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Nanosurface-Reconstructed Fuel Electrode by Selective
Etching for Highly Efficient and Stable Solid Oxide Cells

Yueyue Sun, Jun Zhou,* Jiaming Yang, Dragos Neagu, Zhengrong Liu, Chaofan Yin,
Zixuan Xue, Zilin Zhou, Jiajia Cui,* and Kai Wu*

Solid oxide cells (SOCs) are promising energy-conversion devices due to their
high efficiency under flexible operational modes. Yet, the sluggish kinetics of
fuel electrodes remain a major obstacle to their practical applications. Since
the electrochemically active region only extends a few micrometers,
manipulating surface architecture is vital to endow highly efficient and stable
fuel electrodes for SOCs. Herein, a simple selective etching method of
nanosurface reconstruction is reported to achieve catalytically optimized
hierarchical morphology for boosting the SOCs under different operational
modes simultaneously. The selective etching can create many corrosion pits
and exposure of more B-site active atoms in Sr2Co0.4Fe1.2Mo0.4O6-𝜹 fuel
electrode, as well as promote the exsolution of CoFe alloy nanoparticles. An
outstanding electrochemical performance of the fabricated cell with the power
density increased by 1.47 times to 1.31 W cm−2 at fuel cell mode is
demonstrated, while the current density reaches 1.85 A cm−2 under 1.6 V at
CO2 electrolysis mode (800 °C). This novel selective etching method in
perovskite oxides provides an appealing strategy to fabricate hierarchical
electrocatalysts for highly efficient and stable SOCs with broad implications
for clean energy systems and CO2 utilization.
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1. Introduction

Solid oxide cells (SOCs) are electrochem-
ical energy conversion devices that have
demonstrated very high efficiency in both
converting fuels to electricity (fuel cell
mode, FC mode) and storing electricity
as chemical fuels (electrolysis cell mode,
EC mode).[1] The fuel electrode is crucial
for both the hydrogen oxidation reaction
(HOR) under FC mode and carbon dioxide
reduction reaction (CO2RR) under EC
mode. Sluggish reactivity in either process
can significantly impact SOCs perfor-
mance. Perovskites and Ni/cubic fluorite
structures oxides are leading materials for
fuel electrodes.[2] However, when combined
with Ni as a composite electrode, the poor
coking resistance of Ni obstructs surface ac-
tive sites and hampers electron transfer.[3]

Perovskite oxides offer various advantages
such as compositional flexibility, activity
in electrochemical/photoelectric processes
and stability, making them a superior
choice for bifunctional fuel electrodes in
SOCs.[4]

The mixed ionic-electronic conducting perovskite oxides
exhibit excellent oxygen ion conduction and electron conduc-
tion, however, it lacks sufficient catalytic properties. Taking
into account the effect of surface features on the reactivity
and stability of the material, surface design or modification
is required, including deposition, infiltration, and exsolution.
Infiltration and electrochemical deposition enhance the fuel
electrode catalysis by adding external surface catalyzer, offering
advantages of limitless modified area and high growth rate.[5]

However, the weak attachment of the nano-decorations results
in instability because they tend to agglomerate at operating
temperature due to large surface energy associated with the
nanosized particles.[6] Exsolution is a more stable and efficient
strategy than infiltration due to its inherent socketed nature.[6a]

The exsolution process of various cations from bulk perovskites
involves stages such as bulk diffusion, surface nucleation, and
growth.[7] Typical strategies for promoting exsolution include
A-site deficiency,[8] B-site cation trigger dopants,[9] lattice strain
control,[10] etc. Nevertheless, some obstacles still exist and resist
the nanoparticles (NPs) exsolution process, like surface segre-
gation oxides, instability from excessive A-site deficiency, and
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limits on B-site exsolution, which further result in insufficient
performance of fuel electrode in SOCs.[11]

Acid/alkali etching has multiple surface modification effects,
including selectively exposing active B-site cations, reconstruct-
ing A-site deficient surface and creating corrosion pits. Peng
et al. published that dilute HNO3 selectively etched Sr from
La0.5Sr0.5CoO3, increasing the Co3+/Co2+ redox couples and
catalytic performance.[12] Ma et al. also used nitric acid to
etch LaFeO3 catalysis and fabricated some corrosion pits on
surface.[13] This surface modification method was also used
to reconstruct the SOCs electrodes. Chi et al. reported that
(CoxFe1-x)3O4 NPs were exsoluted on the nitric acid etched
Pr0.2Sr0.8Co0.2Fe0.8O3-𝛿 symmetrical electrode. CoFe alloy and
CoO NPs embedded on the anode after reduction, demonstrat-
ing good SOCs performance.[14] To further determine the se-
lective surface reconstruction of acid etching, Li et al. used X-
ray absorption spectroscopy (XAS) to analyze the suitable un-
saturated coordination structure and Co─O bond covalency af-
ter acid etching.[15] Acid etching primarily targets A-site cations
and reconstructs an A-deficient surface because of the longer and
weaker A─O bond in perovskite, perfectly matching the prefer-
ence conditions of exsolution, which has not been investigated so
far.

SrFexMo1-xO3-𝛿 based perovskite fuel electrodes exhibit excel-
lent electrochemical catalytic activity and flexible exsolution in
content with various lattice structures, including single/double
perovskite (SP/DP) and Ruddlesden-Popper (RP) phases. Ex-
solutions of NPs, such as Ni, Fe, Ru, CoFe, NiFe, and Fe-
CoNiCu quaternary alloy, have been widely studied, showing
high performance in both FC and EC modes.[16] Hu et al.[16f]

designed a Ru@Ru-Sr2Fe1.5Mo0.5O6-𝛿 (SFM)/Ru-Gd0.1Ce0.9O2-𝛿
(GDC) anode. These metal-oxide heterointerfaces have higher
intrinsic activities for H2 power generation and CH4 conver-
sion. While noble metal costs much more than base metal
which can also perform great. He et al.[16d] chose Cu as a
dopant for SFM for both HOR and CO2RR. After reduction,
Sr2Fe1.5Mo0.3Cu0.2O6-𝛿 electrode is elegantly reconstructed into
three phases of DP, RP, and CuFe metals, showing a 1.51 W
cm−2 power density in FC mode and 1.94 A cm−2 at 1.4 V in
EC mode. These studies demonstrate that SrFexMo1-xO3-𝛿 based
perovskite oxides are potential materials as fuel electrode in
SOCs.

Here we report an efficient and simple acid etching
method that reconstructs a hierarchical catalytic surface on
Sr2Co0.4Fe1.2Mo0.4O6-𝛿 (SCFM) perovskite fuel electrode, sig-
nificantly improving the performance under both FC and
EC modes. This hierarchical structure involves exposed ac-
tive B-site cations, more catalytic site by corrosion pits, and
boosted exsolution of CoFe alloy NPs by surface A-site de-
ficiency. Detailed element and coordination environment in-
formation indicates that surface segregation is resisted and
oxygen vacancies are enhanced. This nanosurface reconstruc-
tion driven by acid etching improves the gas ad/desorption
and electron transfer, enhancing the SOCs performance under
both modes. This simple and efficient surface reconstruction
method shows inspiring prospect in promoting the fuel electrode
performance.

2. Results and Discussion

2.1. Structure and Morphology Characterization

The fuel electrode samples are synthesized using the sol-gel
method. The acid-etched sample is denoted as SCFM-A, while
the reduced samples are labeled as SCFM-R and SCFM-A-R.
Figure 1a illustrates the material treatment process and the
corresponding changes in lattice structure. Acid etching not
only alters the surface morphology, but also reconstructs an
A-deficient nanosurface and promotes the exsolution of CoFe
NPs. Figure 1b presents the X-ray diffraction (XRD) results for
the four samples. Both SCFM and SCFM-A exhibit a Pm-3m
double perovskite structure. Post acid-etching, SCFM-A re-
tains the original structure without impurities, while the XRD
peak position shows a slight move to lower degree (Figure S1,
Supporting Information), indicating a lattice expansion. After
the reduction in wet H2 at 800 °C for 2 h, a phase transition
occurs from the Pm-3m perovskite phase to a combination of
I4/mmm RP perovskite and exsolved Pm-3m CoFe alloy. The
phase compositions and unit cell parameters are confirmed
by XRD Rietveld refinement results in Figure S2 and Table S1
(Supporting Information). The calculated content of CoFe alloy
in SCFM-A-R is 23.7 wt%, significantly higher than the 13.1 wt%
in SCFM-R. In situ Raman spectroscopy, conducted under 5%
H2/N2 from 50 °C to 600 °C, reveals only a weak peak at ≈810
cm−1, indicating that SCFM has a non-ideal cubic structure
(Figure S3, Supporting Information).[17] The phase transition
and exsolution can be described as the following equation:

3Sr2Co0.4Fe1.2Mo0.4O6−𝛿 + 4H2 → 2Sr3Co0.1Fe1.3Mo0.6O7−𝛿

+Co − Fe + 4H2O (1)

The impact of acid etching is more clearly observed in the
scanning electron microscope (SEM) images in Figure 1c and
Figure S4 (Supporting Information). The SCFM powder exhibits
a smooth surface, while SCFM-A shows noticeable etching pits
ranging from 20 to 100 nm, particularly near grain boundaries.
After reduction, CoFe alloy NPs are uniformly exsolved and em-
bedded in both SCFM-R and SCFM-A-R, with faint traces of acid
etching still visible in SCFM-A-R. Detailed morphology and ele-
mental distribution are obtained through transmission electron
microscope with energy dispersive spectrometer (TEM-EDS), as
shown in Figure 1d,e, and Figure S5 (Supporting Information).
Before reduction, the lattice spacings of SCFM and SCFM-A are
0.274 and 0.276 nm for the (110) plane.[18] The exsolved CoFe NPs
have lattice spacings of 0.201 and 0.198 nm, which closely match
the d(110) of the Pm-3m CoFe alloy phase.[19] EDS images indi-
cate a distinct exsolution of CoFe alloy NPs with a narrow size of
20 nm.

2.2. Selective Surface Reconstruction by Acid Etching

Inductively coupled plasma atomic emission spectroscopy (ICP-
OES) analysis was conducted to illustrate the effect of acid etch-
ing on the sample elements. Table S2 (Supporting Information)
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Figure 1. a) Schematic of the surface reconstruction of acid etching and phase transition after reduction. b) XRD patterns of the prepared SCFM, SCFM-
A, SCFM-R, and SCFM-A-R. c) SEM images of different samples. d) TEM and HRTEM images for the SCFM-A and SCFM-A-R with CoFe NPs. e) EDS
mapping images of SCFM-A-R.
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Figure 2. XPS spectra of the four samples taken at a) Sr 3d, b) Co 2p, c) Fe 2p, and d) O 1s. XANES spectra of the e) Sr K-edge, f) Co K-edge, and g) Fe
K-edge. h) R space Fourier transforms of the k3-weighted Sr, Co, Fe K-edge EXAFS. i–k) Corresponding wavelet transform of the EXAFS spectra.

lists the weight percentages of the elements in the washed pow-
ders. The most easily etched element is Sr, followed by Co,
whereas Fe and Mo are hard to be etched by acid. Additionally,
the surface Sr species (such as SrO and SrCO3) could be etched
or washed away, thus the elemental compositions of the wash-
ing solutions were also analyzed, as shown in Table S3 (Support-
ing Information).[20] Comparing the two solutions, we found that
Sr is still the dominant etched element. These results indicate
that glacial acetic acid primarily etches the surface lattice Sr and
Co. Assuming Fe remains unchanged due to its minimal etch-
ing, the chemical formulas of SCFM and SCFM-A are calculated
as Sr2.01Co0.411Fe1.20Mo0.43O6-𝛿 and Sr1.95Co0.39Fe1.20Mo0.42O6-𝛿 re-
spectively, based on the powders results in Table S2 (Supporting
Information). The A/B ratio decreases from 0.99 to 0.97 after acid
etching, indicating a slight A-site deficiency. This deficiency is
relatively small, however, the acid etching mainly reconstructs
the perovskite surface, leading to highly A-deficient surface that
could enhance the exsolution, especially during the nucleation
stage under a reduction atmosphere.

X-ray photoelectron spectra (XPS) analysis provided addi-
tional insights into the surface element contents, as listed
in Table S4 (Supporting Information). The A/B ratios of
both SCFM and SCFM-A are above 1 due to the presence
of surface Sr species. Meanwhile, the A/B ratio drops from
1.85 to 1.25 after acid etching due to the most etched Sr.
The ICP-OES and XPS results confirm that acid etching
leads to an A-deficient fuel electrode surface. Although A-
deficiency induced by acid etching has been studied in other
catalytic perovskite materials, such as LaCoO3, La0.5Sr0.5CoO3,
LaFeO3, etc., but by the HNO3 solution and without exsolution
phenomenon.[12,13,21]

XPS spectra of Sr 3d, Co 2p, Fe 2p, O 1s, and Mo 3d peaks
at room temperature are shown in Figure 2a–d and Figure S6
(Supporting Information), with the respective proportions listed
in Table S5 (Supporting Information). The peak of binding en-
ergy of surface Sr species are located at ≈132.0 eV and lattice Sr
at ≈133.2 eV.[16d,22] The proportion of lattice Sr decreases from
15% to 11% after acid etching, with both surface and lattice Sr
peak intensities decreasing. Combined with the ICP-OES and
the XPS elemental results, these evidences demonstrate that acid
primarily etches the lattice Sr and dissolves surface Sr species.
The peaks of binding energy located at ≈529.2, ≈531.5, and
≈534.4 eV, respectively represent lattice oxygen, absorbed oxy-
gen, and surface adsorbed molecules.[23] The absorbed oxygen
increasing from 59% to 84% reveals the formation of oxygen va-
cancies due to charge compensation during acid etching cation
removal. Perovskites are usually covered by the inert A─O oxide
layer and end on (001).[11a,24] Acid initially targets the surface Sr
species and bulk Sr─O in the perovskite, followed by Co─O and
others, creating shallow pits on the surface, especially at grain
boundaries.[13,21a]

Fe and Co XPS results indicate mixed oxidation
states: Fe3+(≈712.1 eV, ≈724.8 eV), Fe2+(≈710.1 eV,
≈722.7 eV), Fe0(≈706.9 eV, ≈720.4 eV), Co3+(≈783.1 eV,
≈798.5 eV), Co2+(≈780.2 eV, ≈795.9 eV), and Co0(≈777.8 eV,
≈792.5 eV).[19a,25] From the proportion of different valence states
in Table S5 (Supporting Information), the valence states of Fe
shows a slight increase, while Co shows a slight decrease.[26]

Surface A-site deficiency and partially etched Co may lead to
increased Fe valence states and more oxygen vacancies. A-site
deficiency and oxygen vacancies are typical strategies to boost
NPs exsolution. Consequently, SCFM-A-R shows more Fe0 and

Adv. Sci. 2025, 12, 2409272 2409272 (4 of 9) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 2025, 4, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202409272 by N

H
S E

ducation for Scotland N
E

S, E
dinburgh C

entral O
ffice, W

iley O
nline L

ibrary on [10/02/2025]. 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

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Co0 than SCFM-R, with Fe0 increasing from 15% to 23% and
Co0 from 10% to 14%. These results are consistent with the
previous XRD results.

To further analyze the detailed effect of acid etching, XAS
was conducted to gain more information about the changes
in the metal oxidation states and coordination environments.
XAS includes two main regions: the X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine structure
(EXAFS). The XANES region (≈40 eV around the absorption
edge) provides information about oxidation state and chemical
bonding environments, while the EXAFS region (extending
up to 1000 eV beyond the absorption edge) offers geometric
information about the absorbing atom by modeling, including
distances and coordination numbers.[27] Figure 2e–g illustrates
the K-edge XANES spectrums for Sr, Co, and Fe, with embedded
enlarged images. The highest main resonance peak corresponds
to dipolar transitions whose shape is due to the local geometrical
structure.[28] From all K-edge XANES spectrums, SCFM and
SCFM-A present similar features in terms of both intensity and
position, which indicates that acid etching does not alter the lat-
tice framework.[29] However, the energy shifts in the embedded
images reveal a slight decrease in Co valence and an increase
in Fe valence.[30] Compared with standard oxides, the average
valence state of Co is between 2+ and 3+, while Fe is higher than
3+.

The R space Fourier transform (FT) k3-weighted K-edge EX-
AFS data (without phase correction) is shown in Figure 2h. Con-
centration mainly on the analysis of the first peak is settled in
this work, because it is isolated wsell and corresponds to the first
coordination shell of the center atom. For all three elements, the
first coordination shell is with oxygen. As the coordination num-
ber of Sr─O, Co─O, and Fe─O shells declines, the intensity of
these first peaks decreases, indicating the presence of more oxy-
gen vacancies.[25c,27a] The amplitude of the second shell of Fe
and Co is nearly half of that of the first shell, suggesting devi-
ations from a linear B─O─B configuration due to rotations of
BO6 octahedra or off-center displacement of metal ions, consis-
tent with Raman results indicating lattice distortion.[31] Further
fitting curves, results, and parameters are shown in Figure S7 and
Table S6 (Supporting Information). The coordination numbers of
oxygen in FeO6 and CoO6 octahedra complex decrease from 5.03
and 5.15 to 4.84 and 4.99 after acid etching, suggesting the in-
creased concentration of oxygen vacancies. The Sr─O coordina-
tion number also decreases from 11.98 to 11.16. These changes
could be intuitively seen from the wavelet transform graphs in
Figure 2i–k, especially the Fe─O. Meanwhile, the bond distances
show no obvious changes, reflecting a robust lattice framework
and minor valence state changes. Acid etching reconstructs the
surface and induces the loss of coordinated oxygen around A-site
and B-site cations, which serves as the driving force for in-situ
exsolution of NPs.[32]

The acid selectively etches SCFM perovskite surface through a
multi-step mechanism. Firstly, preferential removal of Sr species
from the surface creates an A-site deficient layer and exposure of
catalytically active B-site cations. Etching also creates nanoscale
pits, dramatically increasing the surface roughness and active
surface area. The A-site deficiency leads to the formation of addi-
tional oxygen vacancies due to charge compensation, which pro-
motes the exsolution of CoFe NPs during reduction.

2.3. Fuel Cell Mode Performance

The single cell SCFM-GDC|GDC|SSZ|GDC|LSCF-GDC was ini-
tially tested under fuel cell mode. The composite electrode
SCFM-GDC was calcined for 20 h at 1000 °C, which shows
good chemical compatibility demonstrated by the XRD results
in Figure S8 (Supporting Information). In Figure 3c, the SEM
image reveals dense SSZ electrolyte and GDC functional layers,
with excellent contact between layers. The porous electrode layer
with 20 μm in thickness, facilicates gas transfer. The fuel elec-
trode underwent full reduction in 3%H2O─H2 for 2 h. Open cir-
cuit voltages from 700 °C to 800 °C were around 1 V. The peak
power densities for the acid-etched cell are 1.31, 1.00, and 0.68 W
cm−2 at 800 °C, 750 °C, and 700 °C, respectively. The maximum
peak power density (1.31 W cm−2) is 1.47 times higher than that
of the unetched cell (0.89 W cm−2). To further elucidate these im-
provements, the distribution of relaxation time (DRT) was con-
ducted as depicted in Figure S9 (Supporting Information).[33]

The low frequency (LF) peak indicates gas diffusion and conver-
sion, while the high frequency (HF) peak represents O2− con-
duction in the electrolyte and GDC|SSZ|electrodes interfaces.
Middle frequency (MF) peaks denote gas ad/desorption and
charge transfer in the electrodes.[34] The MF peaks dominate
the whole electrochemical process for both cells, underscoring
that charge transfer and H2 oxidation reactions are the rate-
limiting steps.[35] Notably, the most significant decreased MF
peaks is attributed to the larger amount of CoFe NPs, which are
expected to optimize the H2 adsorption, activation, and dissoci-
ation processes.[36] The fuel cell performance with the SCFM-A-
GDC fuel electrode is comparable to the recent fuel cells with
other highly active perovskite fuel electrodes (Table S7, Support-
ing Information).[9a,11b,16f,19a,26a,36,37]

2.4. CO2 Electrolysis Cell Mode Performance

The single cells were then tested for CO2 electrolysis, with the
fuel electrode (cathode) fed pure CO2 and the oxygen electrode ex-
posed to air. Tests were conducted from 700 to 800 °C, followed by
short-time stability step test and long-time stability test at 800 °C
at different voltages. As shown in Figure 4, the acid-etched cell
achieved 3.03 A cm−2 under 2.0 V and 1.85 A cm−2 under 1.6 V
at 800 °C, making a 56% increase compared to the unetched cell.
The production was identified via gas chromatography, and Fara-
day efficiency for CO exceeded 95% across different operating
voltages. Polarization resistance and DRT results are presented
in Figure 4d,e and Figure S10 (Supporting Information), show-
ing declines mainly in HF and MF peaks. The HF peak primarily
reflects O2− conduction in the electrodes and interfaces, while
MF peaks signify the CO2RR and electron transfer in the
electrodes. Acid etching increases the A/B ratio and oxygen va-
cancies, boosting CoFe NPs exsolution and O2− conduction in the
electrodes.[8a] This improvement also enhances CO2 adsorption,
CO2RR efficiency, and overall electrolysis cell performance. Sta-
bility test over 100 h reveals both cells remain stable, with minor
degradation due to the RP perovskite structure after reduction.[38]

The unetched cell exhibits stronger degradation in the first 20
h, possibly attributed to the more unfavorable surface Sr (SrO
and SrCO3), which can be etched away by acid.[39] The reduced
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Figure 3. Single cell FC mode performance: a) I–V–P curves with SCFM-A as fuel electrode. b) I–V–P curves with SCFM as fuel electrode. c) SEM images
of the single cell. d) Nyquist plots for EIS with SCFM-A as fuel electrode. e) Nyquist plots for EIS with SCFM as fuel electrode. f) Comparison of the
polarization resistances. g) DRT results. h) Comparison in power density obtained at 800 °C.

SCFM-A-GDC fuel electrode has exhibited its potential of
the efficient conversion for CO2, indicated by its compa-
rable current density among the other perovskite-based
electrolysis cells reported recently (Table S8, Supporting
Information).[16b,c,18,19,23,26b,40]

The weight loss in O2 from 200 °C to 800 °C was mea-
sured and illustrated in Figure S11 (Supporting Information).
SCFM-A exhibits a significantly higher weight loss of 3.33% com-
pared to 1.77% for SCFM, indicating that more oxygen vacancies
are formed.[41] H2-temperature programmed reduction (H2-TPR)
was conducted to probe oxide reducibility of SCFM and SCFM-
A, as shown in Figure S12 (Supporting Information). In the tem-
perature range of 100–600 °C, the reduction peaks correspond
to the transition from Co3+ to Co2+, Fe3+ to Fe2+, and Mo6+ to
Mo5+. At higher temperature of 600–800 °C, Co2+ is more readily
reduced to its 0-valence state compared to Fe2+.[36,42] The higher
intensity of the hydrogen absorption peak above 800 °C corre-
sponds to increased exsolved CoFe NPs. These results prove that
acid etching induced A-deficient surface facilitates the exsolu-
tion of CoFe alloy NPs. The adsorption and activation of CO2 on
the fuel electrode surface are usually quite poor for the lack of
polarity of linear molecules.[40c] CO2-temperature programmed
desorption (CO2-TPD) results in Figure S13 (Supporting Infor-

mation) reveals different adsorption peaks between the two sam-
ples. Peak below 200 °C indicates physically adsorbed CO2, while
peak around ≈400 °C is attributed to decomposition products
of chemically adsorbed CO2, including monodentate, bidentate,
tridentate and carbonates.[43] SCFM-A exhibited an additional
peak around ≈730 °C, suggesting enhanced bonding of adsorbed
CO2.[44] The presence of more CoFe alloy NPs in the etched sam-
ple creates new oxygen vacancies and active adsorption sites, en-
hancing CO2 adsorption and thereby improving CO2RR perfor-
mance in SOCs.

3. Conclusion

We develop a nanosurface reconstruction strategy to engineer
an active hierarchical structured fuel electrode with excellent
SOCs electrochemical performance under both FC and EC
modes. Acid etching effectively reconstructs the perovskite
surface, leading to the A-site deficiency, B-site exposure and rich
oxygen vacancies. Such a reconstruction strategy surprisingly
promotes the ion conduction, diffusion and exsolution, thereby
accelerating kinetics of both hydrogen oxidation reaction and
CO2 reduction reaction. The etched fuel electrode SCFM-A
exhibits more CoFe NPs post-reduction, resulting in enhanced

Adv. Sci. 2025, 12, 2409272 2409272 (6 of 9) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 4. Single cell EC mode performance: a) I–V curves with SCFM and SCFM-A as fuel electrode. b) Short time stability under different voltages. c)
Faraday efficiency and CO production under different voltages. d) Nyquist plots for EIS under working voltage of 1.6 V. e) Corresponding DRT results.
f) 100 h stability test under 1.6 V at 800 °C. g) Comparison in current density obtained under various voltages at 800 °C for different fuel electrodes and
electrolytes.

electrochemical catalytic performance in SOCs. These findings
not only provide a simple approach to rationally fabricate the
nanosurface-reconstructed catalyst by selective etching, but also
significantly boost the electrochemical performance in SOCs.

4. Experimental Section
Sample Preparation: Sr2Co0.4Fe1.2Mo0.4O6-𝛿 (SCFM) particles were

synthesized by the sol-gel method using stoichiometric Sr(NO3)2,
Co(NO3)2 6H2O, Fe(NO3)3 9H2O and (NH4)6Mo7O24 4H2O. The ob-
tained xerogel was calcined at 1000 °C for 5 h in air to acquire the SCFM
pristine particles. La0.6Sr0.4Co0.2Fe0.8O3-𝛿 (LSCF) particles were prepared
via the method as well.

Cell Fabrication: First, Gd0.1Ce0.9O1.95 (GDC), ethyl cellulose, and ter-
pineol were mixed and fully ball-milled to prepare a well-dispersed sus-
pension. The GDC suspension was then spin-coated on the both side
of scandia-stabilized zirconia electrolyte (SSZ, ≈250 μm thickness) and
calcined to form a ≈3 μm GDC barrier layer. The second procedure was
screen-printing the SCFM-GDC and LSCF-GDC inks on the GDC inter-
layer separately, and then calcined at 1000 °C for 3 h, fabricating the five-

layers sandwich-structured SCFM-GDC|GDC|SSZ|GDC|LSCF-GDC single
cells. At last, both electrodes were covered with silver paste and silver wires
as the current collection.

Acid Etching Procedure: Acid etching procedure is illustrated in Figure
S14 (Supporting Information). The glacial acetic acid (99.5%, Aladdin)
was dropped into the SCFM fuel electrode on the heater and then
washed the etched electrode by deionized water to get the acid etched
SCFM. The selection of etching temperature and time was determined
by the structural and morphological results from Figure S1 (Supporting
Information). The X-ray diffraction (XRD) results show that the lattice
structure stays the same as unetched after the three different treatment
procedures. 100 °C-1 h was chosen and denoted as SCFM-A for the
proper etched morphology, compared with the over-etching of 200 °C-1 h
and no obvious mark of 100 °C-0.5 h.

Sample Characterization: The phase structure was confirmed by pow-
der XRD (D8 ADVANCEA25) at room temperature. XRD data was analyzed
and refined using FullProf software. The Raman spectra were collected by
a Renishaw in-Via Raman microscope. Morphology of powders and single
cell were conducted by scanning electron microscopy (SEM, Gemini SEM
500) and transmission electron microscopy (TEM, FEI Talos F200X).

The inductively coupled plasma atomic emission spectroscopy (ICP-
OES) results of the samples were analyzed by Agilent 5110. The X-ray

Adv. Sci. 2025, 12, 2409272 2409272 (7 of 9) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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photoelectron spectroscopy (XPS) was conducted on Thermo Fisher ES-
CALAB Xi+. The X-ray absorption spectroscopy (XAS) results of Sr, Co, and
Fe K-edge were collected at BL14W1 beamline of Shanghai Synchrotron
Radiation Facility (SSRF). Thermogravimetric Analysis (TGA, STA449C)
was adopted at the temperature range of 20–800 °C in pure oxygen. H2-
temperature-programmed reduction (H2-TPR) and CO2-temperature pro-
grammed desorption (CO2-TPD) experiments were carried out using a Mi-
cromeritics Auto Chem II 2920.

Electrochemical Measurements: The electrochemical performances
were measured by Solarton SI 1287 and SI 1260. The frequency range of
electrochemical impedance spectroscopy (EIS) was from 10−1 to 106 Hz
with a signal amplitude of 10 mV. The distribution of relaxation time (DRT)
was conducted via the DRTtools. The power density tests of the single cells
were completed with a 30 mL min−1 flowrate of wet H2. The CO2 electrol-
ysis was tested with the cathode fed with pure CO2 (30 mL min−1) while
the anode exposed in the air. The Faradaic efficiency of CO was evaluated
by outlet gases from fuel electrode determined by gas chromatography
(Agilent, 8890 GC System).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
The authors gratefully acknowledge the financial support from the Na-
tional Natural Science Foundation of China (No. 52377212), the Key R&D
Project of Shaanxi Province (2023-YBGY-057), the State Key Laboratory of
Electrical Insulation and Power Equipment (EIPE22314, EIPE22306), State
of Grid (Grant No. SGLNDK00XXJS2310044) and the Natural Science Ba-
sic Research Program of Shaanxi Province (No. 2023-JC-QN-0483). The
authors also thank the Instrument Analysis Center of Xi’an Jiaotong Uni-
versity for access to sample characterizations.

Conflict of Interest
The authors declare no conflict of interest.

Author Contributions
Y.S. and J.Z. contributed equally to this work. J.Z. conceived the idea. Y.S.
prepared samples, fabricated devices, conducted most of the characteri-
zations and writing the original draft. J.Z., D.N., and K.W. supervised the
project and process. J.Y. and J.C. contributed to device performance op-
timization. Z.L. and Z.Z. assisted in the preparation of electrochemical
tests. C.Y. and Z.X. carried out some of the characterizations. All authors
discussed the results and contributed to the revisions of the manuscript.

Data Availability Statement
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
acid etching, CO2 electrolysis, exsolution, fuel electrode, solid oxide cells

Received: August 7, 2024
Revised: September 28, 2024

Published online: December 3, 2024

[1] a) Y. Song, X. Zhang, K. Xie, G. Wang, X. Bao, Adv. Mater. 2019, 31,
1902033; b) C. Su, W. Wang, M. Liu, M. O. Tadé, Z. Shao, Adv. En-
ergy Mater. 2015, 5, 1500188; c) A. Hauch, R. Küngas, P. Blennow, A.
B. Hansen, J. B. Hansen, B. V. Mathiesen, M. B. Mogensen, Science
2020, 370, 186.

[2] S. P. S. Shaikh, A. Muchtar, M. R. Somalu, Renewable Sustainable En-
ergy Rev. 2015, 51, 1.

[3] W. Yue, Y. Li, Y. Zheng, T. Wu, C. Zhao, J. Zhao, G. Geng, W. Zhang, J.
Chen, J. Zhu, B. Yu, Nano Energy 2019, 62, 64.

[4] M. Bilal Hanif, M. Motola, S. qayyum, S. Rauf, A. khalid, C.-J. Li, C.-X.
Li, Chem. Eng. J. 2022, 428, 132603.

[5] Y. Choi, E. C. Brown, S. M. Haile, W. Jung, Nano Energy 2016, 23, 161.
[6] a) P. A. Connor, X. Yue, C. D. Savaniu, R. Price, G. Triantafyllou, M.

Cassidy, G. Kerherve, D. J. Payne, R. C. Maher, L. F. Cohen, R. I.
Tomov, B. A. Glowacki, R. V. Kumar, J. T. S. Irvine, Adv. Energy Mater.
2018, 8, 1800612; b) D. Ding, X. Li, S. Y. Lai, K. Gerdes, M. Liu, Energy
Environ. Sci. 2014, 7, 552.

[7] a) Z. Sun, C. Hao, S. Toan, R. Zhang, H. Li, Y. Wu, H. Liu, Z. Sun, J.
Mater. Chem. A 2023, 11, 17961; b) K. Kousi, D. Neagu, L. Bekris, E.
I. Papaioannou, I. S. Metcalfe, Angew. Chem., Int. Ed. 2020, 59, 2510.

[8] a) C. Su, W. Wang, Z. Shao, Acc. Mater. Res. 2021, 2, 477; b) D. Neagu,
G. Tsekouras, D. N. Miller, H. Ménard, J. T. S. Irvine, Nat. Chem. 2013,
5, 916.

[9] a) S. Jo, Y. Han Kim, H. Jeong, C.-h. Park, B.-R. Won, H. Jeon, K. Taek
Lee, J.-h. Myung, Appl. Energy 2022, 323, 119615; b) B.-W. Zhang, M.-
N. Zhu, M.-R. Gao, X. Xi, N. Duan, Z. Chen, R.-F. Feng, H. Zeng, J.-L.
Luo, Nat. Commun. 2022, 13, 4618.

[10] H. Han, J. Park, S. Y. Nam, K. J. Kim, G. M. Choi, S. S. P. Parkin, H.
M. Jang, J. T. S. Irvine, Nat. Commun. 2019, 10, 1471.

[11] a) J. Druce, H. Téllez, M. Burriel, M. D. Sharp, L. J. Fawcett, S. N.
Cook, D. S. McPhail, T. Ishihara, H. H. Brongersma, J. A. Kilner, Energy
Environ. Sci. 2014, 7, 3593; b) J. Yang, J. Zhou, Z. Liu, Y. Sun, C. Yin,
K. Wang, R. Li, Z. Zhou, K. Wu, J. Power Sources 2023, 580, 233369.

[12] Y. Peng, W. Si, J. Luo, W. Su, H. Chang, J. Li, J. Hao, J. Crittenden,
Environ. Sci. Technol. 2016, 50, 6442.

[13] Q. Yang, J. Li, D. Wang, Y. Peng, Y. Ma, Catal. Today 2021, 376, 205.
[14] X. Sun, Y. Xia, B. Wang, B. Li, L. Ma, J. Chen, B. Chi, Chem. Eng. J.

2024, 479, 147598.
[15] X. Li, X. Wang, J. Ding, M. Ma, S. Yuan, Q. Yang, Z. Wang, Y. Peng, C.

Sun, H. Zhou, H. Liu, Y. A. Wu, K. Huang, L. Li, G. Li, S. Feng, ACS
Catal. 2023, 13, 6338.

[16] a) J. Feng, G. Yang, N. Dai, Z. Wang, W. Sun, D. Rooney, J. Qiao, K.
Sun, J. Mater. Chem. A 2014, 2, 17628; b) H. Lv, L. Lin, X. Zhang, Y.
Song, H. Matsumoto, C. Zeng, N. Ta, W. Liu, D. Gao, G. Wang, X.
Bao, Adv. Mater. 2020, 32, 1906193; c) H. Lv, L. Lin, X. Zhang, R. Li,
Y. Song, H. Matsumoto, N. Ta, C. Zeng, Q. Fu, G. Wang, X. Bao, Nat.
Commun. 2021, 12, 5665; d) F. He, M. Hou, F. Zhu, D. Liu, H. Zhang,
F. Yu, Y. Zhou, Y. Ding, M. Liu, Y. Chen, Adv. Energy Mater. 2022, 12,
2202175; e) S. Zhang, Y. Jiang, H. Han, Y. Li, C. Xia, ACS Appl. Mater.
Interfaces 2022, 14, 28854; f) F. Hu, K. Chen, Y. Ling, Y. Huang, S.
Zhao, S. Wang, L. Gui, B. He, L. Zhao, Adv. Sci. 2024, 11, 2306845; g)
T. Tan, Z. Wang, K. Huang, C. Yang, ACS Nano 2023, 17, 13985; h) Y.
Luo, D. Zhang, T. Liu, X. Chang, J. Wang, Y. Wang, X. K. Gu, M. Ding,
Adv. Funct. Mater. 2024, 34, 2403922; i) C. Li, Y. Deng, L. Yang, B. Liu,
D. Yan, L. Fan, J. Li, L. Jia, Adv. Powder Mater. 2023, 2, 100133.

[17] L. Zhang, W. Sun, C. Xu, R. Ren, X. Yang, J. Qiao, Z. Wang, K. Sun, J.
Mater. Chem. A 2020, 8, 14091.

[18] Y. Li, Y. Li, Y. Wan, Y. Xie, J. Zhu, H. Pan, X. Zheng, C. Xia, Adv. Energy
Mater. 2019, 9, 1803156.

[19] a) X. Sun, Y. Ye, M. Zhou, H. Chen, Y. Li, P. Chen, D. Dong, Y. Ling,
M. Khan, Y. Chen, J. Mater. Chem. A 2022, 10, 2327; b) H. Chen, C.
Lim, T. Tan, M. Zhou, L. Zhang, X. Sun, Z. He, Y. Ye, X. Li, H. Zhang,
J. W. Han, C. Yang, Y. Chen, ACS Nano 2023, 17, 10677.

Adv. Sci. 2025, 12, 2409272 2409272 (8 of 9) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 2025, 4, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202409272 by N

H
S E

ducation for Scotland N
E

S, E
dinburgh C

entral O
ffice, W

iley O
nline L

ibrary on [10/02/2025]. 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

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

[20] G. M. Rupp, A. Limbeck, M. Kubicek, A. Penn, M. Stöger-Pollach, G.
Friedbacher, J. Fleig, J. Mater. Chem. A 2014, 2, 7099.

[21] a) Q. Yang, D. Wang, C. Wang, X. Li, K. Li, Y. Peng, J. Li, Catal. Sci.
Technol. 2018, 8, 3166; b) L. Ren, Z. Huo, S. Song, H. Yu, B. Tan, Y.
Wang, N. Feng, H. Wan, G. Guan, Appl. Surf. Sci. 2023, 629, 157435.

[22] Y. Yu, K. F. Ludwig, J. C. Woicik, S. Gopalan, U. B. Pal, T. C. Kaspar, S.
N. Basu, ACS Appl. Mater. Interfaces 2016, 8, 26704.

[23] X. Xi, J. Liu, W. Luo, Y. Fan, J. Zhang, J. L. Luo, X. Z. Fu, Adv. Energy
Mater. 2021, 11, 2102845.

[24] J. W. Han, B. Yildiz, J. Mater. Chem. 2011, 21, 18983.
[25] a) R. Zong, Y. Fang, C. Zhu, X. Zhang, L. Wu, X. Hou, Y. Tao, J. Shao,

ACS Appl. Mater. Interfaces 2021, 13, 42852; b) Z. Wang, T. Tan, K. Du,
Q. Zhang, M. Liu, C. Yang, Adv. Mater. 2023, 36, 2312119; c) X. Yang,
J. Cheng, H. Li, Y. Xu, W. Tu, J. Zhou, Chem. Eng. J. 2023, 465, 142745;
d) T. Tan, Z. Wang, M. Qin, W. Zhong, J. Hu, C. Yang, M. Liu, Adv.
Funct. Mater. 2022, 32, 2202878.

[26] a) Z. Du, H. Zhao, S. Yi, Q. Xia, Y. Gong, Y. Zhang, X. Cheng, Y. Li,
L. Gu, K. Swierczek, ACS Nano 2016, 10, 8660; b) H. Lv, Y. Zhou, X.
Zhang, Y. Song, Q. Liu, G. Wang, X. Bao, J. Energy Chem. 2019, 35,
71.

[27] a) A. C. D’Orazio, T. Marshall, T. Sultana, J. K. Gerardi, C. U. Segre, J.
P. Carlo, B. C. Eigenbrodt, ACS Appl. Energy Mater. 2019, 2, 3061; b)
B. Ravel, M. Newville, J. Synchrotron Radiat. 2005, 12, 537.

[28] J. Herrero-Martín, J. García, G. Subías, J. Blasco, M. C. Sánchez, Phys.
Scr. 2005, T115, 471.

[29] S. Peng, X. Han, L. Li, S. Chou, D. Ji, H. Huang, Y. Du, J. Liu, S.
Ramakrishna, Adv. Energy Mater. 2018, 8, 1800612.

[30] a) C. C. Tester, C. H. Wu, M. R. Krejci, L. Mueller, A. Park, B. Lai,
S. Chen, C. Sun, M. Balasubramanian, D. Joester, Adv. Funct. Mater.
2013, 23, 4185; b) J. Kim, Y. J. Kim, M. Ferree, S. Gunduz, A. C. Co,
M. Kim, U. S. Ozkan, Appl. Catal., B 2023, 321, 122026; c) G. Chen,
Z. Hu, Y. Zhu, Z.-G. Chen, Y. Zhong, H.-J. Lin, C.-T. Chen, L. H. Tjeng,
W. Zhou, Z. Shao, J. Mater. Chem. A 2018, 6, 9854.
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