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ABSTRACT
Electrochemical CO₂ reduction using solid oxide electrolysis cells (SOECs) directly converts CO2 into value‑added chemicals,

mitigating greenhouse‑gas emissions. Nickel (Ni) is the conventionally used fuel‑electrode electrocatalyst, yet its intrinsic

catalytic behavior is underexplored. This study systematically evaluates Ni alloyed with 5 at% Fe, Co, or Cu for changes in

microstructure, electrochemical activity, and carbon coking resistance. Model electrodes fabricated by pulsed laser deposition

are analyzed by scanning and transmission electron microscopy, X‑ray diffraction, and X‑ray absorption spectroscopy, which

confirm homogeneous alloy formation and show that additive metals modulate active site density by modulating sintering

behavior, thereby tuning the triple‐phase‐boundary density in the order Ni > Ni–Cu>Ni–Co >Ni–Fe. Electrochemical

impedance spectroscopy reveals that the apparent activation energy (Ea) related to surface reaction decreases for all samples,

accelerating CO2 electrolysis, while sensitivity to the CO/CO2 ratio rises when the alloying element is less prone to CO2

dissociation. Diffuse reflectance Fourier‑transform infrared spectroscopy and density functional theory calculations indicate

that Co and Fe facilitate CO2 dissociation, whereas Cu facilitates fast desorption of product species and enhances turnover

activity. Cu alloying markedly suppresses carbon coking, whereas Co exacerbates it. Enhanced performance and durability are

validated by impedance and Galvano‐static measurements. These findings demonstrate that Ni–Cu alloy electrodes offer a

practical route to boost SOEC efficiency and mitigate coking with minimal structural change.

1 | Introduction

Electrochemical CO2 conversion is one of the most prominent
carbon capture and utilization (CCU) technologies for mitigating
climate change. As CO2 emissions are a primary driver of global
warming, achieving net‐zero carbon emissions has become
increasingly urgent. Consequently, CCU strategies focus not only
on capturing CO2 but also on converting it into valuable

products, thereby creating economically viable solutions [1, 2].
Among various CCU approaches, electrochemical conversion
stands out due to its ability to directly transform CO2 into high‐
value‐added products through highly efficient electrochemical
reactions [3]. Furthermore, coupled with renewable energy
sources, electrochemical CO2 conversion offers a sustainable
pathway for carbon utilization, contributing to net‐zero goals and
addressing the challenges posed by climate change [4].
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Low‐temperature and high‐temperature electrolysis are two
major pathways for electrochemically converting CO2 into val-
uable products. While the low‐temperature electrolysis can
produce complex chemical substances, it still suffers from low
selectivity and efficiency. Meanwhile, high‐temperature elec-
trolysis, particularly using solid oxide electrolysis cells (SOECs),
has drawn attention due to its superior efficiency and selectivity
in producing simple chemicals like CO and H2 [3, 5]. Among
these, the direct production of CO from CO2 in an SOEC
(hereafter CO2‐SOEC) is especially attractive. In addition to its
inherent economic value, CO can also serve as a chemical
feedstock, replacing conventional carbon sources in petro-
chemical methods [2], potentially even enabling net‐negative
carbon emissions [4]. Several studies underscore the potential of
using CO from direct CO2‐SOECs in producing various syn-
thetic fuels, including methane [6], methanol [7, 8], and avia-
tion fuel [9, 10], highlighting their role in transitioning to
sustainable energy systems [5, 11–13]. However, CO2 electro-
lysis still faces challenges to fully realize these benefits—
especially the fuel electrode.

The primary challenge in CO2‐SOECs is developing a fuel
electrode that efficiently converts CO2. Because the electrolyte
and air electrode are largely adopted from the well–developed
H2O‐SOEC platform, research has concentrated on tailoring the
fuel electrode to the unique demands of CO2 conversion. A fuel
electrode for CO2‐SOEC should overcome the strong thermo-
dynamic stability of the CO2 molecule, which imposes a high
activation‐energy barrier [5], and prevent carbon coking at the
electrode, whereby deposited carbon blocks active sites or even
fractures the cell [14]. To address these issues, various strategies
have been explored, including infiltration of additional catalysts
such as ceria‐based [15–19] or metal catalyst [20–23] to Ni/YSZ
electrodes, a combination of ceria and metals for synergistic
effects [24–27], and even alternative oxide‐type electrodes
[28–31]. These approaches primarily focus on increasing the
number of active sites, whereas direct modification of the
intrinsic catalytic properties of Ni in the cermet has received
relatively little attention.

Alloying represents a promising route to tune the intrinsic
activity of Ni catalysts, yet prior efforts have largely relied on
infiltration or exsolution techniques. Infiltration introduces
additional metals onto a Ni/YSZ scaffold, effectively enhancing
TPB density but not yielding homogeneous Ni–M alloys. Ex-
solution, in contrast, generates alloy nanoparticles from oxide‐
based scaffolds such as perovskites, thereby departing from the
conventional Ni/YSZ cermet architecture. While both methods
can improve performance, they do not directly isolate the effect
of alloying within the Ni/YSZ framework.

In heterogeneous catalysis, such as in an SOEC, where reactions
occur between a solid catalyst and gas‐phase molecules, binding
energy is a pivotal factor determining overall reactivity [32]. A
good electrocatalyst should not bind reaction intermediates too
strongly or too weakly [33], a concept known as the Sabatier
principle. Several studies have indicated that alloying, a con-
ventional approach for tuning heterogeneous electrocatalytic
properties, is a promising strategy for enhancing the activity of
electrocatalysts [34–36]. Specifically, alloying can alter the
electronic structure and shift the D‐band center, thereby

affecting the reaction kinetics [37, 38]. Moreover, local strain
induced by a different lattice parameter between the host and
the added atom can either promote or hinder the reaction
[35, 39, 40]. We, therefore, anticipate that employing an alloying
strategy could likewise prove highly beneficial for Ni‐YSZ cer-
met electrodes, leveraging the same principles of electronic and
structural tuning.

Computational studies using density functional theory (DFT)
suggest that Fe and Co exhibit better reactivity than Ni for CO2

electrolysis, whereas Cu shows lower performance [41–43].
Notably, experimental results also indicate that Fe‐based elec-
trodes can outperform Ni‐based ones in CO2 electrolysis, likely
due to the high oxophilicity of Fe; however, Fe's susceptibility to
oxidation raises stability concerns [44]. Conversely, experi-
mental studies report improved electrochemical activity with
Ni–Cu alloys [45] or Cu nanoparticles [46] under specific oxide‐
anode configurations, highlighting discrepancies between the-
oretical predictions and experimental outcomes.

In terms of carbon coking resistance, several studies have
shown that Cu–Ni alloys enhance carbon coking resistance by
lowering carbon adsorption energy [47–51], while Co‐Ni alloys
can exhibit variable resistance depending on cobalt content
[52–54]. As for Fe–Ni alloys, partial oxidation of Fe provides
oxygen to deposited carbon, thereby mitigating coke formation
[55, 56]. Although these alloy‐based approaches have demon-
strated carbon coking resistance [20, 22, 23, 25, 57–59], com-
parative data under equivalent conditions remain scarce,
hindering the identification of optimal alloying elements and
key performance parameters. To the best of our knowledge, no
prior study has systematically compared the electrochemical
activity and carbon coking resistance of Ni alloys with Cu, Fe,
and Co while preserving the same Ni/YSZ cermet structure and
evaluating them under identical CO2‐SOEC conditions. While
previous reports have typically examined only one or two al-
loying cases in isolation, our work provides a comprehensive
comparison across multiple alloying elements, focusing on
earth‐abundant first‐row late transition metals (Fe, Co, Ni, Cu)
under consistent conditions with homogeneous alloying con-
ditions. This approach allows us to isolate the intrinsic impact
of alloying from other morphological or microstructural
variables.

In this study, we systematically investigated Cu‐, Fe‐, and Co‐
alloyed Ni/YSZ electrodes, which were fabricated by pulsed
laser deposition (PLD) to precisely control composition and
microstructure. X‐ray diffraction (XRD), transmission electron
microscopy (TEM), and X‐ray absorption spectroscopy (XAS)
elucidated structural, chemical, and morphological changes
induced by alloying. Electrochemical impedance spectroscopy
(EIS) was conducted to characterize the intrinsic electro-
chemical activity of the Ni–M/YSZ electrodes, while carbon
coking resistance was assessed by exposing the electrodes to a
CO2/CO gas mixture and analyzing carbon deposition both
quantitatively and qualitatively. Moreover, diffuse reflectance
Fourier transform infrared (DRIFT) spectroscopy and compu-
tational approach using density functional theory (DFT) were
employed to elucidate the catalytic properties relevant to elec-
trochemical activity and coking resistance. Through this com-
prehensive approach, we clarify how Fe, Co, and Cu alloying
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influences both performance and structure of the electrodes,
ultimately identifying the most effective alloying strategy,
Ni–Cu, for high‐performance and durable CO2‐SOEC fuel
electrodes.

2 | Results and Discussion

2.1 | Structural and Morphological
Characterization of the Samples

Alloying is a promising strategy for enhancing the performance
of Ni‐based cermet electrodes in CO2‐SOEC, offering improve-
ments in catalytic activity and carbon coking resistance. While
Ni‐YSZ is widely recognized as an effective fuel electrode, its
performance can be further optimized through alloying. Previ-
ous studies have reported alloying strategies for the CO2 elec-
trolysis reaction. For instance, Ni–Cu alloys formed through
exsolution on oxide electrode systems have demonstrated better
performance than Ni exsolved only [45]. Additionally, Ni–Fe
alloys have been explored on the LSFN electrode, also exhibit-
ing promising results [60]. However, comprehensive studies
systematically comparing the effects of different alloying ele-
ments on Ni/YSZ cermet under equivalent conditions remain
limited. To address this gap, we systematically investigated the
influence of alloying elements on the electrochemical propert-
ies, including the morphological aspects of Ni/YSZ electrodes.

Model electrode samples were fabricated using the pulsed laser
deposition (PLD), which provides precise composition control
and yields uniform Ni–M (M: Cu, Fe, Co) alloy/YSZ cermet on
YSZ substrates. By utilizing PLD, we ensured that the alloying
elements were evenly distributed, allowing for a more con-
trolled investigation of their influence on the electrochemical
and thermochemical properties of the electrodes. A symmetrical
Ni–M/YSZ cermet electrode was formed with a target thickness
of 3 μm, resulting in a Ni‐cermet structure characterized by
hundreds‐of‐nanometer‐sized particles in a percolating net-
work, as confirmed by SEM and TEM analysis (Figure 1A). All
samples were subsequently reduced for structural observation.

Homogeneous alloy formation was observed in the HAADF and
TEM‐EDS mapping images in Figure 1B–D. TEM‐EDS mapping
analysis confirmed uniform distributions of Cu, Fe, and Co
within Ni grains and clear separation from YSZ grains. Small
secondary metal particles were observed only for the 5Cu95Ni
sample. However, those nanoparticles cannot contribute to the
electrode reactions as these particles were non‐percolating and
thus did not participate in the electrochemical reaction at the
triple‐phase boundary (TPB).

To gain further insights into the structural properties of the
alloyed electrodes, XRD analysis was performed. As shown in
Figure 1E, all Ni–M alloy/YSZ samples exhibit clear YSZ and Ni
(metal) peaks without secondary peaks corresponding to addi-
tive element M (Cu, Co, and Fe) species, indicating that the
additive elements did not form separate phases. Rietveld
refinement was conducted to determine the lattice parameter of
the Ni structure to assess structural change due to alloying. The
calculated lattice parameters from each sample, based on Ni
FCC structure and the atomic radii of each element, are

presented in Figure 1F. The atomic radii of Cu, Ni, Co, and Fe
are 140, 163, 192, and 194 pm, respectively. The lattice param-
eter of Ni decreased slightly for 5Cu95Ni and increased for
5Co95Ni and 5Fe95Ni, reflecting the influence of the atomic
radii of additive elements. To further validate these results,
HR‐TEM combined with FFT analysis was also performed, and
the diffraction patterns confirmed that all alloyed samples ex-
hibit a clear FCC structure consistent with the XRD findings
(Figure S1). This provides additional evidence for the homo-
geneous formation of the Ni–M alloys in our samples.

The homogeneity of the alloys was further corroborated
through XAS analysis. Co K‐edge and Fe K‐edge analyses
(Figure 1H; Table S2) revealed that the additive metals, Co and
Fe, were alloyed with Ni, leading to shortened bonding lengths
compared to their respective reference foils. The bonding
lengths of Ni–Co (2.479 Å) and Ni–Fe (2.482 Å) in the alloy
sample were reduced relative to the bonding lengths of Co–Co
(2.493 Å) and Fe–Fe (2.516 Å) obtained from respective metal
foils. Additionally, the shape of the XANES spectra remained
consistent across samples (Figures 1I,J and S1), reflecting
structural similarity that aligns with the FCC structure of the Ni
matrix [61–63], which constitutes the majority of the alloy.
Furthermore, the edge of the XANES region exhibited a blue
shift (Figure 1I,J), suggesting that the oxidation state of Co and
Fe in the samples was higher than that in the reference metal
foils [64–67]. This shift indicates electron donation from Co and
Fe to Ni, reducing the electron density of the additive metals.
Although the Cu K‐edge was also investigated, analysis was
precluded due to the overlap of the Ni K‐edge signal with the
XANES region of the Cu K‐edge. TEM‐EDS, XRD, EXAFS, and
XANES analyses confirm that the structure of Ni in Ni–M/YSZ
electrodes maintains an FCC structure with homogeneous
alloying of the secondary metals.

Owing to the ability of the additive metals to act as a sintering
aid and influence the electrode structure, we investigated the
morphological characteristics of the electrodes. According to
the previous literature, Co and Fe are known to act as effec-
tive sintering aids and increase the particle size in Ni/YSZ
systems [68]. During our sample preparation, the Ni–M/YSZ
electrodes underwent sintering at 1200°C after pulsed laser
deposition to form a stable cermet composite microstructure,
which explains the different particle sizes observed in
Figure 1G and Supplementary Figure S4, which display SEM
images of the samples.

These differences in sintering behavior likely affect the TPB
length and, in turn, influence the electrochemical perform-
ance of the electrodes. To quantitatively analyze the mor-
phological characteristics, image analysis was conducted
based on TEM images. The Ni (or Ni–M alloy) particle
sizes were measured as 143.21 ± 34.16 nm for Ni(ref),
162.5 ± 48.07 nm for 5Cu95Ni, 173.96 ± 35.46 nm for
5Co95Ni, and 187.81 ± 47.62 nm for 5Fe95Ni, as shown in
Figure 1G. The YSZ particle sizes also exhibited a similar
growth trend. Overall, the metal additives increased particle
size, with the 5Fe95Ni sample exhibiting a 31% growth
compared to the Ni(ref) sample. The corresponding particle
size distributions and statistical parameters are provided in
Figure S2. These differences in sintering behavior likely
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influenced the TPB length, which directly correlates with the
electrochemical performance of the electrode.

The TPB lengths were calculated based on the particle sizes
shown in Figure 1G, leveraging the inverse proportionality
between TPB length and particle size [69–71]. To compare the
samples, we introduced the TPB factor, defined as the recip-
rocal of the product of the Ni–M and YSZ particle sizes,
normalized relative to the factor of Ni(ref). The TPB factors

were calculated as 0.84 for 5Cu95Ni, 0.45 for 5Co95Ni, and
0.55 for 5Fe95Ni, indicating that the metal additives used for
alloying reduced the TPB by up to 45%. Among the added
metals, Cu caused the smallest increase in particle size,
making Cu an ideal choice for maintaining a longer TPB
length. This characteristic is crucial for achieving high‐
performance electrochemical cells and underscores the
importance of considering morphological variations when
designing electrodes with alloying strategies.

FIGURE 1 | (A) SEM images of the Ni/YSZ electrode along with an TEM‐EDS mapping image. (B–D) HAADF‐STEM and TEM‐EDS mapping

images of the Ni–M/YSZ electrodes (M=Cu, Co, Fe). E) XRD patterns of reduced Ni–M/YSZ electrodes. (F) Lattice parameter of the metallic phase

obtained by Rietveld refinement, shown with the atomic radius of Ni and the alloying elements. (G) Ni particle sizes and normalized TPB factors of

each sample. (H) Fourier transform spectra of 5Co95Ni/YSZ and the normalized XANES spectra of (I) Co and (J) Fe with reference metal foils.

5Fe95Ni/YSZ, and foils.
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2.2 | CO2 Reaction Mechanism Study With
Electrochemical Impedance Spectrum Analysis

The electrochemical activity of the Ni–M/YSZ electrode under
CO2/CO atmosphere was evaluated using symmetrical cells,
which were composed of two identical Ni–M/YSZ electrodes
deposited by pulsed laser deposition on an electrolyte (YSZ).
Although Ni/YSZ is widely recognized as a highly active fuel
electrode in SOECs, previous studies have predominantly fo-
cused on oxide‐type fuel electrodes or the incorporation of
additional catalysts to enhance performance under CO2/CO
conditions [15, 28–31, 45, 60, 72]. However, there remains a
distinct lack of research investigating the homogeneous alloying
of Ni with other metals for CO2 electrolysis applications based
on Ni/YSZ.

In the CO2 reduction process, the reaction proceeds via the
cleavage of CO2 to form CO and a surface‐bound oxygen

species, followed by the desorption of CO from the catalyst
surface, as depicted in Figure 2A. To understand how the
Ni–M/YSZ electrodes facilitate these steps, we conducted
electrochemical impedance spectroscopy (EIS) analysis under
open‐circuit voltage (OCV) conditions. The Nyquist and Bode
plots depicted in Figure 2B–E were measured at 800°C and
650°C under an 80% CO2 atmosphere for each sample. It
reveals the presence of two representative reaction resistances,
with peaks occurring in the frequency ranges of 1–10 Hz, low‐
frequency (LF), and 100–1000 Hz, high‐frequency (HF), across
all temperatures.

In the Ni/YSZ electrode, the LF resistance is related to gas
diffusion within the pore structure [73] of the electrode or the
thermochemical gas conversion reaction [74]. Since no ther-
mochemical gas conversion reaction is expected under CO2/CO
conditions, the LF resistance can be attributed to gas diffusion
[75, 76]. The HF resistance is reported to be associated with the

FIGURE 2 | (A) Schematic illustration of CO2 reduction reaction. Nyquist and Bode plot under CO2/CO (80:20) atmosphere at different

temperatures. (B, C) 800°C, (D, E) 650°C represented as (B, D) Nyquist plots, and (C, E) Bode plots.
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charge transfer reaction, including the conversion of neutral
species to ions or vice versa [74, 77–79]. Specifically, for CO2

electrolysis, both dissociative CO2 adsorption and charge
transfer processes at the fuel electrode refer to this frequency
range [76, 80, 81]. The dissociative adsorption of CO2 is known
to be the rate‐determining step (RDS) among the elementary
steps of the CO2 electrolysis reaction. The variation in HF
resistance among samples is likely related to this step.

To further investigate the temperature dependency of the
resistances, an electrical circuit model (ECM) fitting was em-
ployed. This fitting allowed us to accurately separate the LF and
HF components (Figure 2C,E) and gave valuable insights into
the electrochemical activity of each sample, helping to identify
the appropriate catalysts under the given conditions. The Ar-
rhenius plot of the two resistances from the analysis is pre-
sented in Figure 3A (HF) and B (LF). The LF resistances,
Figure 3B, remain similar across different temperatures for all
samples, confirming that this resistance is indeed associated
with gas diffusion phenomena, which are less affected by
changing temperature compared to the surface reaction. On the
other hand, the HF resistances, Figure 3A, show a clear tem-
perature dependency and notable differences among the sam-
ples, which can be linked to variations in surface reaction

kinetics and TPB lengths of the electrodes, as previously men-
tioned, due to the alloying and sintering aid effect.

The two types of resistance exhibit clearly different tempera-
ture behaviors, indicating that the electrode must be optimized
in different ways depending on the operating temperature. At
high temperatures, the HF resistance becomes smaller because
it is strongly temperature‐dependent, making LF resistance
(gas diffusion) account for a larger portion of the total resist-
ance. A summary of the HF resistance ratios is provided in
Table S4, which clearly demonstrates the reduction in HF
contribution with increasing temperature. For instance, in the
Ni(ref) sample, the HF resistance decreases from 74% to 78% at
650°C to 29%–41% at 800°C. This highlights that, under high‐
temperature operation, improving gas diffusion through elec-
trode structure optimization is critical. Conversely, at lower
temperatures, such as 650°C, HF resistance dominates because
catalytic activity is reduced. Therefore, enhancing the catalytic
activity of the electrode becomes the key strategy to achieve
better performance in low‐temperature operation.

The quantitative values of the HF resistance, surface reaction,
vary significantly among the samples (Figure 3A). The highest
HF resistance is observed in 5Co95Ni, followed by 5Fe95Ni,

FIGURE 3 | Arrhenius plot of resistance at CO2/CO (80:20) atmosphere. The linear lines in the graph represent the mean values at each

temperature; data points in (A) and (B) include error bars showing the standard deviation from three independent measurements. (A) High‐
frequency resistance (dotted line is normalized resistance by TPBs). (B) Low‐frequency resistance. (C) Reaction profile of CO2 reduction on Ni(111),

Co‐doped Ni(111), Cu‐doped Ni(111), and Fe‐doped Ni(111). (D) Apparent activation energy calculated from high‐frequency resistance at different

CO2 ratios.
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while 5Cu95Ni and Ni(ref) show similarly low values. As pre-
viously discussed, the TPB length varies significantly among the
samples, which can influence the overall resistance. To account
for this variation, Figure 3C presents the normalized HF
resistances using the TPB factors calculated earlier (Figure 1C),
enabling a comparison of the samples with similar TPB lengths
to the Ni/YSZ reference sample. This normalization allows for a
direct comparison of electrodes. The results show that all
samples fall within a similar range after normalization, con-
firming that TPB length plays an important role in influencing
the overall magnitude of the resistance. Even after TPB nor-
malization, 5Cu95Ni consistently exhibits the lowest resistance,
indicating that Cu alloying can yield the highest‐performing
electrode.

The intrinsic catalytic property was further examined through
the apparent activation energy calculated from temperature‐
dependent HF resistance, as shown in Figure 3D. The results
reveal that 5Co95Ni exhibits the lowest apparent activation
energy, followed by 5Fe95Ni, 5Cu95Ni, and Ni(ref). The low
apparent activation energy of 5Co95Ni and 5Fe95Ni can be
explained by the high activity of Co and Fe for CO2 dissoci-
ation. Although Cu is considered less favorable for CO2 dis-
sociation, the 5Cu95Ni alloy displays higher activity than
Ni(ref) in our results. This can be attributed to weaker CO
adsorption [82], leading to a more efficient turnover of the
reactive sites [49].

An interesting trend was observed: apparent activation energy
tends to decrease as the CO2 ratio increases for all samples
(Figure 3D). This indicates that the reaction step is very sensi-
tive to the CO2 partial pressure; in other words, the rate‐
determining step involves gaseous CO2. This trend is more
pronounced in 5Cu95Ni, while 5Fe95Ni and 5Co95Ni exhibit
less dependency. These trends are associated with the rela-
tionship between apparent activation energy and surface cov-
erage [83, 84]. This means that when the dissociation step is
more difficult, such as for Cu, it becomes more affected by
changes in the partial pressure of the reactant, leading to dif-
ferences in the surface coverage of reaction intermediates. This
strengthens our hypothesis that the CO2 activation step is
facilitated by alloying Ni with Fe and Co, which provide strong
adsorbing surfaces for CO2, while the step was hindered by
alloying Ni with Cu, which creates a weaker adsorbing surface
for CO2.

The alloying effect was further examined with DFT calcula-
tions. We investigated adsorption and dissociation of CO2 on a
Ni(111) surface in which the topmost layer was doped with an
additional metal, simulating 5% alloying used in the experi-
ments. The calculated activation barriers follow the order of Co‐
doped Ni(111) < Fe‐doped Ni(111) < pure Ni(111) < Cu doped
Ni(111) (Figure 3C, detailed steps in Figure S7), closely re-
sembling the apparent activation energies observed in the ex-
periments (Figure 3D). CO2 adsorption energies also follow the
same trend: they increase with Co and Fe doping but decrease
with Cu doping (Figure S6, Table S3). Additionally, the CO
adsorption energy was calculated with different dopant con-
centrations (Figure S8). Notably, the adsorption energy of CO
was decreased with the increase in Cu doping ratio. This
behavior implies that Cu promotes faster CO desorption from

the Cu‐doped Ni surface, potentially contributing to improving
the apparent catalytic activity for entire CO2 reduction reaction.

2.3 | In Situ Drift Analysis of CO2 Surface
Intermediates in Ni–M Catalysts

From the previous analysis, we observed that the apparent
activation energy varies with the CO2/CO ratio, suggesting its
connection to catalytic surface properties. Additionally, the
results indicate that the rate‐determining step involving CO2 is
influenced by the alloying elements. To support these findings
and further investigate the catalytic surface interactions, we
conducted in situ diffuse reflectance FT‐IR (DRIFT) analysis to
examine surface reaction intermediate species on the catalysts
in a working atmosphere, with temperature ranging from 200°C
to 400°C under 10% CO2 in Ar balance flow (Figures 4 and S9).

The charge transfer reaction in CO2 electrolysis involves sev-
eral steps (Figure 2A). First, CO2 adsorbs onto the surface and
dissociates into *CO and *O, which is the most energy‐
intensive step. The *CO then desorbs as a product gas, while
the remaining *O diffuses to the TPB and enters the electrolyte
after the charge transfer reaction to O2−. Meanwhile, *CO3 can
also form on the surface, either by an *O atom attaching to
*CO2 or by two *O atoms attaching to *CO, and this carbonate
species can occupy the surface sites. The formation of *CO3

could potentially hinder the desired electrolysis reaction by
reducing the surface vacancy fraction (θV), thereby limiting
the availability of sites for the adsorption of desired interme-
diate species [85].

The observed peaks in the IR spectra were assigned to specific
vibrational modes of surface carbonate species. The peaks at
1622 and 1430 cm−1 correspond to the asymmetric and sym-
metric stretching of bicarbonate [86–88]. The peaks at around
1490 and 1370 cm−1 are attributed to the asymmetric and
symmetric stretching of monodentate carbonate [89, 90].
Additionally, the peak at 1225 cm−1 is assigned to the bending
mode of OH in bicarbonate [86–88]. The adsorbed *CO peak
appears near 2070 cm−1 [91, 92] and gaseous CO2 peaks were
observed at around 2350 and 675 cm−1 [93, 94]. However, as
shown in Figure S9, in contrast to the *CO3 peaks, no mean-
ingful difference was observed from the *CO peaks due to the
resolution limitations. Furthermore, the adsorbed CO2 peaks
(*CO2) typically require extremely low temperatures for obser-
vation [94] and, therefore, are not detected in our measure-
ments. Consequently, the analysis focused on the distinct
changes in *CO3 peaks, where pronounced differences were
apparent depending on the alloy composition.

To further investigate the relationship between the different
alloys and surface reaction intermediate, the change in *CO3

peaks under a CO2 atmosphere at temperatures ranging from
200°C to 400°C is presented in Figure 4. At 200°C, the inten-
sity of the *CO3 peaks followed the order of 5Cu95Ni, 5Fe95Ni,
and 5Co95Ni. The decrease in peak intensity as the tempera-
ture increased varied significantly between the samples.
The higher *CO3 intensity observed in the 5Cu95Ni sample,
compared to the remarkably lower intensity in the 5Co95Ni
sample, can be explained as follows: a higher *CO3 peak of the

7 of 18Carbon Energy, 2026

 26379368, 2026, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cey2.70130 by H

anyang U
niversity L

ibrary, W
iley O

nline L
ibrary on [23/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



5Cu95Ni indicates a reduced amount of CO2 dissociation,
which is associated with a higher apparent activation energy
among the alloyed catalysts. In contrast, the lower *CO3

intensity in the 5Co95Ni sample suggests that CO2 dissociation
is more favorable than the formation of *CO3, leading to lower
apparent activation energy. These observations are consistent
with the electrochemical activity we observed in the previous
section.

The DRIFT analysis shows that the *CO3 intensity increases in
the order of Co, Fe, and Cu, consistent with their tendencies for
CO2 dissociation calculated by DFT (Figure 3E). This order
aligns with the differences observed in apparent activation en-
ergy and CO2/CO composition dependence (Figure 3C,D),
highlighting that alloying with Co shows the most efficient CO2

dissociation, followed by Fe and then Cu. These results suggest
that alloying influences the formation and coverage of surface
intermediates, directly impacting the electrochemical perform-
ance. However, stronger CO2 dissociation alone does not nec-
essarily translate into superior overall activity, since CO
desorption and carbon coking must also be considered. Cata-
lysts that efficiently split CO2 may also prevent CO desorption
and accelerate CO decomposition, increasing the likelihood of
residual carbon formation.

According to the Sabatier principle, optimal catalytic perform-
ance is achieved when adsorption strength is balanced—neither
too strong nor too weak. Cu alloying illustrates this balance.
While DRIFT and DFT analyses confirm that Cu weakens CO2

adsorption, DFT further shows that the CO adsorption energy
decreases with increasing Cu doping (Figure S8). Although
such Cu segregation at the surface was not experimentally
observed in this study, this computational result suggests a
possible mechanism by which Ni–Cu alloys may facilitate faster
CO desorption and show increased activity. Because the elec-
trochemical reaction product *CO must ultimately desorb as
CO(g) to complete the overall reaction, this step could be
related to the lower apparent activation energy observed for
Ni–Cu alloys compared with the Ni reference (Figure 3D).
Moreover, the relatively weaker CO2 dissociation associated
with Cu may contribute to reduced *C surface coverage, thereby

potentially enhancing carbon coking resistance, which is ex-
plored further in the following section.

2.4 | Carbon Coking Behaviors in Ni–M/YSZ
Electrodes

Carbon coking represents a significant challenge in the CO2

electrolysis reaction, as carbon blocks active sites, leading to a
loss of catalytic activity and potential cell failure due to cell
fracture. Alloying strategies to mitigate carbon coking have
been studied in various catalyst applications, including co‐
electrolysis (Co‐EC) [20–22], steam reforming of methane
(SRM) [95–97], and dry reforming of methane (DRM) [98–102].
However, their application in CO2‐EC remains completely
unexplored. It is expected that alloying could offer comparable
benefits in CO2‐EC in terms of mitigating carbon coking. In the
following section, we investigate how alloying influences coking
resistance.

To investigate the coking behavior in Ni–M/YSZ electrodes, we
exposed the samples to a gas mixture of CO2/CO (40:60) at
650°C, varying the exposure times, as this condition ensures the
formation of coke. In CO2/CO mixtures, carbon coking typically
occurs through the Boudouard reaction [103, 104], where two
CO disproportionate into CO2 and solid carbon. As the fraction
of CO in the gas mixture increases, coking becomes more
favorable. At lower temperatures, this effect can be further
pronounced, accelerating the coking behavior [105, 106]. We
note that in our experimental design, we focused on thermo-
chemical carbon coking to assess the impact of the different
alloy catalysts in our samples, as we anticipate that the trend
will nevertheless be the same with electrochemical carbon
coking.

The deposited carbon on the samples was evaluated using
microscopy to observe the surface change. Compared to the
samples reduced in an H2O/H2 mixture in 20 h (Figure 5A–D),
black spots emerged on the surface when exposed to the CO2/CO
mixture for 5 h (Figure 5E–H). SEM images of black spot and
corresponding Raman spectra are depicted in Figure 5I, M,

FIGURE 4 | In situ DRIFT spectra in CO2 atmosphere at 200°C to 400°C of various samples. (A) 5Cu95Ni, (B) 5Co95Ni, and (C) 5Fe95Ni.
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which clearly indicates the existence of carbon. Despite the small
amount of additional metal, 5% of the Ni, the effect was
distinct. After 5 h of exposure, the 5Co95Ni sample showed the
most severe coking compared to the Ni(ref) sample, while
the 5Fe95Ni and 5Cu95Ni samples showed significantly smaller
amounts of coking, indicating that Fe and Cu inhibited the
formation of coke, whereas Co increased carbon coking. How-
ever, after 10 h of exposure, all samples except for 5Cu95Ni
were completely covered with carbon (Figure S10). The results
indicate that Cu provides the highest resistance to carbon
coking, making it the most stable catalyst for CO2 electrolysis in
terms of carbon coking. Additional SEM images at 5, 10, and
15 h are included in Figure S5 to strengthen the evidence

for the observed coking behavior and facilitate cross‑sample
comparison.

To quantitatively analyze carbon coking resistance, we con-
ducted image analysis on the CO2/CO treated samples shown in
Figure 5J,K. We measured the surface coverage, which repre-
sents the area covered by black spots relative to the total sample
area, coverage, (Figure 5J), and the number of spots per unit
area, population (Figure 5K). The population increased in the
order of 5Fe95Ni, 5Cu95Ni, Ni(ref), and 5Co95Ni. However, the
surface coverage was smallest for 5Cu95Ni, followed by 5Fe95Ni,
Ni(ref), and 5Co95Ni. The changed order between 5Cu95Ni and
5Fe95Ni is due to the smallest size of the black spots on the

FIGURE 5 | Optical images of samples treated within different conditions. (A–D) H2 80%/H2O in 800°C for 20 h, (E–H) CO2/CO (40:60) in 650°C

for 5 h. (I) SEM images of 5Cu95Ni sample. (J, K) Quantitative metrics of 5 h exposed samples. (J) Surface coverage ratio and (K) numbers of the spots

per unit area of each samples (Population). (L) DFT‐Calculated adsorption energy of C on surface models. (M) Raman spectra of black spot and

nonblack spot areas. (N) Projected d‐orbital density of states (PDOS) of the dopant atoms (Co, Cu, and Fe) at the surfaces.
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5Cu95Ni sample and the lowest number of black spots on the
5Fe95Ni sample. The consistently high coverage and population
on 5Co95Ni confirmed its vulnerability to carbon coking.

Lowering the stability of carbon atoms on a catalyst surface
mitigates carbon coking by lowering the possibility of *CO
dissociation and allowing surface‐adsorbed oxygen species to
react more readily with the surface carbon atoms to form CO
[107–109]. Therefore, alloying Ni to reduce the binding energy
of carbon can enhance carbon coking resistance. To investigate
this effect, we calculated the C adsorption energy on each
model (Figures 5L and S3). DFT‐calculated C adsorption en-
ergies were −6.58 eV for Cu doped Ni(111), −6.96 eV for Fe‐
doped Ni(111), −7.11 eV for pure Ni(111), and −7.17 eV for Co‐
doped Ni(111). Notably, the presence of Cu significantly low-
ered the C adsorption energy. It can be explained by the lower
D‐band center position to the Fermi level of Cu (–2.39 eV) than
other Co (–1.94 eV) and Fe (–1.97 eV) at the surface of Ni(111).
The D‐band electrons near the Fermi level can readily transi-
tion to other energy states, thereby facilitating interaction
between adsorbate and catalytic surface (Figure 5N) [110].
Therefore, lower D‐band center by doping with Cu can effec-
tively reduce the coke formation.

At the early stage (5 h), 5Fe95Ni had the fewest black spots,
indicating strong initial resistance to carbon coking compared
to other samples. However, once coking initiated, the propa-
gation of these spots proceeded more rapidly than in 5Cu95Ni,
resulting in the surface being fully covered by carbon, similar to
Ni(ref) and 5Co95Ni, after 10 h (Figure S10). In contrast, the
5Cu95Ni sample remained partially covered. Furthermore, after
1 h of exposure (Figure 6), precipitated nickel particles were
observed only in the Ni(ref) and 5Co95Ni samples, whereas no

precipitated nickel particles were detected in the 5Cu95Ni and
5Fe95Ni samples. This absence of precipitated nickel in
5Cu95Ni and 5Fe95Ni is likely a key evidence relating to their
strong initial resistance to carbon coking. These findings offer
qualitative and quantitative confirmation of the prominent
carbon coking resistance provided by Cu alloying.

SEM analysis revealed that the black spots (Figure 7A–K) con-
tained carbon nanotubes and amorphous carbon (Figure 7E),
which appeared to surround the nickel particles (Figure 7H).
SEM‐EDS mapping results of the black spot (Figure 7I–K) clearly
confirm the presence of carbon. Interestingly, carbon coking was
accompanied by significant growth of Ni particles, resulting in
particle size much larger than the initial size of 100–250 nm
(Figure 1G). Given that the alloying effect could influence the
pattern of carbon deposition, Raman spectroscopy was conducted
to further investigate these differences. However, no distinct
differences were observed between the samples, suggesting that
while alloying plays a significant role in the initial stage of carbon
deposition, it has a minimal effect on subsequent growth. To gain
further insights, we analyzed the D‐band and G‐band intensity
ratio (D/G ratio) of Raman spectra for samples exposed for 5, 10,
and 15 h (Figure S8). The results showed similar trends over
time, regardless of the sample type, indicating that the progres-
sion of carbon growth follows a comparable pattern across all
samples.

Previous studies have also reported that the low surface en-
ergy of Cu leads to surface enrichment when alloyed with Ni
[50, 111–115], blocking the step sites of Ni and further en-
hancing carbon coking resistance as the Ni step site is more
prone to carbon coking [50]. In contrast, the 5Co95Ni sample
exhibited higher susceptibility to carbon coking. Studies have

FIGURE 6 | SEM analysis results of samples treated in CO2/CO (40:60) in 650°C for 1 h. (A) Line scan EDS result of Ni(ref) sample and SEM

images of (B) Ni(ref), (C) 5Cu95Ni, (D) 5Co95Ni, and (E) 5Fe95Ni.
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shown that Co–Ni alloys are more prone to the Boudouard
reaction compared to pure Ni. While higher cobalt content
improves carbon coking resistance, lower concentrations can
lead to rapid deactivation [52–54]. For the 5Fe95Ni sample,
the improved coking resistance is likely due to the partial
oxidation of Fe, which supplies oxygen to the deposited
carbon [55, 56]. This mechanism suppresses coking and
potentially contributes to the lowest population value
observed in Figure 5K.

To examine the superior carbon coking resistance and catalytic
activity of the Cu‐alloyed Ni/YSZ electrode under realistic
operating conditions with an applied electrical potential, long‐

term stability tests were performed on 5Cu95Ni and Ni(ref)
electrodes, as presented in Figure 8. The substrate thickness
was reduced to 80 µm to increase the current density, thereby
generating a locally high partial pressure of CO near the
electrolyte–electrode interface. In a CO2/CO (60:40) atmosphere
at 800°C, galvanostatic operation was carried out under a con-
stant bias of 10 mA, and the cell voltage was monitored over
time. In addition, electrochemical impedance spectroscopy
(EIS) was measured during the bias condition (Figure 8B) to
evaluate performance degradation. The testing condition itself
does not generate coke in the absence of current; however, the
electrochemical reaction at the interface can increase the local
CO concentration, which may lead to carbon deposition.

FIGURE 7 | (A, B) SEM Images of 5 h exposed Ni(ref) samples, (C–E) center of the black spot, (F–H) edge of the black spot, and (I–K) SEM‐EDS
mapping images of black spot.

FIGURE 8 | Electrochemical long‐term test results of Ni(ref) and 5Cu95Ni half‐cells at 800°C under CO2/CO (60:40). (A) Galvano‐static long‐
term test under 0.01 A for 25 h. (B) EIS results during long‐term test.
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As shown in Figure 8A, the 5Cu95Ni electrode exhibited
higher performance compared to Ni(ref), which is consistent
with the lower apparent activation energy shown in Fig-
ure 3D. During 25 h of operation, the Ni(ref) samples showed
a voltage increase from 0.085 to 0.118 V ( ~38.8% rise),
whereas the 5Cu95Ni sample displayed only a minor change
from 0.082 to 0.086 V ( ~4.8% increase), clearly demonstrating
the superior stability of the Cu‐alloyed electrode. In addition,
EIS spectra collected during the measurement revealed a
pronounced increase in polarization resistance for Ni(ref),
while the Cu‐alloyed electrode showed minimal change
(Figure 8B). Specifically, the polarization resistance of
5Cu95Ni increased only from 0.156 to 0.209Ω cm2 (~34%),
while that of Ni(ref) nearly doubled from 0.361 to
0.756Ω cm2 (~112%). Post‐analysis further supported these
findings: the Ni(ref) electrode exhibited visible electrode
damage after the long‐term test, and SEM images confirmed
coke formation on the cathodic electrode surface where CO2

reduction occurs, while no such degradation or carbon dep-
osition was observed in the 5Cu95Ni electrode (Figure S12).
Together, these results confirm that Cu alloying enhances
both catalytic activity and long‐term stability by effectively
suppressing carbon deposition under realistic electro-
chemical operating conditions.

In addition to the findings presented above, it is important to
address considerations regarding the scalability of the fabrica-
tion method and the applicability of the present results to
practical SOEC systems. While pulsed laser deposition (PLD)
was employed in this study to ensure precise control over
electrode composition and microstructure, it is acknowledged
that PLD has inherent limitations in terms of scalability for
commercial applications. For large‐scale manufacturing,
adopting similar physical vapor deposition (PVD) techniques—
particularly sputtering, which is currently widely used in
industrial settings—could offer a more viable pathway. In our
recent work, sputtering has been successfully applied to pro-
duce 5 × 5 cm2 thin‐film SOFCs [116], with 10 × 10 cm2 cells
under development. Such scalability‐oriented fabrication strat-
egies have the potential to bridge the gap between laboratory‐
scale alloying studies and industrial deployment, thereby
accelerating the translation of the present findings into practical
CO2‐SOEC systems.

Additionally, the experimental configuration used in this
study warrants consideration. The symmetrical cell design
was chosen as a model system to eliminate multiple vari-
ables inherent in practical cells, allowing for a focused
evaluation of the intrinsic effects of alloying on the fuel

electrode. However, in full SOEC stacks, the air electrode
can play a substantial role in determining overall perform-
ance alongside the fuel electrode. Moreover, the transport
phenomena (e.g., flow field in separator, porous structure in
fuel electrode support layer) are known to critically influ-
ence both performance and stability [117]. In the context of
CO2‐SOECs, particularly during low‐temperature operation,
the partial pressures of CO and CO2 are key factors influ-
encing carbon coking behavior. Consequently, stack‐ and
system‐level design factors that govern local gas concen-
tration distribution could play an important role in both
electrochemical performance and long‐term durability.
Future work should therefore extend the present approach
to full‐cell and stack‐level systems under realistic operating
conditions, where these additional variables can be sys-
tematically evaluated.

3 | Conclusion

In this study, we systematically explored how alloying
Ni/YSZ electrodes with Cu, Fe, and Co influences electro-
chemical performance and carbon coking behavior under
high‐temperature CO2 electrolysis. Although Co alloying
significantly reduced the apparent activation energy for CO2

dissociation, leading to higher intrinsic activity, it also
introduced notable morphological changes that diminished
the overall reactivity and exacerbated carbon coking. By
contrast, Cu alloying offered a moderate enhancement in
activity while preserving a larger triple phase boundary (TPB)
due to minimal particle growth. More importantly, the
superior coking resistance of Cu made it a more balanced
choice for practical SOEC applications, combining both sta-
ble long‐term operation and respectable electrochemical
performance. These key performance metrics are summa-
rized in Table 1.

Looking ahead, further compositional optimization of Ni–M
alloys, beyond the single doping ratio explored here, may
unveil synergies or trade‐offs that more effectively balance
activity and coking resistance. Additionally, advanced
electrode microstructure engineering, including graded
architectures or refined sintering strategies, could further
enhance the performance and stability. By systematically
tuning both alloy composition and microstructure features,
future investigations can expand on the promising results
presented here, driving the development of next‐generation
SOEC electrodes capable of achieving higher efficiency and
durable operation in CO2 electrolysis.

TABLE 1 | Key performance metrics for Ni(ref) and Ni–M (M = Fe, Co, Cu) electrodes. The TPB factor was calculated by normalizing the TPB

length to that of Ni(ref) electrode. Apparent activation energies (App. Ea) were measured under CO2/CO (80:20) atmosphere. Carbon‐coverage
quantified after exposure to CO2/CO (40:60) at 650°C for 5 h (Figure 5J).

5Fe95Ni 5Co95Ni Ni(ref) 5Cu95Ni

TPB factor 0.55 0.45 1 0.84

App. Ea (kJ mol−1) 91.6 68.8 111.9 99.9

C Coverage (%) 2.5 7.9 4.5 1.2
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4 | Experimental Section

4.1 | Electrode Fabrication by Pulsed Laser
Deposition

Symmetrical cells were fabricated using 8mol% yttria‐stabilized
zirconia (YSZ, Nishimura) discs in the size of 4 mm radius and
3mm thickness as the electrolyte substrate. For the electro-
chemical stability test, a 3YSZ (Kerafol) substrate of 80 µm
thickness was used. Electrodes were prepared using a pulsed
laser deposition (PLD) process to ensure uniform electrode
structure among the different electrode samples. For the refer-
ence Ni/YSZ composite cermet electrode, a target for PLD was
prepared by sintering a homogeneous mixture of NiO
(Mechema) and YSZ (Tosoh) powders in a weight ratio of 56:44
(NiO:8YSZ) at 1400°C for 5 h. To fabricate the Ni–M/YSZ
(M: Cu, Co, Fe) electrodes, different PLD targets were prepared
by adding metal oxide powders (CuO, Co3O4, Fe2O3, purity
> 99.99% trace metal basis, Sigma‐Aldrich) to the NiO/YSZ
mixture. In these targets, the molar percentage of the additional
metal relative to the total transition metal was fixed at 5%, while
the metal‐to‐YSZ ratio was maintained constant. The alloying
concentration was fixed at 5 at% to minimize structural modi-
fications of the Ni/YSZ cermet and to promote homogeneous
alloy formation. Higher alloying levels have been reported to
induce phase separation or substantial structural modifications
in Ni‐based alloy systems [118–123].

The PLD process was conducted at 700°C in an oxygen atmo-
sphere at 50 mTorr for 3 h on both sides of the YSZ pellet.
Following deposition, the samples were annealed at 1200°C for
1 h to prevent the agglomeration of Ni during the reduction
process, which is essential for achieving the desired micro-
structure and ensuring proper electrode performance [124].

The Powder used for DRIFT analysis was synthesized by
the glycine nitrate process, a combustion‐based synthesis
method. Nitrate precursors (Ni(NO3)2 ∙6H2O, Co(NO3)2∙6H2O,
Cu(NO3)2∙3H2O, Fe(NO3)3∙9H2O, purity >98%, Sigma‐
Aldrich) of each metal and glycine were dissolved in water
with the desired stoichiometry of the final compound and with
a glycine‐to‐nitrate ratio of 0.55. The solution was stirred
thoroughly to ensure solution homogeneity and was then he-
ated on a hot plate to evaporate the water and obtain a powder
after the combustion. The powders were calcined in air at
800°C to remove residual ash. After calcination, the powders
were reduced at 650°C for 5 h in a 4% H2/Ar atmosphere to
produce the final Ni–M alloy powders.

4.2 | Characterization

The phase purity of each electrode was verified using X‐ray
diffraction (XRD) analysis, with Rietveld refinement performed
through HighScore Plus software to quantify the phase com-
position and obtain the lattice parameter. Transmission electron
microscopy (TEM; Talos F200X, Thermo Fisher Scientific) was
conducted with samples prepared using a focused ion beam
(FIB; NX5000m Hitachi High‐Tech). Carbon deposition
morphologies were examined using a scanning electron
microscope (SEM; Inspect F50, FEI) and an optical microscope

(LV150, Nikon). Raman spectroscopy (In Via Raman Micro-
scope, Renishaw) was employed to analyze the properties of
carbon formed on the electrodes under controlled carbon dep-
osition conditions. Diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFT) was conducted with an FT‐IR
spectrometer (Nicolet 6700, Thermo Fisher Scientific) along
with a designated chamber (DiffuseIR, Pike Technologies) to
investigate the surface intermediate species present on the
samples at atmospheric pressure within a reactant gas en-
vironment. X‐ray absorption spectroscopy (XAS) was conducted
using the 1D beamline of the Pohang Light Source (PLS‐2) for
X‐ray Absorption Near Edge structure (XANES) and Extended
X‐ray Absorption Fine Structure (EXAFS) analysis. The Co, Fe
K‐edge spectra were obtained in fluorescence mode. A reference
Metal foil was measured independently without the sample,
since the measured samples were thin‐film deposited on a thick
substrate. The XAS data were processed and fitted with the
ATHENA and ARTEMIS software programs. Coordination
number was obtained by fixing the S0

2 value, which was
obtained from the reference foils.

4.3 | Electrochemical Measurement

The symmetrical cell evaluation system was used for electro-
chemical measurements conducted in the temperature range of
650°C to 800°C under various CO/CO2 conditions, controlled by
the composition of the CO/CO2 mixture. Impedance and per-
formance measurements were performed using a Solartron 1260
frequency response analyzer and a 1287 A potentiostat/galva-
nostat electrochemical interface (Solartron Analytical). Imped-
ance data were recorded at the open‐circuit voltage (OCV)
across a frequency range of 0.1MHz to 0.1 Hz, with an AC
perturbation of 1 mA to ensure a consistent electrochemical
reaction at the electrodes. Galvanodynamic performance test
was conducted by increasing the current at a rate of 1 mA/s
starting from OCV. EIS fitting analysis was carried out using
Z‐View software for accurate data interpretation and modeling.

4.4 | Computational Details

Spin‐polarized DFT calculations were performed (NFEC‐
2025‐02‐303332) using Vienna ab initio simulation package
(VASP) [125]. The exchange‐correlation energies were eval-
uated using the Perdew‐Burke‐Ernzerhof (PBE) functional
based on generalized gradient approximation (GGA) [126]. The
conjugate gradient (CG) method was adopted to optimize the
simulation model, ensuring that the forces were below 0.03 eV
and the energies were less than 10‐4 eV. The plane‐wave basis
set employed an energy cutoff of 450 eV. The Methfessel‐Paxton
smearing method was adopted for all calculations. To account
for Van der Waals (VdW) interaction, the DFT‐D3 method with
Becke‐Johnson damping function was used [127]. The opti-
mized lattice parameter of Ni was 3.48 Å. Then, we constructed
a (4 × 4) supercell of the Ni(111) surface based on our experi-
mental XRD data, and substituted one surface Ni atom with a
dopant element to consider the doping ratio of 6.25% to model
the experimental doping ratio of 5% considering the computa-
tional cost for simulating the larger size of supercells, which can
describe the surface doping ratio of ≈5%. For all slab model
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calculations, the bottom two layers were fixed as their bulk
structure. To prevent the self‐interaction between periodic
slabs, the vacuum layer of 15Å along the c‐axis was employed.
All calculations for the periodic slab model were applied
3 × 3 × 1 Monkhorst‐Pack k‐points mesh grid [128]. The acti-
vation energies were calculated using the climbing image
nudged‐elastic band (Cl‐NEB) method [129].

The adsorption energy (Ead) was calculated as follows:

E E E E= − −ad sys clean mol

where Ead represents the adsorption energy, Esys represents the
total energy of the system with adsorbates adsorbed on the
surface, Eclean represents the total energy of a clean surface, and
Emol represents the total energy of an isolated adsorbate
molecule.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section.
Table S1. Calculation of the TPB factor for each alloyed Ni/YSZ elec-
trode based on mean particle sizes of Ni and YSZ phase, normalized to
the Ni/YSZ reference electrode. Table S2. Structural parameters around
Co and Fe atoms in 5Cu95Ni/YSZ and 5Fe95Ni/YSZ samples with
corresponding reference foils extracted from EXAFS curve fitting.
Table S3. Reaction energy and activation energy of CO2 dissociation on
Ni(111), Co‐doped (111), Cu‐doped (111), and Fe‐doped (111).
Table S4. Summary of key performance metrics for all samples at 650°C
and 800°C, based on the data presented in Figure 3. Figure S1. A‐D)
BF‐TEM images of prepared samples. E‐H) Diffraction pattern obtained
from the marked area of BF‐TEM images. The lattice parameter derived
from patterns involves an estimated error of ~0.005 nm due to pixel
resolution in data processing. Figure S2. Particle size distributions and
corresponding statistical parameters (mean, median, and standard
deviation) for the prepared samples: (A) YSZ and (B) Ni‐M. Figure S3.
The normalized Ni K‐edge XANES spectra of samples with reference to
the Ni metal foil. Figure S4. Cross‐sectional SEM images of the samples.
Figure S5. SEM Images of samples at (A‐D) 5 h exposed, (E‐H) 10 h
exposed, and (I‐L) 15 h exposed. Figure S6. Optimized structure of clean
surface, *CO2, *CO, *O, *CO + *O, and *C on Ni(111), Co doped (111),
Cu doped (111), and Fe doped (111). The value below each figure
represents the adsorption energy. Figure S7. Top‐view of the initial state
(IS), transition state (TS), and final state (FS) for CO2 dissociation
reaction on Ni(111), Co doped (111), Cu doped (111), and Fe doped
(111). Figure S8. CO adsorption energy with different doping ratios on
Ni(111), Co doped (111), Cu doped (111), and Fe doped (111). Figure S9.
In‐situ DRIFT spectra of various samples measured in a CO2 atmo-
sphere at 30°C. (A) Gaseous CO, (B) gaseous CO2, and (C) adsorbed
CO2 peak. Figure S10. Optical images of samples treated in CO2/CO
(40:60) at 650°C for 10 h. Figure S11. Raman analysis for samples
exposed for 5, 10, and 15 hours. Figure S12. Images from the long‐term
stability test presented in Figure 8: (A) Digital photographs of the
cathodic electrodes after the test; (B) SEM Images of the cathodic
electrode showing carbon deposition after the test.
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