC) powder from Marion Technologies (NiO: GDC, 
65:35 wt ratio), while the LSCF (La0.58Sr0.4Co0.2Fe0.8O3-δ) oxygen elec
trode powder was self-synthesized using a modified Pecheni method 

[21]. To prepare the electrode paste, NiO-GDC powder was mixed in a 
binder solution comprising 6 wt% ethyl cellulose (binder) dissolved in 
α-terpineol (dispersant). The slurry was then mixed using a planetary 
vacuum mixer (THINKY Mixer ARV-310) and subsequently homoge
nized for about 30 min by roll milling. A similar procedure was used to 
create the LSCF oxygen electrode slurry. Dense 8YSZ electrolyte sup
ports from Kerafol® (d=20 mm, thickness 250 µm) were used to create 
the button cells. A thin layer (4–5 µm) of GDC was screen printed (EKRA 
screen printing Technologies) on one side of 8YSZ substrates and sin
tered at 1350 ◦C for 1 h under air to form a barrier layer for the oxygen 
electrode. After that, the fuel electrodes (15–18 µm) were screen printed 
on the opposite side of the electrolyte. Five different sintering temper
atures were considered: 1150, 1200, 1250, 1300, and 1350 ◦C for 2 h at 
a heating rate of 2 ◦C‧min− 1. Based on the polarization resistance, 
1200 ◦C for 2 h was chosen as an optimized sintering condition. The 
LSCF layer was screen printed on the GDC barrier layer side and sub
sequently sintered at 1080 ◦C for 3 h. Finally, a NiO layer screen printed 
on the fuel electrode side was used as a current collector. The single-cell 
configuration before reduction is represented by 
NiO-GDC/8YSZ/GDC/LSCF. Following the same procedure, NiO-YSZ 
electrode was also fabricated and sintered at 1350 ◦C for 4 h, which is 
the optimized sintering condition for this electrode. 

2.2. Electrochemical measurement set-up and procedures 

For the electrochemical measurement, a two-electrode (four-wire) 
NorEcs Probostat™ set-up was used in the characterization of the single 
cells [22]. The cell was heated up to 900 ◦C (with 1 ◦C‧min− 1), after 
which the nickel oxide cermet (NiO-GDC) was gradually reduced to 
nickel (Ni-GDC) as described by Foit et al. [23]. Following the reduction, 
IviumStat (Ivium Technologies) potentiostat/galvanostat devices were 
used to acquire the impedance spectra as well as the current 
density-voltage characteristics. The frequency range during the imped
ance measurement was varied from 110 kHz to 0.11 Hz with an AC 
amplitude of 50 mV and 21 frequencies per decade. Similarly, the cur
rent density-voltage (I-V) characteristics were obtained as previously 
described [23]. The quality of the impedance spectra was analyzed and 
validated through the Kramers Kronig transformation test [24]. 
Impedance measurements were taken at OCV under various temperature 
ranges (750–900 ◦C) and CO2 partial pressures. Long-term stability tests 
of the button cells were carried out at 900 ◦C with a current density of −
0.5 A‧cm2 for 1070 h. Impedance spectra were analyzed with both the 
complex non-linear least-square (NLLS) method as well as the distribu
tion of relaxation times (DRT) transformation. A commercially available 
NLLS-fit program (RelaxIS® software, RHD-Instruments) was utilized in 
the fitting procedure and the DRT transformations. 

2.3. Post-test analysis 

The morphology of the cells was examined with Quanta FEG 650 
(FEI©) scanning electron microscope. 

3. Results and discussion 

3.1. Sintering temperature optimization (SEM and impedance) 

Single cells of NiO-GDC were fabricated and analyzed based on their 
sintering temperature. Five different sintering temperatures were 
considered; 1150, 1200, 1250, 1300 and 1350 ◦C for 2 h. However, a 
tape test was performed on the electrodes showed that the electrodes 
sintered at 1150 ◦C showed poor adhesion to the electrolyte, hence it 
was not considered for the rest of the measurement. Fig. 1a-d shows the 
SEM images of the cell before the reduction process. The SEM images 
clearly show an increase in particle agglomeration with the increase in 
sintering temperature. The cell sintered at 1350 ◦C exhibits the most 
pronounced particle agglomeration while the 1200 ◦C sintered cell 
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shows the least particle growth. Fig. 1e shows the impedance spectra of 
the cells obtained at 900 ◦C under OCV conditions. A decrease in po
larization resistance (Rp) with decreasing sintering temperature is 
observed and the lowest Rp is observed for the cell sintered at 1200 ◦C. 
The result agrees with the microstructural observation from the SEM. An 
increase in particle agglomeration observed at higher sintering tem
peratures results in a decrease in the electrode surface area and thus, a 
decrease in the electrochemical reaction zone. Consequently, an in
crease in Rp is observed with increased particle agglomeration [25]. 
Optimized cells, sintered at 1200 ◦C were further used for the electro
chemical characterization and the long-term degradation test. 

3.2. Electrochemical characterization 

3.2.1. Cell performance 
To characterize the cell performance, I-V characteristics as well as 

impedance measurements were compared to those of conventional Ni- 
YSZ cells. Fig. 2a compares the I-V characteristics of electrolyte- 
supported single cells containing Ni-GDC and Ni-YSZ fuel electrodes, 
respectively. Both single cells were prepared using 8YSZ electrolyte 
support with an LSCF oxygen electrode and measured in the same test 
rig. It can be seen that the Ni-GDC electrode containing single cell ex
hibits a higher current density of − 1.16 A cm− 2 compared to the Ni-YSZ 
cell (− 0.63 A cm− 2) at 1.5 V and 900 ◦C. Fig. 2b shows the Nyquist plots 
obtained from the Ni-GDC cell in comparison to that of the Ni-YSZ cell. 
For the Ni-GDC cell, a lower Rp value of 0.23 Ω.cm2 is observed 
compared to the 0.44 Ω.cm2 observed for the Ni-YSZ cell at 900 ◦C. The 
higher performance of the Ni-GDC could be attributed to the enhanced 
electrochemical properties of the GDC as a result of the MIEC property 
[26–29]. 

Further I-V measurements were obtained for the Ni-GDC cell under 
varying operating temperatures. Fig. 2c shows the I-V characteristics of 
the cell as a function of operating temperature (750–900 ◦C). The cur
rent density increases with an increase in temperature. Such a trend is 
expected due to the enhancement of electrochemical kinetics at higher 

operating temperatures. A maximum current density of − 1.16 A cm− 2 

is observed at 1.5 V and 900 ◦C. The continuity of the I-V curves across 
the OCV indicates that the Ni-GDC fuel electrodes can function as 
reversible SOCs [13]. In most of the cell measurements, the observed 
open circuit voltage was within 10 mV of the theoretical open circuit 
voltage according to the Nernst equation, which indicates sufficient cell 
sealing. 

3.2.2. Electrochemical process identification 

3.2.2.1. Measurement at different temperatures. To investigate thermally 
activated processes, impedance spectra were obtained and analyzed at 
different temperatures from 750◦ to 900◦C in both OCV conditions as 
well as under polarization. Fig. 3a illustrates the Nyquist plots as a 
function of temperature at OCV. Two distinct arcs are easily identified in 
the impedance spectra; a low and a high frequency arc. While the low 

Fig. 1. SEM images of the Ni-GDC electrode layers on 8YSZ substrates sintered 
at a) 1200 ◦C, b) 1250 ◦C, c) 1300 ◦C, d) 1350 ◦C, and e) the impedance spectra 
of the corresponding single cells comprising Ni-GDC fuel electrode at OCV. 

Fig. 2. (a) Comparison of current-voltage characteristics between Ni-GDC and 
Ni-YSZ electrode containing single cells, (b) Nyquist plots, and (c) I-V charac
teristics of Ni-GDC cell as a function of temperature with 80% CO2 and 20% CO 
feed gas mixture. 

I.D. Unachukwu et al.                                                                                                                                                                                                                          



Journal of CO2 Utilization 69 (2023) 102423

4

frequency arc is relatively unchanged with temperature variation, the 
high frequency arc shows a pronounced increase in magnitude with the 
decrease in temperature. This suggests that the high frequency electro
chemical processes are thermally activated processes. Similar trend was 
also recorded under polarization (as shown in supplementary Fig. S1). In 
general, the decrease in temperature, from 900◦ to 750◦C, caused an 
increase in the real and imaginary contributions in the Nyquist diagram 
of the impedance spectra. Such an increase is attributed to the reduction 
of ionic conductivity and electrochemical reaction kinetics in the elec
trodes with decreased temperature. The ohmic resistance (Rs) of the cell 
is determined from the intercept with the real axis at the high frequency 
in the Nyquist plot. Consequently, the activation enthalpy of the ohmic 
resistance is calculated from the slope of the Arrhenius equation as 
represented in Eq. (1) and illustrated in Fig. 3b. The determined value of 
61 kJ/mol is consistent with the values of ionic conductivity of the 8YSZ 
electrolyte [30]. 

lnR = − lnσ0 +
EA

RgT
(1) 

The impedance spectra were analyzed with both the DRT trans
formation and the NLLS method. Fig. 4a shows the DRT representation 
of the impedance spectra as a function of temperature. Five peaks (P1, 
P2, P3, P4 and P4a) are observed in the DRT plot within the measured 
frequency range of 0.11 Hz to 110 kHz. The impedance spectra, how
ever, were modeled with an equivalent circuit consisting of four time 
constants in series to a resistor and an inductor (LR-RQ-RQ2-RQ3-Ws) as 
shown in Fig. 4b. Furthermore, a comparison was made between the 
simulation of the fit and measured data. The comparison shows good 
agreement between the DRT of the proposed ECM and the DRT of the 
measured data (Supplementary Fig. S3). Also, the error plot showed 
non-systematic distribution around the frequency axis, which indicates 
that the proposed ECM can effectively reproduce the obtained imped
ance data across the measured frequency range (Supplementary Fig. S3). 

The time constants RQ1, RQ2 and RQ3 correspond to the processes 

P1, P2 and P3 on the DRT plot respectively. While the P4 peak corre
sponds to the infinite length Warburg short element (Ws) with the P4a 
peak interpreted as the satellite peak of the Ws [31,32]. The DRT reveals 
a significant dependence of the high/mid frequency peaks on tempera
ture variation. P1, P2 and P3 exhibit an increase in magnitude with the 
decrease in temperature. On the other hand, P4 is almost independent of 
temperature variation. The measurements indicate that the mid fre
quency process (P3) dominates the electrode process at the lower tem
perature of 750 ◦C. 

The absolute values of the resistances were obtained from the NLLS 
fitting of the impedance spectra with the equivalent circuit model 
depicted in Fig. 4b. Fig. 4c illustrates the Arrhenius plot of the deter
mined resistances. The resistances R1, R2 and R3 corresponding to 
processes P1, P2 and P3 respectively, exhibit a significant increase with 
a decrease in operating temperature, while Ws is relatively unchanged 
with the decrease in temperature. The trend shows good agreement with 
the observed DRT plot. R1 and R3 exhibit high activation energies of 
109 ± 10 kJ mol− 1 and 99 ± 2 kJ mol− 1, respectively, while R2 shows 
an activation energy of 77 ± 10 kJ mol− 1. 

Considering the electrochemical processes occurring in the elec
trode, different electrode reaction steps exhibit different temperature 
dependencies and these dependencies may identify the possible elec
trode process. For instance, gas diffusion processes exhibit an almost 

Fig. 3. a) Variation of impedance spectra with temperature, and (b)Arrhenius 
plot of the ohmic (Rs) and polarization resistance (Rp) for the single cell con
taining Ni-GDC fuel electrode at OCV. 

Fig. 4. a) DRT plot of the impedances as a function of temperature, (b) 
equivalent circuit model used in impedance fitting, and (c) Arrhenius plot of the 
resistances as a function of temperature. 

I.D. Unachukwu et al.                                                                                                                                                                                                                          



Journal of CO2 Utilization 69 (2023) 102423

5

independent temperature dependency while charge transfer processes 
and processes from the transfer of ionic species show strong temperature 
dependency and high activation energies [33–36]. 

3.2.2.2. Effect of fuel gas compositions. Measurements under different 
compositions of the CO2 fuel gas were performed to further investigate 
the fuel electrode processes. The CO2/CO ratio was systematically 
changed from 90/10–50/50. The impedance spectra as well as current- 
voltage characteristics were obtained as a function of CO2/CO ratio.  
Fig. 5a illustrates the Nyquist plots obtained from the variation of CO2 
content at OCV. An increase in the amount of CO2 in the fuel gas led to 
an increase in Rp. The mid and low frequency arcs exhibit a more pro
nounced dependence, increasing in magnitude with increasing CO2 
content. This observation is contrary to what is expected when fuel gas is 
increased. In fact, in CO2 electrolysis mode at OCV conditions, there is 
lower electrochemical activity towards CO2 reduction than CO oxida
tion, hence an increase in Rp is observed with increasing CO2 content. 
Such observation could be attributed to preferential adsorption or 
higher activation energy of CO2 desorption on the active catalyst sites of 
the oxide phase and Ni metal [23,37]. This result is in agreement with a 
similar experiment by Foit et al. [23] on CO2 electrolysis in Ni-YSZ. They 
observed that the increase in CO2 content in the fuel gas composition led 

to an increase in ASR at OCV conditions. However, at higher current 
densities, increasing the CO2 gas compositions resulted in a decrease in 
ASR. They opined that at higher current densities, mass transport limi
tation dominates the overall reaction rate. Hence, decreasing the CO2 
content resulted in a lesser amount of fuel gas for reaction leading to a 
decrease in the electrochemical reaction. 

The corresponding DRT plots of the impedance spectra are repre
sented in Fig. 5b. Similar to the trend in the Nyquist plot, the low/mid 
frequency P4 and P3 peaks exhibit pronounced dependence on CO2 
variation while P1 and P2 peaks are relatively constant. This suggests 
that the underlying contributing processes of P4 and P3 peaks are most 
likely fuel electrode processes while P1 and P2 could be oxygen elec
trode contributions. Furthermore, the P4 and P3 peaks are observed to 
exhibit the highest contribution to the electrochemical impedance. 
Fig. 5c illustrates the obtained resistance from the fitting of the 
impedance spectra using the equivalent circuit model. The trend is in 
agreement with the observation in the DRT plot, wherein Ws and R3 
resistances show a significant increase with an increase in CO2 content. 
The significant CO2 content dependence of the low frequency P4 peak as 
well as the observed independent temperature behavior indicates that 
this process is most likely a diffusion process [34,35,38]. However, the 
GDC cermets have been reported to show a low-frequency peak resulting 
from the chemical capacitance caused by the variation in the oxygen 
nonstoichiometry of the GDC electrode [38,39]. Therefore, the low 
frequency P4 peak is attributed mostly to a gas diffusion process and 
possible contribution from the oxygen nonstoichiometry of the GDC 
electrode. 

Considering the frequency regime of the P3 process, reactions at the 
electrode/electrolyte interface can be ruled out since these processes 
typically exhibit high relaxation frequencies [33,40–42]. With a fre
quency range between 40 Hz and 250 Hz, this suggests a process to
wards the electrode sub-surface. Such mid frequency process could be 
attributed to gas-solid interaction such as adsorption, dissociation and 
desorption of the gas species [38]. Several authors [7,18,19] have 
attempted to suggest possible elementary mechanisms of CO2 reduction 
on ceria containing cermets. Chueh et al. [18] investigated the surface 
electrochemistry of CO2 reduction and CO oxidation on a ceria cermet. 
They opined that the electrochemical reduction of CO2 to CO occurs via 
two single-electron transfer steps, with carbonate ((CO3)2-) formation as 
an intermediate process. The formed carbonate further absorbs and 
saturates the electrode surfaces thereby reducing the overall kinetics of 
CO2 reduction. In general, the carbonate adsorption process is regarded 
as a major rate-determining step in CO2 reduction [7,18,19]. Therefore, 
following the variation of temperature and CO2 content, the P3 process 
has shown to exhibit the highest resistance and hence the 
rate-determining step in the CO2 electrochemical reduction. Therefore, 
this process could be inferred to be related to an adsorption process. The 
mid frequency P3 peak is therefore attributed to a possible surface 
electrode reaction process (adsorption/desorption) of the gas species in 
addition to a charge transfer process on the electrode surface. 

3.2.2.3. Effect of pO2 variation on the oxygen electrode side. To investi
gate oxygen electrode processes, measurements under different partial 
pressures of oxygen (pO2) were performed from 0.1 to 1 atm. The ob
tained impedance spectra were analyzed with both the DRT method and 
ECM fitting. Fig. 6a and b represent the DRT transformation and the 
ECM fitting of the impedance spectra as a function of pO2 respectively. 
The P4 peak is independent of pO2, while P3, P2 and P1 show very slight 
changes with pO2 variation. From the DRT plot alone, it is arguable to 
attribute some of the peaks to the oxygen electrode process alone. 
However, this could indicate that the contribution of the oxygen elec
trode is minimal. The fitting results (Fig. 6b) of the impedance spectra 
with the equivalent circuit model showed that R1 (representing P1 peak) 
and R2 (P2 peak) resistances are mostly, contributions from oxygen 
electrode processes. However, following the inconsistency between the Fig. 5. a) Variation of impedance spectra, b) DRT plots, and (c) NLLS fitting 

plot of resistances, as a function CO2 content. 
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DRT representation and the NLLS fitting of the impedance, a further 
experiment was necessary to clarify the impedance contribution from 
the oxygen electrode. For this, impedance measurement was performed 
on a symmetrical half-cell containing LSCF electrodes (in two-electrode 
measurements). The obtained DRT was compared in Fig. 6a. The com
parison shows that the P1 and P2 peaks are essentially oxygen electrode 
processes while P3 and P4 are mainly fuel electrode resistance contri
butions with slight contributions from the oxygen electrode. This is in 
agreement with the observed trend in the NLLS fitting. However, the 
focus of the current study is on the fuel electrode processes, hence the 
electrochemical processes of the oxygen electrode were inferred from 
the numerous literature on LSCF electrodes [40–43]. Overall, the ob
tained DRT representation of the LSCF impedance spectra (with their 
corresponding frequency range) for symmetrical half-cell is in good 
agreement with literature observation. [40,42]. Chen et [42] al. inves
tigated the performance of LSCF symmetrical cells with different fabri
cation methods. From their analysis, they ascribed the low frequency 
peak between 1 and 10 Hz to gas diffusion process, the mid frequency 
peak between 10 and 500 Hz to surface exchange and ion diffusion 
process (which corresponds to the P3 and P2 in this report) and lastly, a 
high frequency peak (around 1000 Hz) to charge transfer process across 
the interface. A similar result was also observed by Leonide et al. [40] in 
the impedance study of LSCF and LSF electrodes; a low frequency 
(0.3–10 Hz) gas diffusion process, a mid frequency (2–500 Hz) oxygen 
surface exchange process followed by oxide diffusion in the bulk of the 
electrode and lastly a high frequency charge transfer process were 
observed. Therefore, following the high activation energy of R1 (as 
shown in Fig. 4c) as well as the high frequency range of the P1 peak 

(similar to ref [40,42]), there is no doubt that this is in good agreement 
and coincides with the charge transfer process of the oxygen electrode.  
Table 1 summarizes the possible electrochemical process contribution 
related to the individual polarization resistances. 

3.2.3. Degradation 
Long term stability test were performed to investigate the perfor

mance stability of the cells during long operating times. The measure
ment was performed at 900 ◦C at a current density of − 0.5 A‧cm− 2 for 
up to 1070 h on two different cells with a fuel gas composition consisting 
of 80% CO2 and 20% CO. Fig. 7a illustrates the degradation rate of the 
cell, represented as an increase in cell voltage as a function of time. The 
cell degradation was obtained by evaluating the slope of the curve. A 
degradation rate of 31 mV‧kh− 1 could be determined. In another cell, 
the evolution of the degradation mechanism was investigated during the 
long-term stability test by performing impedance measurements at OCV 
every 100 h. Fig. 7b and c illustrate the evolution of the impedance 
spectra as well as the ohmic (Rs) and polarization (Rp) resistances 
respectively as a function of operation time. The Rs increased from 0.48 
to 0.53 Ω‧cm2 while the Rp increased from 0.28 to 0.35 Ω‧cm2 after the 
degradation test. It is known that the loss of electrode contact surface 
with the current collector could also lead to an increase in the ohmic 
resistance and thus an increase in degradation rate. Such ohmic resis
tance increase due to loss of contact surface is usually accompanied by a 
proportional increase in the Rp. However, in our case, the increase in Rp 
is higher and thus disproportionate to the ohmic resistance increase, 
indicating that ohmic resistance is most likely, not due to contact loss. 
Fig. 7d illustrates the equivalent circuit analysis of the spectra which 
shows that the degradation behavior is dominated by the high/mid 
frequency processes of R1, R2 and R3 while Ws is relatively unaffected. 
This implies that both the oxygen electrode and the fuel electrode 
contributed to the degradation mechanism. 

3.3. Post-test characterization 

Post-test analysis was performed on the measured cell to investigate 
the morphology and the microstructure of the electrodes. The micro
structure of the long-term measured cell was compared to that of a 
freshly reduced cell. Fig. 8a-c represents the fuel electrode of the 
reduced cell while Fig. 8d illustrates the microstructure of the corre
sponding oxygen electrode. Similarly, Fig. 8e-g shows the microstruc
ture of the fuel electrode after long-term degradation test, while Fig. 8h 
represents the corresponding oxygen electrode. The secondary electron 
image of the electrode microstructure between Fig. 8a and e illustrates 
an increase in the Ni particle size after the degradation test. This in
dicates Ni particle agglomeration during CO2 electrolysis. The Ni 
agglomeration is further confirmed in the backscattered electron image 
of Fig. 8f-g when compared to Fig. 8b-c, where gray particles are Ni and 
white bright particles are GDC. In addition, Ni depletion and pore for
mation at the electrode/electrolyte interface are also visible after the 
long-term degradation test as compared to the reference cell (Fig. 8a,b 
and e,f). The observed microstructural changes would influence the 

Fig. 6. a) DRT plot and (b) NLLS fitting plot of resistance as a function oxygen 
partial pressure. 

Table 1 
Possible process contribution to the polarization resistance and their corre
sponding frequency ranges.  

Process/ 
Element 

Frequency 
Range 

Electrode Process 

P4 (Ws) 0.3–13 Hz diffusion process + possible surface reaction in 
the fuel electrode 

P3 (R3) 13–110 Hz Adsorption/desorption process + charge 
transfer on the fuel electrode. 
Surface exchange on the oxygen electrode 

P2 (R2) 110–550 Hz Ion diffusion on the oxygen electrode 
P1 (R1) 550–2600 Hz Charge transfer process across the interface 

(LSCF)  
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measured impedance result in different ways. For example, the forma
tion of a Ni-depleted layer as a result of Ni migration away from the 
electrolyte increases the electrolyte thickness thereby leading to an in
crease in ohmic resistance, as seen in Fig. 7b. Also, Ni agglomeration 
would effectively reduce the active surface area for electrochemical 
reactions, causing an increase in polarization resistance (Fig. 7c). Lastly, 
the continuous progression of these effects during cell operation would 
inevitably result in a decrease in cell performance over time due to an 
increase in area specific resistance. An extensive microstructural anal
ysis of the electrodes, in relation to the observed electrochemical 
degradation processes, will be the objective of another paper. 

The impedance analysis also reveals that the high frequency pro
cesses, which are majorly oxygen electrode processes also contributed to 
the observed degradation. The secondary electron image comparison 
between Fig. 8d and h reveals no significant change in the LSCF 
microstructure. However, the mechanism of LSCF oxygen electrode 
degradation has been extensively studied [44–46]. One such mechanism 
is the formation of an insulating SrZrO3 layer due to the reaction be
tween volatile SrO and the YSZ electrolyte [44,47]. To prevent this re
action, a GDC barrier layer between the electrolyte and the oxygen 
electrode is adopted. However, since the GDC barrier layer in Fig. 8d and 
h is not fully dense, this reaction cannot be entirely prevented. Monaco 
et al. [47] opined that the formation of an insulating SrZrO3 layer causes 
loss of Zr4+ in the 8YSZ electrolyte thereby reducing the ionic conduc
tivity of the electrolyte and thus, leading to an increase in ohmic resis
tance of the cell. The increase in ohmic resistance entails a decrease in 
overall cell performance and thus, an increase in cell degradation 
[44–46]. 

4. Conclusion 

In this study, an electrolyte-supported single cell consisting of Ni- 
GDC fuel electrode and LSCF oxygen electrode was fabricated and 
analyzed under high temperature CO2 electrolysis conditions. Imped
ance measurements were carried out at different temperatures as well as 
under different CO2:CO fuel gas compositions and oxygen partial pres
sures. The obtained impedance spectra were evaluated with both DRT 
and NLLS fitting. Four time constants, representing four peaks in the 
DRT spectra, were used to fit the impedance spectra. The high frequency 
P1 peak corresponds to the oxygen electrode charge transfer process 
while the middle frequency processes of P2 and P3 consist of contribu
tion from surface reaction processes from both the fuel and oxygen 
electrodes. Lastly, the low frequency process is assigned to the gas 
diffusion process in addition to the surface reaction in the fuel electrode. 
Long-term degradation analysis was performed at 900 ◦C and a current 
density of − 0.5 A‧cm− 2. The cell shows a low degradation rate of 
31 mV‧kh− 1 during 1070 h of operation. Furthermore, analysis of the 
degradation mechanism showed that the high/mid frequency processes 
contributed more to the degradation rate. Microstructural evaluation of 
the measured cell with SEM revealed Ni particle agglomeration, increase 
in electrode porosity and Ni migration away from the electrolyte. 
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