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Carbon dioxide (CO2) reduction using solid oxide electrolysis cells (SOECs) has attracted great attention

because of the high efficiency and fast kinetics enabled by high operating temperatures. Electrode

materials with high catalytic activity for CO2 reduction and good stability over long-term operation,

nevertheless, are still to be developed. In this work, layered-perovskite oxide electrodes with in situ

exsolved Co–Fe alloy nanoparticles are developed for efficient CO2 electrolysis to produce carbon

monoxide (CO). Using double perovskite oxide Sr2Ti0.8Co0.2FeO6�d as a solid precursor, a Ruddlesden–

Popper phase oxide matrix with exsolved Co–Fe alloy nanoparticles uniformly distributed on the surface

(Co–Fe–STCF) is synthesized by thermal reduction. The cell with a mixture of Co–Fe–STCF and

Sm0.2Ce0.8O2�d (SDC) as the fuel electrode exhibits outstanding performance for CO2 electrolysis, with

a polarization resistance (Rp) as low as 0.22 U cm2 at 800 �C. A current density of 1.26 A cm�2 is

acquired at a bias of 1.6 V at 800 �C, and the CO production rate reached 8.75 mL min�1 cm�2 with

a high value of Faraday efficiency (�100%). Moreover, the Co–Fe–STCF–SDC electrode shows good

stability for long-term (100 h) operation with no carbon deposition on the surface. Such high

performance of the Co–Fe–STCF–SDC electrode is attributed to abundant oxygen vacancies in the

oxide matrix and the high catalytic activity of the exsolved metal nanoparticles. The result of this work

can guide the design of highly active and stable (electro)catalysts for high-temperature energy and

environmental devices.
Introduction

The use of fossil fuels has released large amounts of carbon
dioxide (CO2) over the past few decades, which poses great
threat to the environment. Great efforts have been devoted to
developing an efficient approach to reduce CO2 emissions.1,2

Electrochemical conversion of CO2 into valuable products using
electricity from renewable energy has attracted much attention
because it not only provides an effective way for energy storage,
but also reduces the environmental effects of CO2. Among
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various electrochemical devices, solid oxide electrolysis cells
(SOECs) which function at high temperature (600–1000 �C)
exhibit great advantages such as outstanding conversion effi-
ciency, high Faraday efficiency and fast kinetics.3–6 The perfor-
mance of SOECs for CO2 electrolysis, nevertheless, is still
strongly limited by the lack of high-performance fuel electrode
materials. Ni-based composites are the most widely investigated
fuel electrodes for SOECs.7,8 Despite its high catalytic activity,
metal Ni gets easily oxidized to insulating NiO and faces serious
carbon deposition issues when exposed to an atmosphere with
a high concentration of CO2.9,10 Developing new electrode
materials with high activity toward CO2 reduction and good
stability over long-term operation at high temperature is of
great signicance for the practical application of SOECs for CO2

electrolysis.
Perovskite-based oxides, such as SrFeO3�d, doped-SrTiO3�d

and La0.75Sr0.25Cr0.5Mn0.5O3�d, have been widely studied as
alternative fuel electrode materials for solid oxide fuel/elec-
trolysis cells (SOFCs/SOECs) because of their good stability.11–16

Their catalytic activity, nevertheless, is not sufficient for prac-
tical applications. It was reported that active B-site cations, such
J. Mater. Chem. A, 2022, 10, 2327–2335 | 2327
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as Ni, Co, and Fe, could exsolve from the perovskite-based oxide
matrix to formmetal nanoparticles on the surface upon thermal
reduction or applying negative bias.17–26 Because the metal
nanoparticles were exsolved from the inside of the oxide matrix
to the surface, the metal particles were normally embedded in
oxide matrices with robust heterointerfaces.25,26 As a result, the
exsolved metal nanoparticles and oxide matrix normally
exhibited strong interfacial interaction, which facilitated elec-
tron-ionic transport across the metal–oxide interface and
restricted the aggregation of metal nanoparticles.25–27 Exsolu-
tion materials were reported to exhibit comparable perfor-
mance as Ni-based fuel electrodes for high-temperature CO2

electrolysis.18 However, auxiliary gases, such as CO and H2, were
normally required to be added to the fuel electrode surface to
prevent the electrode from being oxidized and improve the
electrolysis performance.28–31 The addition of auxiliary gas
diluted the reaction gas and made the research system more
complex. Only very limited studies showed that pure CO2 can be
directly reduced to CO by SOECs with appropriate exsolution
materials as the fuel electrode.32–35 Nevertheless, the production
rate of CO was still quite low, and the stability of the electrode
materials required further improvement.

In this work, we demonstrated layered-perovskite oxides with
in situ exsolved Co–Fe alloy nanoparticles as a highly efficient
and stable fuel electrode for high-temperature electrolysis of
pure CO2 to produce CO. Ruddlesden–Popper (R–P) phase
oxides with exsolved Co–Fe alloy nanoparticles uniformly
distributed on the surface (Co–Fe–STCF) were prepared by
reducing stoichiometric double perovskite oxide Sr2Ti0.8Co0.2-
FeO6�d in a H2 atmosphere at high temperature. The cell with
the obtained exsolution materials as the fuel electrode (Co–Fe–
STCF–SDC) exhibited outstanding activity toward CO2 reduc-
tion, with an electrolysis current density of 1.26 A cm�2, CO
production rate of 8.75 mLmin�1 cm�2 and a Faraday efficiency
close to 100% at 1.6 V at 800 �C. The Co–Fe–STCF–SDC electrode
also showed good stability for operation at 800 �C under 1.2 V
for 100 h in pure CO2 environment. Such high performance was
attributed to oxygen vacancies in the oxide matrix and the
exsolved metal nanoparticles. This work demonstrates exsolu-
tion materials as promising high-performance catalysts for
high-temperature energy and environmental devices.

Experimental procedures
Materials preparation

Double perovskite oxide Sr2Ti0.8Co0.2FeO6�d (STCF) powders
were synthesized by solid-state reactions. SrCO3, TiO2, Co3O4,
and Fe2O3 powders (Macklin, China) with a stoichiometric ratio
and appropriate amount of ethanol were mixed and ball milled
for 24 h. The obtained mixtures were dried in a muffle furnace
and then calcined at 1200 �C for 8 h in air to form stoichio-
metric STCF powders. The as-prepared STCF powders were
heated in a tubular furnace at different temperatures (800 �C
and 900 �C) and times (1, 2, 4, and 8 h) in a H2 atmosphere. Aer
hydrogen reduction, Co–Fe alloy nanoparticles with different
population densities and diameters exsolved from the oxide
matrix to the surface.
2328 | J. Mater. Chem. A, 2022, 10, 2327–2335
Oxygen electrode materials, La0.7Sr0.3CoO3�d (LSC), were
synthesized using a similar method to the one used for STCF,
with La2O3, SrCO3, and Co3O4 powders (Macklin, China) as the
precursors and ethanol as the solvent. The mixtures were
calcined at 1000 �C for 6 h to form the stoichiometric LSC
phase. Electrolyte materials, La0.8Sr0.2Ga0.83Mg0.17O3�d (LSGM),
were prepared by solid-state reactions with the detailed proce-
dure described in the Experimental section of the ESI.†

Electrolysis cell fabrication

CO2 electrolysis was carried out using an electrolyte-supported
single cell with STCF–SDC as the fuel electrode, LSGM as the
electrolyte and LSC–SDC–PrOx as the oxygen electrode (STCF–
SDC/LSGM/LSC–SDC–PrOx). Sm0.2Ce0.8O2�d (SDC) (Ningbo
SOFCMAN Energy Technology Co.) was mixed with STCF to
enhance the adhesion between the fuel electrode and the elec-
trolyte (LSGM). When the pure STCF electrode material was
prepared at high temperature, the electrode suffered from sin-
tering effects, which resulted in the reduction of the specic
surface area (Fig. S1†). Adding high temperature resistant
cerium-based oxide to the fuel electrode can also effectively
prevent such sintering of the electrode structure. Moreover, the
presence of cerium-based oxide with high oxygen ion conduc-
tivity in the medium temperature region36,37 can improve the
ionic conductivity of the electrode. The fuel electrode slurry was
prepared by mixing STCF, SDC and graphite. The oxygen elec-
trode slurry composed of LSC and SDC was prepared using
a similar approach to that of the fuel electrode, and a PrOx
decoration layer was impregnated on the LSC–SDC oxygen
electrode by using Pr(NO3)3$6H2O as the precursor. A Ag grid
was painted on both sides of the electrode surface to serve as
current collectors. The effective area of the cell was 0.2 cm�2.

Electrochemical measurement

The obtained cell was tested in both SOFC and SOEC modes
using an electrochemical workstation (IM6, Zahner, Germany).
In SOFC mode, dry H2 was fed to the fuel electrode side with
a ow rate of 50 mL min�1, while the oxygen electrode was
directly exposed to air. In SOEC mode, the fuel electrode side
was fed with pure CO2 at a ow rate of 50 mLmin�1, and pure Ar
was fed to the oxygen electrode side with a ow rate of 50 mL
min�1. Before the electrochemical test, the STCF–SDC fuel
electrode was reduced in pure H2 gas at 900 �C for 1 hour to
obtain Co–Fe alloy nanoparticles on the surface of the oxide
matrix (denoted as Co–Fe–STCF–SDC). The production of CO
was analysed quantitatively using gas chromatography
(GC9790II, Fuli, Zhejiang, China).

Materials characterization

The crystal structure of the materials was analysed by X-ray
diffraction (XRD, Bruker D8 Advance, Germany) with Cu-Ka
radiation. The topography was investigated by scanning elec-
tron microscopy (SEM, SU8010, Japan). The microstructure and
local composition were probed by transmission electron
microscopy (TEM) which was coupled with energy dispersive X-
ray spectroscopy (EDS) analysis (FEI Tecnai G2 F20) operating at
This journal is © The Royal Society of Chemistry 2022
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200 kV. X-ray photoelectron spectroscopy (XPS) (ESCALAB250Xi,
Thermo Scientic) with an Al Ka X-ray source was used to
analyse the surface composition and chemical environment of
different elements. The binding energies of all the XPS spectra
were calibrated by adventitious carbon (C 1s) at 284.6 eV. The
XPS spectra were tted using a Shirley-type background and
peaks with 80% Gaussian and 20% Lorentzian functions.38,39

Raman spectra (LabRAM HR 800) were collected to characterize
the possible carbon deposition on the fuel electrode aer the
stability test. Thermogravimetric analysis (TGA SDT Q600) was
performed from 50 to 800 �C in air for STCF before and aer
reduction. Temperature-programmed desorption of CO2 (CO2-
TPD) was conducted to probe the CO2 adsorption characteris-
tics on the sample surface. The detailed experimental procedure
of CO2-TPD is shown in the ESI.†

Results and discussion

To identify the optimal reduction conditions for the exsolution
of metal nanoparticles, we rst investigated the dependence of
the material microstructure on the hydrogen reduction condi-
tions. The morphology of STCF before and aer reduction at
different temperatures (800 to 900 �C) and for various times (1
to 8 h) was observed by SEM, and the results are shown in
Fig. 1a–h. The as-prepared STCF exhibited a smooth surface
with a particle size of about �1 mm (Fig. 1a). Aer reduction at
800 �C for 1 hour, the morphology remained unchanged and no
exsolved nanoparticles were observed on the surface (Fig. S2†).
By elongating the reduction time to 2 hours at 800 �C, nano-
particles with a size of �15 nm and a population density of 220
mm�2 were observed on the surface of the oxide matrix (Fig. 1b
and i). Further increasing the reduction time to 4 h and 8 h led
to an increase of the particles size to �30 and �43 nm,
respectively, and a decrease of the particle population density to
Fig. 1 (a–h) SEM patterns of STCF before and after reduction treat-
ment at different temperatures (800 �C and 900 �C) and reduction
times (1, 2, 4, and 8 h), respectively, in pure H2. (i) Particle size and
population density of STCF after reduction treatment obtained from
SEM images. (j) XRD patterns of STCF before and after reduction
related to SEM images.

This journal is © The Royal Society of Chemistry 2022
156 and 112 mm�2, respectively (Fig. 1c, d and i). By increasing
the annealing temperature from 800 �C to 900 �C, the appear-
ance of exsolved nanoparticles was clearly observed aer 1 h
reduction (Fig. 1e). Aer reduction at 900 �C for 1, 2, 4 and 8 h,
the sizes of the nanoparticles were �23, �35, �48 and �58 nm,
and the particle population densities were 222, 188, 152 and 143
mm�2, respectively (Fig. 1e–h and i).

The SEM results showed that the exsolved nanoparticles
grew slightly larger when the annealing time increased.
Importantly, STCF subjected to hydrogen annealing for 1 hour
at 900 �C exhibited the optimal morphology with a high particle
population density and small particle size. We also observed
that exsolution occurred more easily at higher reduction
temperature. Increasing the thermal reduction temperature is
likely to facilitate cation migration from the bulk to the surface
during exsolution.18,40,41 More importantly, the thermodynamic
driving force for exsolution was also impacted by the reduction
temperature. Table 1 shows the Gibbs free energy change (DG)
of each element from metal oxides (M+) to metal states (M�)
upon reduction at two different temperatures.25,42 The compar-
ison of DG values provides critical information about the ther-
modynamic feasibility of different cations to exsolve as metals
upon reduction. The Gibbs free energy change (DG) for the
conversion of Fe2O3 to metal Fe is�4.09 kJ mol�1 and�16.54 kJ
mol�1 at 600 �C and 900 �C, respectively (Table 1). The DG at 900
�C is muchmore negative than that at 600 �C, suggesting that Fe
exsolution is more conducive at higher reduction temperature.
The same trend of DG is also observed for Co2O3. Moreover, the
Gibbs free energy change for the conversion of titanium dioxide
to metal Ti is positive at both 900 and 600 �C, indicating that it
cannot be reduced at these temperatures. Consistent with these
calculation results, we observed experimentally that Co and Fe
exsolved to the surface aer reduction, and Ti remained stable
in the lattice.

The crystal structure of the as-prepared and thermally
reduced STCF samples was probed by XRDmeasurement.17,44 As
shown in Fig. 1j, the as-prepared STCF and the one subjected to
thermal reduction treatment at 800 �C for 1 h had a double
perovskite structure and showed no other impurity, which was
consistent with the absence of exsolved nanoparticles in the
SEM images (Fig. 1a and S2†). All the other STCF samples that
were reduced at higher temperature or longer time exhibited
characteristic XRD peaks of the Co–Fe alloy. As shown in Fig. 1j,
the two peaks marked with “*” were assigned to the (110) and
(200) peaks of the Co3Fe7 alloy (PDF no. 48-1817).45 With the
increase of the annealing time and temperature, the intensity of
Table 1 DG (kJ mol�1) for the reduction reactions of B-site elements
from metal oxides to metal states, with the reaction formula
1
x
MxOy þ y

x
H2ðgÞ ¼ Mþ y

x
H2OðgÞ. The data are generated using the

HSC chemistry software43

Elements TiO2 Fe2O3 Co3O4

600 �C 385.82 �4.09 �74.96
900 �C 365.89 �16.54 �90.78

J. Mater. Chem. A, 2022, 10, 2327–2335 | 2329
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Co–Fe alloy peaks showed noticeable enhancement, suggesting
the increase of Co–Fe alloy contents. The peak position of the
alloy did not show a noticeable shi, suggesting a similar
composition of the alloy nanoparticles.33 This result is consis-
tent with the increased amount of exsolved nanoparticles on the
surface, as observed in SEMmeasurement. Accompanied by the
presence of a Co–Fe alloy peak, a new diffraction peak, which
was assigned to R–P phases, appeared in the XRD pattern. This
result implied that the double perovskite structure partially
converted into an R–P phase structure (Srm+1(TiCoFe)mO3m+1)
during the exsolution process of metal nanoparticles. The phase
transformation became more pronounced with the prolonga-
tion of the reduction time and the increase of the reduction
temperature. For the sample subjected to hydrogen reduction at
900 �C for longer than one hour, the double perovskite
completely converted into the R–P phase structure. Importantly,
the R–P phase perovskite was reported to exhibit good stability
at elevated temperature in a CO2 atmosphere in previous
research studies.46,47 The combination of SEM and XRD results
suggests that aer thermal reduction, Co–Fe alloy nanoparticles
successfully exsolved to the surface. STCF subjected to 1 h
annealing at 900 �C (denoted as Co–Fe–STCF) exhibited the
optimal distribution of nanoparticles, and thereby will be the
focus of the following investigation.

To further conrm that we have obtained the oxide matrix
with exsolved Co–Fe alloy nanoparticles on the surface, we
further carried out TEM and EDS analysis of the Co–Fe–STCF
Fig. 2 (a) STEM image and elemental maps of STCF subjected to 1 h
hydrogen annealing at 900 �C (Co–Fe–STCF). (b and c) HRTEM
images of the exsolved nanoparticles. (d) Illustration of structural
transformation of STCF during the exsolution process.

2330 | J. Mater. Chem. A, 2022, 10, 2327–2335
sample. As shown in the TEM image and EDS elemental
distribution (Fig. 2a and S3†), the nanoparticles on the surface
exhibited signicantly higher concentrations of Co and Fe than
the matrix. The lattice parameter of the surface nanoparticles
(Fig. 2b and c) was quantied to be 0.202 nm, which corre-
sponds to the (110) plane at an angle of 44.7� for the Co–Fe
alloy. All these TEM results are consistent with the SEM and
XRD results above, implying the exsolution of Co–Fe alloy
nanoparticles on the surface. The structural changes during the
exsolution process are described in Fig. 2d.

It is important to note that parts of the exsolved nano-
particles were embedded in the oxide matrix (Fig. 2b), sug-
gesting a robust heterointerface between the oxide matrix and
exsolved metal nanoparticles. Such a robust heterointerface can
potentially facilitate electron-ionic transport between the metal
particles and oxide matrices,25,26 and prevent the agglomeration
of the metal nanoparticles under the operating conditions of
SOECs.35,44,48,49

The valence states of the cations in STCF and Co–Fe–STCF
were further compared by using XPS measurements. Ti 2p, Co
2p, Fe 2p, O 1s and survey XPS spectra were acquired, as shown
in Fig. 3 and S4.† The XPS survey spectra of STCF and Co–Fe–
STCF powders suggested that the samples contained Sr, Ti, Co,
Fe and O elements, and no other impurity elements were
observed (Fig. S4a†). The valence states of Co and Fe are
determined on the basis of Co 2p and Fe 2p spectra, as shown in
Fig. 3a and b. The Co 2p and Fe 2p spectra were tted to three
sets of spin–orbit splitting doublets. The doublet located at
777.8 eV and 792.6 eV can be clearly observed for the Co–Fe–
STCF sample, which is attributed to Co0.49 Similarly, the Fe0 2p3/
2 and 2p1/2 doublet located at 706.6 eV and 722.1 eV, respec-
tively, was observed for the Co–Fe–STCF sample.50 In contrast,
Fig. 3 XPS spectra of (a) Co 2p, (b) Fe 2p, and (c) O 1s for STCF and
Co–Fe–STCF. (d) Thermogravimetric analyses of weight increase of
STCF powders before and after reduction treatment in air flow.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a and b) SEM images of the cell with STCF–SDC (a) and Co–
Fe–STCF–SDC (b) fuel electrodes. (c) Current–voltage (I–V) and
current–power (I–P) curves and (d) electrochemical impedance
spectroscopy (EIS) results of the cell with the STCF–SDC fuel electrode
at 800 �C and the cell with the Co–Fe–STCF–SDC fuel electrode at
800, 850 and 900 �C.
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Co and Fe in the as-prepared STCF were dominated by 2+ and
3+.51–53 These XPS results further conrmed the exsolution of Co
and Fe alloy metal nanoparticles on the surface aer hydrogen
reduction. Furthermore, the atomic ratio of Co0 : Fe0 in Co–Fe–
STCF annealed at 900 �C for 1 hour is quantied to be 0.37 : 1
based on the Co0 and Fe0 peaks in the XPS spectra (Fig. 3, Table
S1†), which is in agreement with the XRD results. The Ti 2p
spectra (Fig. S4b†) exhibited negligible changes upon reduction,
implying no noticeable changes in the valence state of Ti. This
result is consistent with what is reported in the literature.25,54–57

The decrease of Co and Fe valence states implied that large
amounts of oxygen vacancies were generated in the oxide matrix
aer thermal reduction. The appearance of oxygen vacancies
was further conrmed by the analysis of O 1s spectra, as shown
in Fig. 3c. The O 1s spectra were tted to four components
located at 528.6, 529.8, 531.3 and 533.5 eV. These peaks corre-
sponded to oxygen species of lattice oxygen (Olat, peak I),
defective oxygen (peak II), hydroxyl groups or carbonate groups
(peak III), and adsorbed molecular water (peak IV) on the
surface of STCF.49,58–62 As shown in Fig. 3c, there was an
apparent decrease in lattice oxygen (peak I) on the Co–Fe–STCF
surface with respect to the one on the STCF surface.48 Moreover,
the peak of defective O (peak II) showed a signicant increase
on the Co–Fe–STCF surface. Both results implied the formation
of excessive oxygen vacancies in the oxide matrix during the
exsolution of the Co–Fe alloy upon thermal reduction.58

To further reveal the oxygen vacancy characteristics, TGA
measurement was carried out for the STCF and Co–Fe–STCF
samples in air from 50 to 800 �C. As shown in Fig. 3d, the weight
change before 100 �C was caused by the desorption of water
molecules on the surface. The overall weight change of Co–Fe–
STCF was 4.864% aer the temperature reached 800 �C. Such
a change was attributed to oxygen uptake from air during the re-
oxidation processes of metal to the oxide phase and/or the
oxygen vacancy lling.49 In contrast, STCF powders exhibit quite
small changes in weight. These TGA results suggest that the
oxide matrix of Co–Fe–STCF contained large amounts of oxygen
vacancies, which may be benecial for the CO2 reduction reac-
tion to occur.

Having conrmed the formation of Co–Fe alloy nano-
particles on the Co–Fe–STCF surface, we fabricated an electro-
lyte supported single cell with the conguration of STCF–SDC/
LSGM/LSC–SDC–PrOx. The fuel electrode with the Co–Fe alloy
on the surface was prepared by exposing the STCF–SDC fuel
electrode to hydrogen gas at 900 �C for 1 hour. The micro-
structure of the single cell before in situ reduction is shown in
Fig. 4a. The thicknesses of the fuel electrode (STCF–SDC) and
electrolyte are �29 mm and �230 mm, respectively. Aer in situ
thermal reduction, the porous structure of the fuel electrode
was well-maintained (Fig. 4b). As shown in the inset gure of
Fig. 4b, the exsolved Co–Fe alloy nanoparticles are uniformly
embedded in the oxide matrix of the Co–Fe–STCF phase, while
no particles are found on the surface of SDC. We further carried
out chemical compatibility tests of STCF with LSGM and SDC.
Themixture of STCF, LSGM and SDC in pairs was ball-milled for
3 h and annealed at 1150 �C for 10 hours. No extra peaks
This journal is © The Royal Society of Chemistry 2022
appeared in the XRD pattern of the obtained mixture (Fig. S5†),
indicating the good compatibility of STCF with LSGM and SDC.

To check the quality of the fabricated cells, we rst evaluate
the cell performance in the SOFC mode with pure H2 fed onto
the fuel electrode surface. Fig. 4c shows the current–voltage (I–
V) and current–power (I–P) curves of the SOFCs with Co–Fe–
STCF–SDC as the fuel electrode at 800, 850 and 900 �C. The OCV
of the cell is around 1.05–1.10 V and was found to decrease with
the rise of temperature. The Pmax of the cell with the Co–Fe–
STCF–SDC fuel electrode reached 621, 806 and 885 mW cm�2 at
800, 850, and 900 �C, respectively. The power density of the cell
with the STCF–SDC fuel electrode is about 555 mW cm�2 at 800
�C, which is lower than that of the cell with the Co–Fe–STCF–
SDC fuel electrode under the same conditions (621 mW cm�2).
The electrochemical impedance spectroscopy (EIS) results of all
the cells are shown in Fig. 4d. The intercept of the semicircle in
high and low frequency regions was attributed to the ohmic
resistances (Ro) of the single cell and total resistances of the cell,
respectively, while the electrode polarization resistance was the
difference between the two intercepts.39,63 The ohmic resis-
tances of the cell with the STCF–SDC electrode and the one with
the Co–Fe–STCF–SDC electrode were similar under the same
conditions. In contrast, the Rp value of the cell with the Co–Fe–
STCF–SDC electrode is smaller than that of the cell with the
STCF–SDC electrode. Considering the fact that both cells had
the same oxygen electrode, such a decrease in the Rp value
indicated an improved activity of the fuel electrode toward H2

oxidation aer exsolution.
The SOFC results above suggest that we have successfully

assembled the cells with STCF–SDC or Co–Fe–STCF–SDC fuel
electrodes. These cells were then operated in SOEC mode to
convert CO2 to CO and the performance was systematically
compared. The schematic diagram of high-temperature elec-
trolysis of carbon dioxide in SOEC mode is shown in Fig. 5a.
J. Mater. Chem. A, 2022, 10, 2327–2335 | 2331
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Fig. 5b shows the I–V curves for high-temperature electrolysis of
CO2 at applied voltage of 0 to 1.7 V at 800 �C. The current density
began to increase rapidly near 1.1 V for both cells with STCF–
SDC and Co–Fe–STCF–SDC fuel electrodes (Fig. 5b). These
results indicated that the electrochemical reduction of CO2 to
CO only occurred at an applied potential higher than 1.1 V,
which was consistent with the reported theoretical value under
the same conditions.64 The current density of the cell with the
Co–Fe–STCF–SDC (red line) electrode was much higher than
that of the cell with the STCF–SDC electrode, implying the
strongly enhanced CO2 reduction performance aer the exso-
lution of the Co–Fe alloy. The potentiostatic measurements of
the electrochemical CO2 reduction reaction at various voltages
are shown in Fig. 5c. The cell with the Co–Fe–STCF–SDC elec-
trode exhibited noticeable higher current density at all voltages
than the cell with the STCF–SDC electrode, implying the better
CO2 reduction performance of the Co–Fe–STCF–SDC electrode.
The CO production rate and faradaic efficiency are the most
critical parameters to represent the CO2 reduction performance
of the cells. As shown in Fig. 5d, the CO production rate of the
cell with the Co–Fe–STCF–SDC electrode reached 8.75 mL
min�1 cm�2 at 1.6 V and 800 �C, which is noticeably higher than
5.90 mL min�1 cm�2 for the cell with the STCF–SDC electrode.
The cells with the Co–Fe–STCF–SDC and STCF–SDC fuel elec-
trodes both exhibited faradaic efficiencies of �100% at 1.6 V.
This result implies that the main product is CO and no other
species, such as carbon deposition, form during the electro-
chemical CO2 reduction process.
Fig. 5 (a) Illustration of high-temperature CO2 electrolysis using
SOECs, (b) I–V curves, (c) potentiostatic tests at different voltages, (d)
CO production rate and faradaic efficiency, and (e) electrode polari-
zation resistance (Rp) of SOECs at different potentiostatic voltages for
the cells with STCF–SDC or Co–Fe–STCF–SDC as the fuel electrodes
measured at 800 �C. (f) CO2-TPD curves of STCF–SDC and Co–Fe–
STCF–SDC powder samples.
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We also carried out EIS measurement for both cells tested at
1.2, 1.4 and 1.6 V at 800 �C. Similar to the results for the SOFC
mode, both cells exhibited similar ohmic resistance at various
applied voltages. The polarization resistance of the cell with the
Co–Fe–STCF–SDC electrode was much lower than that of the
cell with the STCF–SDC electrode at applied voltages (Fig. 5e, S6
and S7†). In particular, the Rp value of the cell with Co–Fe–
STCF–SDC is 0.22 U cm2 at 1.6 V, which is noticeably lower than
0.33 U cm2 for the cell with the STCF–SDC electrode. These
results indicated that exsolution greatly enhanced the electro-
catalytic activity of the STCF phase for CO2 reduction.

Due to the lack of polarity of linear molecules, the adsorption
and activation of CO2 on the fuel electrode surface are normally
quite poor, which led to the starvation of CO2 during operation
and low electrochemical performance.58 Therefore, the adsorp-
tion of CO2 on the surface plays a critical role in determining
the activity of the fuel electrode toward CO2 reduction.65 To
investigate the CO2 adsorption characteristics, we carried out
CO2-TPDmeasurement of the STCF–SDC and Co–Fe–STCF–SDC
electrode materials. As shown in the CO2-TPD curves of STCF–
SDC and Co–Fe–STCF–SDC electrodematerials (Fig. 5f), the rst
CO2 desorption peak (50–200 �C) was the desorption of physi-
cally adsorbed CO2 in a low-temperature range.58,66 The
desorption peaks located in the temperature range from 300 �C
to 800 �C were attributed to the chemically adsorbed CO2.32 In
comparison to the STCF–SDC powder, the Co–Fe–STCF–SDC
powder exhibited a stronger desorption peak in the high
temperature range (500 �C to 800 �C), suggesting a larger
amount of adsorbed CO2 on the surface of Co–Fe–STCF–SDC. As
shown in the previous section, large amounts of oxygen
vacancies existed in the oxide matrix of the Co–Fe–STCF
powder. These oxygen vacancies were reported to be the active
sites for accommodating nonpolar CO2, leading to the larger
amount of adsorbed CO2 on the Co–Fe–STCF surface.58,67 The
adsorbed CO2 on the defect sites can be further electrochemi-
cally reduced to CO. The defective oxide matrix is very likely to
be one reason for the high CO2 reduction performance of the
Co–Fe–STCF samples. In addition to the oxide matrix, the
exsolved Co–Fe alloy was reported to be a good catalyst for CO2

conversion.11,68 For instance, Chen et al. prepared three distinct
Co–Fe alloy catalysts at different temperatures by H2-reduction
of a layered double hydroxide nanosheet precursor, and the
obtained alloy showed outstanding activity towards CO2

hydrogenation.11 Therefore, we believe both the highly defective
oxide matrix and the exsolved metal nanoparticles contribute to
the high activity of Co–Fe–STCF–SDC for CO2 reduction.

To evaluate the stability of the Co–Fe–STCF–SDC electrode
for practical applications, we tested the CO2 electrolysis
performance of the cell with the Co–Fe–STCF–SDC electrode at
800 �C and 1.2 V in pure CO2 for 100 h. As shown in Fig. 6b, the
current density decreased slightly (�8.5%) aer the long-term
stability test. For comparison, Dong et al.10,28 reported that the
cell with the Ni-based electrode (Ni/YSZ) showed rapid degra-
dation with a sharp increase of the voltage up to above 2 V (from
1.2 V) during the electrolysis period of 12 h at a constant current
density of 0.50 A cm�2 in pure CO2. Aer the stability test, the
authors believed that oxidation of Ni particles led to an almost
This journal is © The Royal Society of Chemistry 2022
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Fig. 6 (a) The SEM image of the Co–Fe–STCF–SDC electrode after
the stability test and (b) stability test of the SOECs at 1.2 V and 800 �C.
(c) Raman spectrum of the Co–Fe–STCF–SDC electrode after the
stability test. (d) Comparison of the CO production rate of SOECs with
different fuel electrode materials reported in this work and in the
literature.
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complete deterioration of the Ni/YSZ electrode. For the case of
the Co–Fe–STCF–SDC electrode, the exsolved Co–Fe alloy
nanoparticles could well-maintain their initial structure
without agglomeration, as shown in the SEM image of Fig. 6a.
The Raman spectrum of the Co–Fe–STCF–SDC electrode aer
the stability test is presented in Fig. 6c. No carbon peaks were
observed in the range of 1000–2000 cm�1, especially at 1100,
1338 and 1568 cm�1, which were assigned to SrCO3, the carbon
D-band and carbon G-band, respectively. This result indicated
that there was no carbon deposition and SrCO3 formation aer
long-term operation. Since the microstructure remained
unchanged aer the test (Fig. 6a and S8†) and no carbon
deposition was observed, we believe that the slight decline of
SOEC performance is likely due to changes in the microstruc-
ture at the electrode/electrolyte interface during the high-
temperature test in a pure carbon dioxide atmosphere
(Fig. S8†). The above results show that the exsolution materials
have excellent stability as the fuel electrode of SOECs for the
electrolysis of pure CO2.

Finally, we compare the performance of the cell with the Co–
Fe–STCF–SDC fuel electrode towards CO2 reduction to generate
CO with other electrode materials reported in the literature,
including SrFeO3�d–Ni (SFO–Ni),11 La0.75Sr0.25Cr0.5Mn0.5O3�d

(LSCM),12 La0.75Sr0.25Cr0.5Mn0.5O3�d–V2O5 (LSCM–V2O5),69

La0.75Sr0.25Cr0.5Mn0.5O3�d–NiCu (LSCM–NiCu),70 La0.6Sr0.4Fe0.9-
Mn0.1O3�d (LSFM),71 La0.6Sr0.4Fe0.8Ni0.2O3�d (LSFN),72 La0.5-
Sr0.5Fe0.95V0.05O3�d (LSFV),73 (La0.2Sr0.8)0.95Ti0.85Mn0.1Ni0.05O3�d

(Ni–LSTMN),32 (La0.75Sr0.25)0.9(Cr0.5Mn0.5)0.9Ni0.1O3�d (Ni–
LSCMN),74 Sr2Fe1.45Ni0.05Mo0.5O6�d (Ni–SFNM),75 (La0.3Sr0.7)0.9-
Ti0.95Ni0.05O3�d (Ni–LSTN),76 (Sr0.95)0.9(Ti0.8Nb0.1Mn0.1)0.9–
Fe0.1O3�d (Fe–STNMF),77 (La0.75Sr0.25)0.9(Cr0.5Mn0.5)0.9Cu0.1O3�d

(Cu–LSCMC),65 Sr2Fe1.35Mo0.45Co0.2O6�d (CoFe–SFMC),33 Sr1.9-
Fe1.5Mo0.4Ni0.1O6�d (FeNi–SFMN),34 La0.6Sr0.4Fe0.8Ni0.2O3�d

(FeNi–LSFN),78 Sr2Fe1.35Mo0.45Ni0.2O6�d (FeNi–SFMN),58 La0.4-
Sr0.6Co0.2Fe0.7Mo0.1O3�d (CoFe–LSCFM)35 and NbTi0.5(Ni0.75-
Cu0.25)0.5O4 (NiCu–NTNC).38 As shown in Fig. 6d and Table S2,†
This journal is © The Royal Society of Chemistry 2022
the cells with the Co–Fe–STCF–SDC electrode delivered
outstanding performance for CO2 reduction to produce CO gas.

Conclusions

In this work, we developed highly active and stable fuel elec-
trode materials, which consist of a porous R–P phase oxide
matrix and exsolved Co–Fe alloy nanoparticles, for electro-
chemical reduction of CO2 to produce CO at high temperature.
Stoichiometric double perovskite oxide Sr2Ti0.8Co0.2FeO6�d

(STCF) was thermally reduced in a H2 atmosphere at high
temperature. The size and population density of the exsolved
Co–Fe alloy nanoparticles were found to depend closely on the
reduction temperature and time. The sample subjected to
annealing at 900 �C for 1 h in H2 (Co–Fe–STCF) exhibited the
optimal microstructure with a small particle size and high
particle population density. The combination of SEM, XRD and
TEM characterization suggested that the Co–Fe alloy metal
particles were embedded in the oxide matrix with a robust
interface. Moreover, XPS and TG analysis revealed that abun-
dant oxygen vacancies were generated in the oxide matrix aer
the exsolution of metal particles. The cell with Co–Fe–STCF–
SDC as the fuel electrode exhibited outstanding CO2 electrolysis
performance, with the current density, CO production rate and
faradaic efficiency as high as 1.26 A cm�2, 8.75 mL min�1 cm�2

and �100%, respectively, at 1.6 V and 800 �C. Such high activity
was attributed to the promoted adsorption of CO2 molecules on
the surface of Co–Fe–STCF–SDC as revealed by CO2-TPD
measurement. Furthermore, the Co–Fe–STCF–SDC electrode
exhibited excellent stability with no carbon deposition aer the
100 h test of CO2 electrolysis at 1.2 V at 800 �C. These results
demonstrated cation exsolution as an effective approach to
construct high performance electrode materials for high-
temperature CO2 electrolysis. The methodology and nding in
this work can be applied to other high-temperature energy and
environmental devices, such as solar thermal water splitting
and volatile organic compound (VOC) removal.
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