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ion of hetero-structured
perovskite composites with exsolved Fe and Cu
metallic nanoparticles as efficient CO2 reduction
electrocatalysts for high performance solid oxide
electrolysis cells†

Xiuan Xi, a Yun Fan,a Jiujun Zhang, b Jing-Li Luo a and Xian-Zhu Fu *a

Solid oxide electrolysis cells (SOECs) have been widely used for efficient conversion of CO2 into valuable

fuels and chemicals utilizing clean and renewable alternative energy sources. However, the scarcity of

highly active cathode materials prevents their use in real-world applications. Herein, hetero-structured

double perovskite/Ruddlesden–Popper perovskite (DP/RP-P) composites with exsolved Fe–Cu bimetallic

nanoparticles are developed via in situ reduction treatment of the Sr2Fe1.25Cu0.25Mo0.5O6�s (SFCuM)

perovskite at high temperatures. The LSGM-electrolyte-supported SOEC with the composite perovskites

as the cathode demonstrates excellent electrochemical performance in CO2 electrolysis. At an operating

temperature of 800 �C and an applied potential of 1.4 V, the current density towards CO2 electrolysis

was as high as 1.7 A cm�2, while the CO production and faradaic efficiency achieved were about 12.8

ml min�1 cm�2 and 95.2%, respectively. These results indicate that the hetero-structured DP/RP-SFCuM

composites with exsolved Fe–Cu bimetallic nanoparticles are promising CO2 electrolysis electrocatalysts

for high-performance SOECs. Our research therefore highlights the potential for developing extremely

efficient electrocatalysts for CO2 electrolysis and utilization.
1 Introduction

Owing to uncontrolled fossil fuel consumption, CO2 emissions
have increased dramatically in recent decades, resulting in
a severe environmental crisis.1 Therefore, lowering CO2

concentrations and emissions in the atmosphere is critical. In
addition to the use of renewable energy sources as replacement
for fossil fuels, CO2 capture and utilization has become another
promising alternative.2–4 Solid oxide electrolysis cells (SOECs)
are ideal for this because they are the most efficient devices for
converting CO2 into usable compounds, such as CO with
theoretically energy conversion efficiencies close to 100%
utilizing clean and sustainable alternative energy sources.5–8

Conventionally, Ni-YSZ has been explored and employed as
the cathode in SOECs, owing to its operating reliability,
considerable electrocatalytic performance, and reasonable cost.
Unfortunately, long-term stability concerns such as Ni particle
agglomeration, carbon deposition, and Ni oxidation in the
g, Shenzhen University, Shenzhen 518060,

Sciences, Shanghai University, Shanghai,

tion (ESI) available. See DOI:

f Chemistry 2022
testing environment greatly hinder further applications.5

Perovskite-related oxides,9–12 such as Sr2Fe1.5Mo0.5O6�s, have
attracted considerable interest as novel options for cathode
materials in SOECs owing to their enhanced impurity tolerance,
high redox stability, outstanding coking resistance, and
acceptable ionic and electronic conductivity.11,13 However, weak
high-temperature chemical adsorption of CO2 molecules and
poor electrocatalytic activity limit their efficacy in CO2 reduction
operations.

In situ exsolving of metal nanoparticles on the perovskite
surface has been explored as a promising approach for
improving catalytic activity.14–17 Under the testing conditions,
ne and equally dispersed catalyst nanoparticles can be ob-
tained on the surface of porous electrodes. Subsequently, the
exsolved metal nanoparticles and abundant oxygen vacancies at
the metal–oxide interfaces can supply more active reaction sites
for the adsorption and activation of CO2 molecules.15 Further-
more, owing to a stronger metal–oxide interface arising from
the binding effect with the parent perovskite, the exsolved metal
nanoparticles have improved high-temperature anti-sintering
stability.10,18 Among the various metal catalysts, Fe- or Cu-
based metals/alloys are widely used as catalysts in the CO2

reduction reaction,19–21 as Fe has the highest catalytic activity for
CO2 reduction and a low energy barrier,22,23 whereas Cu has
excellent CO2 adsorption properties and coking resistance.21
J. Mater. Chem. A, 2022, 10, 2509–2518 | 2509

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ta07678g&domain=pdf&date_stamp=2022-01-29
http://orcid.org/0000-0002-2977-7978
http://orcid.org/0000-0001-8357-3696
http://orcid.org/0000-0002-2465-7280
http://orcid.org/0000-0003-1843-8927
https://doi.org/10.1039/d1ta07678g
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA010005


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 0
2 

D
ec

em
be

r 
20

21
. D

ow
nl

oa
de

d 
on

 3
/2

9/
20

26
 1

1:
31

:5
0 

PM
. 

View Article Online
In addition to these in situ exsolution strategies, another
potential technique that can result in favorable properties is the
fabrication of oxide heterostructures,24,25 especially simple
perovskite/Ruddlesden–Popper perovskites (S-P/RP-P).26–29 For
example, partially painting the surface of a single perovskite
oxide (La0.6Sr0.4)CoO3 with a Ruddlesden–Popper (RP) K2NiF4-
type layered perovskite (La,Sr)2CoO4.27 can result in a 1000
times increase in the surface oxygen exchange coefficient.28 The
electrical surface exchange coefficient of hetero-structured
Nd0.5Sr0.5CoO3�d/Nd0.8Sr1.2CoO4�d composites is 100–1000
times greater than that of a single-phase sample.26 Thus, hetero-
structured composites can potentially also be introduced into
SOECs for efficient catalytic reactions during the CO2 electrol-
ysis process.

Herein, the in situ construction of hetero-structured DP/RP-
SFCuM composites with exsolved Fe–Cu bimetallic nano-
particles was proposed with one-step treatment of the Sr2-
Fe1.25Cu0.25Mo0.5O6�s perovskite under reducing conditions at
high temperatures. Subsequently, the effects of the phase
evolution on the crystal and the physical and chemical prop-
erties were thoroughly analyzed, and the catalytic performances
of the resultant electrode in CO2 electrolysis reactions were
systematically evaluated. A schematic illustration of the cell
congurations of the SOECs for CO2 electrolysis is shown in
Scheme 1. The hetero-structured DP/RP-SFCuM perovskite
composites with exsolved Fe–Cu bimetallic nanoparticles
exhibit excellent electrochemical performance in CO2 electrol-
ysis reactions. At 800 �C, the CO2 electrolysis current density is
equal to approximately 1.7 and 2.5 A cm�2 at an applied
potential of 1.4 and 1.5 V, respectively, which is superior to that
of single cells with DP-SFCuM as the cathode and other prom-
ising electrodes, demonstrating that it is an efficient CO2 elec-
trolysis electrocatalyst for high-performance SOECs.
2 Experimental section
2.1 Material preparation

Sr2Fe1.5Mo0.5O6�d (SFM) and Sr2Fe1.25Cu0.25Mo0.5O6�d (SFCuM)
powders were prepared by the combustion method.30 During
the preparation, the starting materials were H24Mo7N6O24,
Scheme 1 Schematic illustration of the cell configurations of SOECs
for CO2 electrolysis.

2510 | J. Mater. Chem. A, 2022, 10, 2509–2518
Cu(NO3)2$9H2O and Fe(NO3)3$9H2O (all more than 99.9% pure)
as well as Sr(NO3)2 (99.5% pure). The chelating agents were
citric and ethylene diamine tetra-acetic acids. Aer synthesis,
the powders were obtained by ring at 1000 �C for 10 h. Similar
preparation procedures were applied for the synthesis of La0.4-
Ce0.6O2�d, Sm0.2Ce0.8O1.9 and La0.58Sr0.4Co0.2Fe0.8O3�d powders.
2.2 Cell preparation and electrochemical testing

La0.8Sr0.2Ga0.8Mg0.2O3�d (LSGM)-based electrolyte, which sup-
ported a single SOEC, was used to evaluate the performance of
the catalyst during the CO2 electrolysis. Firstly, the LSGM elec-
trolytes (the powders were bought from Wuxi city Kaistar
Electro-Optic Materials Co., Ltd., and the average particle size is
about 3 mm with a purity of about 99.9%) were dry-pressed and
heated at 1500 �C for 6 h, followed by polishing to �250 mm.
Then, La0.4Ce0.6O2�s (LDC) was applied to one side of the
electrolyte and heated at 1400 �C for 2 h. Next, the cathode
pastes were coated on the LDC layer and heated at 1150 �C for
2 h. Subsequently, LSCF-SDC anode paste was applied to
another solid electrolyte side and sintered at 1100 �C for 2 h. To
evaluate the catalytic activities of the obtained electrodes in
terms of the CO2 reduction reaction, LSGM electrolyte-
supported symmetrical cells in a 1 : 1 CO–CO2 atmosphere are
applied. Ag paste (covering 0.215 cm2 area) served as a current
collector.

Then, the single SOEC was sealed in an Al2O3 tube using
a Cerama-bond 552-VFG sealant (Aremco) and heated to 850 �C.
Prior to the tests, the cathodes were conditioned in H2 con-
taining 3% of H2O for 2 h. The cell performance towards CO2

electrolysis was then evaluated when the cathode was changed
to a pure CO2 environment. During testing, the LSV and EIS
data (105 to 0.01 Hz) were collected at 700–850 �C. Aer testing,
an equivalent circuit was decided by using RelaxIS3.0 soware
(Germany). The electrical surface exchange coefficient (kq) was
then calculated using eqn (1):26,27,31

kq ¼ RT/4F2RAelectrode � c0 (1)

where R and F are the universal gas and the Faraday constants,
respectively, T is the temperature (in K), R is the polarization
resistance of the low frequencies, Aelectrode is the effective area of
electrode and c0 is the concentration of lattice O in the resultant
electrode (calculated from XPS analysis).

The gas product was determined by gas chromatography
(performed using a GC2060 instrument manufactured in
China). The gas ow rate was determined using a owmeter.
The Faraday efficiency was calculated as follows:32

FECO ¼ 0:1315� V
�
mL min�1�� vðvol%Þ
ItotalðAÞ � 100% (2)

where V is the gas ow rate, n (vol%) is the concentration of CO,
and Itotal(A) is the cell current.
2.3 Material characterization

The materials synthesized in this work were characterized by
XRD (Miniex600, Japan), HR-TEM (performed using a JEM-
This journal is © The Royal Society of Chemistry 2022
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F200 instrument manufactured in Japan), and SEM (performed
using an APREOS instrument, manufactured in the Nether-
lands). The O vacancy concentration was analyzed by EPR
(EMXmicro-6/1/P/L, Germany). The chemical states of the Sr, Fe,
Mo, Cu and O elements were analyzed by XPS (ESCALAB 250Xi).
RelaxIS3.0 soware (Germany) was used to analyze the EIS data,
and the detailed parameters about the DRT analysis are as
follows: (basic function: Gaussian; lambda: 0.0001; shape
factor: 0.5).
3 Results and discussion
3.1 Crystal structure and morphology of the catalysts

As shown in Fig. 1(a) and (c), the as-synthesized Sr2Fe1.25-
Cu0.25Mo0.5O6�s (SFCuM) powders in the oxidation state exhibit
a pure perovskite phase (DP-SFCuM), which crystallizes in
a cubic Fm�3m space group with a lattice constant of a ¼ b ¼ c ¼
0.782 nm. However, aer reduction under a H2 atmosphere at
850 �C for 2 h, phase evolution occurs. In addition to the DP-
SFCuM phase (43.4%), the Ruddlesden–Popper layered perov-
skite of Sr3Fe2�x�yCuxMoyO7�s (RP-SFCuM, 49.79%) and Cu–Fe
bimetal phases (Fe: 2.72% and Cu: 4.09%) could also be clearly
detected (Fig. 1(b) and (d)); this result is slightly different from
that of the sample without Cu doping (Fig. S1†), where only
exsolved Fe metal is clearly detected.
Fig. 1 (a) As-synthesized and reduced Sr2Fe1.25Cu0.25Mo0.5O6�s (SFCuM
performed for the as-synthesized and reduced SFCuM powders, respec

This journal is © The Royal Society of Chemistry 2022
It is worth noting that the peak positions corresponding to
the exsolved Cu and Fe metals are clearly separated (Fig. 1(b)),
indicating that the Cu and Fe elements exsolved from the parent
SFCuM matrix are not in alloy form, which differs signicantly
from the previous reports such as the exsolved Fe–Ni,19 Fe–Co33

and Cu–Ni alloys.34 This could be because that Cu and Fe atoms
are less likely to come together on an atomic basis, resulting in
signicant uctuations and phase separation in Fe–Cu
alloys.35,36 According to the detected phases in the XRD results,
the exsolution process can be expressed using eqn (3):

Sr2Fe1.25Cu0.25Mo0.5O6�s (DP-SFCuM) + H2 /

Sr3Fe2�x�yCuxMoyO7�s (RP-SFCuM)

+ Sr2(Fe1.25Cu0.25Mo0.5)1�zO6�s (DP-SFCuM)

+ Cu + Fe + H2O + Vo (3)

where Sr2(Fe1.25Cu0.25Mo0.5)1�zO6�s (DP-SFCuM) represents a B-
site-decient perovskite aer reduction and before phase
transformation, and VO represents the O vacancy during the
phase evolution process.

HR-TEM analysis is applied to observe the structural varia-
tions in the DP-SFCuM phase induced by the reduction treat-
ment. As shown in Fig. 2, before reduction, only a single phase
is observed; the interplanar spacing is approximately 0.39 nm in
each direction (see Fig. 2(b)), which is consistent with the [001]
zone axis of the cubic SP-SFCuM phase. However, aer
) powders, (b) magnification of (a), and (c) and (d) Rietveld refinement
tively.

J. Mater. Chem. A, 2022, 10, 2509–2518 | 2511
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Fig. 2 (a) Morphology of the as-synthesized SFCuM powders, (b) HR-TEM images of the powders shown in (a), and (c) corresponding fast Fourier
transform (FFT) spectra. (d) Morphology of the reduced SFCuM powders, (e) magnification of the interface between parts A and B, and (f–i)
magnification of parts A, B, C and D, respectively.
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reduction, the morphology and crystalline structure are obvi-
ously changed, as shown in (d–i). Not only are the crystalline
structures of DP-SFCuM (part A, indexed as the [0–11] zone axis
of the DP-SFCuM phase) and RP-SFCuM (part B, indexed as the
(105) lattice plane of the RP-SFCuM phase) observed, but Cu
and Fe nanoparticles could also be clearly conrmed (the lattice
spacing was 0.208 and 0.203 nm in parts C and D, which
corresponds to the (111) plane of Cu and the (110) plane of Fe,
respectively). The XRD results shown in Fig. 1 are in good
agreement with these results.

Furthermore, the HR-TEM images reveal that the exsolved
Cu and Fe bimetal nanoparticles were both effectively xed in
the matrix of the perovskite, showing that the exsolved Cu–Fe
bimetal nanoparticles and the perovskite matrix interact
strongly. This anchoring effect is critical for improving the
stability of metal nanocatalysts under SOEC testing conditions,
as it mostly prevents metal nanoparticles from sintering and
agglomerating by the perovskite ceramic matrix at higher
operating temperatures.14,18

To further determine the distribution of the exsolved nano-
particles in the reduced SFCuM matrix, TEM-EDS elemental
mapping was carried out and the results are shown in Fig. 3. On
2512 | J. Mater. Chem. A, 2022, 10, 2509–2518
the surface of the matrix particles, a large number of nanosized
particles with particle sizes in the range of 10–30 nm is
uniformly dispersed. Furthermore, the exsolved nanoparticles
include exclusively Cu or Fe metals, whereas other elements are
equally distributed in the matrix particles, indicating that these
nanoparticles are composed of Fe or Cu metal. Further, TEM-
EDS line scanning is performed to determine the atomic frac-
tion of each element in the exsolved nanoparticles. Fig. 3(h) and
(i) further conrm that the exsolved nanoparticles are not in
alloy form but mainly comprise separated Cu and Fe elements,
which is consistent with a previous report.29

As shown in Fig. S2,† when only Fe exsolves from the matrix,
the exsolved nanoparticles grow easily and are mainly in the
range 50–70 nm. By contrast, in the presence of Fe–Cu bimetals,
the average size of the exsolved particles is obviously decreased,
and is mainly in the range of approximately 10–30 nm. This
suggests that the separated Fe–Cu bimetals are also effective for
preventing the metal nanoparticles from sintering and
agglomerating at the high temperatures. The separated Fe–Cu
bimetals may be due to the fact that Cu and Fe metals are
difficult to form alloys, which could be separated each other
during the exsolution process, effectively preventing them from
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) TEM micrographs of the reduced SFCuM particles, (b–f) TEM-EDS elemental mappings of the reduced SFCuM particles, (g) amount of
each element, and (h) and (i) TEM-EDS line scanning of the exsolved nanoparticles.
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agglomerating and sintering at high temperatures. This struc-
tural feature is not only benecial for stability enhancement of
the exsolved nano catalysts, but could also provide more metal–
oxide interfaces for the adsorption and activation of CO2

molecules in the resultant electrode.15
3.2 Surface chemical states of the catalysts

In addition to crystal morphology and structure, the surface
chemical states change substantially during reduction. As
shown in Fig. 4, the XPS spectra of the Mo cations in the as-
synthesized SFCuM sample demonstrate two symmetric peaks
at 235.3 and 232.15 eV (Fig. 4(a)), which correspond to Mo6+

electrons 3d3/2 and 3d5/2,37 respectively. The Fe 2p spectrum
(Fig. 4(b)) shows two asymmetric peaks, each of which could be
deconvoluted into three peaks, each corresponding to the
mixed oxidation state of Fe2+/3+/4+.37 The oxidation states cor-
responding to Mo, Fe, and Cu are all clearly reduced aer
reduction at 850 �C for 2 h under a H2 atmosphere, especially
Fe0 and Cu0 are clearly observed.
This journal is © The Royal Society of Chemistry 2022
During reduction, the creation of additional oxygen vacancy
defects in the nal sample is followed by the formation of lower
oxidation state metals (Fig. 5), which is also in good agreement
with the variations in the Olatt and Oads shown in Fig. 4(d). Aer
reduction treatment, the amount of Olatt is obviously decreased,
whereas that of Oads is greatly increased. Accordingly, the ratio
of the Oads/Olatt signicantly increases from 2.40 to about 4.54.
The high Oads/Olatt peak ratio demonstrates an increased
concentration of adsorbed species of oxygen (such as carbonate,
O2

2�, OH�, and O�) at the reduced SFCuM surface. At higher
temperatures and in a reducing atmosphere, such weakly
adsorbed oxygen species can be easily released,38 leaving a large
number of active sites, which would promote full contact
between CO2 molecules and active B-site transition metals.
Furthermore, the presence of mixed-valent Mo5+/Mo6+ and Fe2+/
Fe3+ and large concentrations of oxygen vacancy defects, can
result in the ionic and electrical conductivity and catalytic
activity necessary for the CO2 electrolysis processes.

According to the XPS analysis, phase evolution also has
a signicant impact on the surface composition of the resulting
J. Mater. Chem. A, 2022, 10, 2509–2518 | 2513
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Fig. 4 XPS spectra of the as-synthesized and reduced SFCuM: (a) Mo 3d, (b) Fe 2p, (c) Cu 2p and (d) O 1s (PS: all the SFCuM-R samples stand for
the DP-SFCuM/RP-SFCuM composite phase with the exsolved nanoparticles after reduction).

Fig. 5 Electron paramagnetic resonance (EPR) measurements of the
SFCuM and SFCuM-R samples.

2514 | J. Mater. Chem. A, 2022, 10, 2509–2518
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perovskite. As illustrated in Fig. 6(a), the ratio of Srsurface/Srlatt is
greatly increased aer reduction, wherein Srlatt indicates Sr in
the SFCuM lattice, whereas Srsurface comprises mainly surface-
bound Sr, such as Sr–OH or Sr–CO3. Because the binding
energies for the O 1s core levels in the species CO3

2� and OH�

are almost identical, photoelectron spectroscopy alone is
insufficient to distinguish between the hydroxyl and carbonate
groups on the surface. Quantitative data, notably the atomic
ratio between the C 1s component (only CO3

2�) at 289.3–
289.6 eV and the O-component (OH� + CO3

2�) at 531.5 eV are
utilized to elucidate the aforementioned issue. According to
Table S1,† the ratio of O/C is about 3.75 for the reduced SFCuM
sample, which is slightly higher than the theoretical value
estimated from the stoichiometry of carbonate (O/C in
carbonate is 3). This simple assessment shows that the Srsurface
comprises both Sr–OH and Sr–CO3, which is consistent with the
result shown in Table S2,† where the ratio of CO3

2�/Sr is about
0.84 on the surface of the reduced SFCuM.
This journal is © The Royal Society of Chemistry 2022
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Fig. 6 XPS spectra of the as-synthesized and reduced SFCuM: (a) and (b) Sr 3d, (c) and (d) C 1s.
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It is probable that the adsorbed carbonate ions should be
caused by the enriched alkaline earth element Sr on the surface.
According to the surface composition (Table S2†), before
reduction, the Sr/(Fe + Mo + Cu) ratio in the SFCuM sample is
approximately 1.54, whereas that of the reduced sample
increases to approximately 1.93. The increased amount of Sr
segregation is closely related to the formation of the RP-SFCuM
(Sr3Fe2�x�yCuxMoyO7�s) phase aer reduction, in which the
larger A-site Sr cations preferentially dominate the perovskite
surface.39,40 The segregated Sr cations on the perovskite surface
are also important for the chemical adsorption of CO2 mole-
cules.41,42 A-site alkali and/or alkaline earth oxides such as SrO41

or CaO43 on the perovskite surface has been revealed to improve
CO2 adsorption at elevated temperatures, as these metal oxides
are alkaline in nature and can adsorb CO2,44 resulting in
a highly active surface for CO2 reduction.
3.3 Electrochemical performances of a single SOEC for CO2

electrolysis

To evaluate the catalytic activities of the SFCuM and SFCuM-R
electrodes in terms of the CO2 reduction reaction, their elec-
trochemical impedance spectra (EIS) are obtained using LSGM
This journal is © The Royal Society of Chemistry 2022
electrolyte-supported symmetrical cells in a 1 : 1 CO–CO2

atmosphere at different operating temperatures. The discrep-
ancy between the intercepts of the low- and high-frequency arcs
with the real axis is regarded as the polarization resistance (Rp)
in the EIS, which is dened as a leading parameter for the
assessment of electrode electrochemical performance; a smaller
Rp value indicates more desirable catalytic activities in electro-
chemical systems. As shown in Fig. 7, the Rp values of the
SFCuM-R electrode are 0.46, 0.81, 2.15 and 7.2 U cm�2 at the
operating temperatures of 850, 800, 750 and 700 �C, respectively
(Fig. 7(a)). This is obviously lower than the Rp values of the
SFCuM electrode under the same testing conditions (Fig. S3†),
indicating that the catalytic activity for the CO2 reduction
reaction in the SFCuM electrode is likely to be enhanced by the
reduction treatment.

To clarify the origin of the enhancement in catalytic activity,
the EIS data are further evaluated according to the distribution
of relaxation times (DRTs), as demonstrated in Fig. 7(c). Clearly,
the area of the low-frequency peak P3 process is signicantly
reduced by the reduction treatment, whereas that of the P1 and
P2 processes do not change signicantly. In addition, in
a previous study, it is found that P1 is linked to oxygen ion
J. Mater. Chem. A, 2022, 10, 2509–2518 | 2515

https://doi.org/10.1039/d1ta07678g


Fig. 7 (a) EIS of LSGM electrolyte-supported symmetrical cells with the configuration SFCuM-R/LDC/LSGM/LDC/SFCuM-R under a 1 : 1 CO–
CO2 atmosphere at different operating temperatures; (b) comparison of the EIS spectra using different electrodes at 800 �C; (c) assessment of
the DRT spectrum at 800 �C; (d) calculated kq of the different electrodes.
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transportation at the interface between the electrodes and the
LSGM electrolyte, whereas P2 is linked to the transfer of O2� in
the electrodes, and P3 represents gas convention processes,
which include adsorption, activation, and dissociation reac-
tions.11,12,19,45 CO2 adsorption and activation processes are
considerably improved by the reduction treatment, as evi-
denced by the decreased P3 in the SFCuM-R electrode. Besides,
it is also obvious that the peak position corresponding to the P3
process greatly shis toward the high frequency range for the
reduced SFCuM-R electrode, suggesting that the electro-
chemical surface exchange reactions of the gas convention
process should also be accelerated by the reduction treatment.
The improved gas convention process is not only related to the
formation of more metal–oxide interfaces and oxygen vacancy
defects during reduction, which supply more active reaction
sites for the activation and adsorption of CO2 molecules,15,16 but
also to the formation of hetero-structured DP/RP-SFCuM
composites by reduction, which exhibit superior electrical
surface exchange coefficient (kq, Fig. 7(d)) for enhanced elec-
trochemical surface exchange reactions.26–28,31

Consequently, the LSGM-electrolyte-supported single cell
with SFCuM-R as the cathode and LSCF-SDC as the anode
exhibits excellent current density for CO2 electrolysis under
a 100% CO2 atmosphere (see Fig. 8(a)). At 800 �C, the CO2

electrolysis current density of the SFCuM-R-containing SOEC is
2516 | J. Mater. Chem. A, 2022, 10, 2509–2518
equal to 0.45, 0.75, 1.15, 1.7 and 2.5 A cm�2 at an applied
potential of 1.1, 1.2, 1.3, 1.4 and 1.5 V, respectively, which is
superior to that of the single cell with SFCuM and SFM-R as the
cathodes (see Fig. 8(b), S4 and S5†). Furthermore, these values
are also comparable to those of other prospective perovskite
electrodes (see Table S3†). Additionally, the single cell with the
SFCuM-R electrode also exhibits high current efficiency for CO2

to CO conversion at different potentials. As shown in Fig. 8(c),
the CO production gradually increases with increasing applied
potential, whereas the corresponding faradaic efficiency
decreases slightly. However, even at an applied potential of
1.4 V, the CO production and faradaic efficiency are still as high
as 12.8 ml min�1 cm�2 and 95.2%, respectively. Besides, the
obtained SFCuM-R electrode exhibits excellent long-term
stability during CO2 electrolysis. As shown in Fig. 8(d), the
current density stabilizes at around 0.43 A cm�2 under a pure
CO2 atmosphere at 800 �C and shows no prominent degrada-
tion following 100 h of examination. Aer the long-term
stability testing, no obvious carbon formation and delamina-
tion are observed (Fig. S6 and S7†), suggesting that the hetero-
structured DP/RP-SFCuM composite with exsolved Fe–Cu
bimetal nanoparticles is a promising CO2 electrolysis electro-
catalyst for high performance SOECs.
This journal is © The Royal Society of Chemistry 2022
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Fig. 8 (a) Single-cell current density with SFCuM-R as the fuel electrode; (b) current density comparison of the cell with various fuel electrodes;
(c) production of CO and faradaic efficiency; (d) long-term electrochemical stability during CO2 electrolysis.
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4 Conclusions

The in situ construction of hetero-structured DP/RP-SFCuM
composites with exsolved Cu–Fe bimetal nanoparticles is
successfully achieved by one-step reduction treatment of the
Sr2Fe1.25Cu0.25Mo0.5O6�s (SFCuM) perovskite at a temperature
of 850 �C for 2 h. The LSGM-electrolyte-supported single cell
with the obtained composite as the cathode exhibits excellent
electrochemical performance for CO2 electrolysis. At an oper-
ating temperature of 800 �C, the CO2 electrolysis current density
is as high as 1.7 and 2.5 A cm�2 at the applied potentials of 1.4
and 1.5 V, respectively, which is superior to that of a single cell
with DP-SFCuM as the cathode. The improved electrochemical
performance is directly related to the formation of abundant
metal–oxide interfaces and oxygen vacancy defects, as well as
the combination of oxide heterostructures. These results
demonstrate that hetero-structured DP/RP-SFCuM composites
with exsolved Cu–Fe bimetal nanoparticles are very efficient
CO2 electrolysis electrocatalysts for high-performance SOECs.
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