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ABSTRACT: Massive carbon dioxide (CO:) emission from recent human
industrialization has affected the global ecosystem and raised great concern for
environmental sustainability. Solid oxide electrolysis cell (SOEC) is a promising
energy conversion device capable of efficiently converting CO; into valuable chemicals
using renewable energy sources. However, Sr-containing cathode materials face the
challenge of Sr carbonation during CO: electrolysis, which greatly affects the energy
conversion efficiency and long-term stability. Thus, A site Ca doped Lai.
xCaxCoo.2Feo303.5 (0.2<x<0.6) oxides are developed for direct CO, conversion to
carbon monoxide (CO) in an intermediate-temperature SOEC (IT-SOEC). With a
polarization resistance as low as 0.18 Q cm? in pure CO atmosphere, a remarkable

current density of 2.24 A cm™ was achieved at 1.5 V with LagcCao4Coo2Fe 5035
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(LCCF64) as the cathode in LagsSro2Gao.ssMgo.1703.5 (LSGM) electrolyte (300 um)
supported electrolysis cells using Lag.sSr0.4Co00.2Fe0 8035 (LSCF) as the air electrode at
800 °C. Furthermore, symmetrical cells with LCCF64 as the electrodes also show
promising electrolysis performance of 1.78 A cm™ at 1.5 V at 800 °C. In addition, stable
cell performance has been achieved on direct CO; electrolysis at an applied constant
current of 0.5 A cm™ at 800 °C. The easily removable carbonate intermediate produced
during direct CO; electrolysis makes LCCF64 a promising regenerable cathode. The
outstanding electrocatalytic performance of the LCCF64 cathode is ascribed to the
highly active and stable metal/perovskite interfaces resulted from the in situ exsolved
Co/CoFe nanoparticles, and the additional oxygen vacancies originated from the
CaFe;Os phase, synergistically providing active sites for CO> adsorption and
electrolysis. This study offers a novel approach to design catalysts with high

performance for direct CO; electrolysis.
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1. INTRODUCTION

The extensive combustion of fossil fuels for human activities is an inevitable process
that results in significant amounts of CO; emissions. Excessive CO2 emissions have led
to the greenhouse effect, climate change, and ecosystem degradation, posing severe
challenges to human society.! It is, therefore, crucial to develop efficient methods for
converting superfluous CO> into useful chemicals to mitigate CO> concentration in the
atmosphere. CO» electrolysis, also known as CO; reduction reaction (CO2RR), has been
identified as a promising approach for converting CO, to valuable chemical CO with

high efficiency via solid oxide electrolysis cells (SOECs).? Typically, a SOEC consists



of an anode (air electrode), a cathode (CO; electrode), and an electrolyte that separates
the two electrode chambers. As one of the core components in this configuration, the
cathode is where CO» conversion takes place, involving CO, adsorption/dissociation,
CO desorption, and oxygen vacancy migration, etc., and thus the properties of the
cathode material are incredibly vital to the COx reduction reaction.’

To date, various materials have been investigated as cathode materials for CO-
electrolysis in SOECs. Notably, Ni-based cathodes have demonstrated the most
promising performance due to their excellent catalytic activities and high electrical
conductivity.* However, Ni is susceptible to deactivation due to redox instability and
carbon deposition, and it’s necessary to supply a protective reducing gas (e.g., Hz, CO)
during the CO; electrolysis to prevent Ni from being re-oxidized by CO>. However,
adding a protective reducing gas to the CO; stream increases energy cost and
complicates the electrolysis procedures.” Alternatively, perovskite-related oxides
including single perovskites, double perovskites, and Ruddlesden—Popper type layered
perovskites have attracted considerable research attention due to their high mixed
ionic/electronic conductivity, good redox stability, good coking resistance, etc., and
have been extensively studied as SOEC cathode for direct CO: electrolysis. For
example, Lag75Sr025CrosMno 5035 (LSCM),® (La,Sr)(Fe,Ti)O3,”” SraFei sMoosOs-
5,/%! and (La,Sr)FeOuxs,'>!? et al. have been investigated as cathode materials for CO»
electrolysis. However, those cathode materials still show insufficient electrochemical
performance compared to the Ni-based cathodes. Considering the process of CO»
electrolysis, CO> would first need to gain electrons from the applied current and be
reduced to CO and O? on the cathode side (eq. 1); subsequently, O> permeates through
the porous cathode and the dense electrolyte and then releases electrons to form O» on

the porous anode (eq. 2).'



2CO; +2e-=2CO + O* (1)
207 =0s+4e- )

It can been seen that oxygen vacancy in the perovskite material is vital for O*” migration.
Hence, designing cathode materials with high oxygen vacancy or high oxygen ion
conductivity is critical to improve CO» electrolysis.

In the past few years, there has been growing interest in B site Co-Fe-based perovskite
materials as potential electrodes for solid oxide cells (SOCs) or oxygen permeation
membranes due to their excellent electronic and oxygen ion conductivity, as well as
their good electrocatalytic activity.!>"!” In particular, La;—xAxCoo2FeosO3-5 (Where A =
Sr/Ba/Ca and x = 0.2, 0.4, 0.6) has shown great promise as an oxygen-permeable
material at intermediate temperatures.!®?° Among them, LagSro4Coo2FeosOs3-5 has
demonstrated excellent catalytic activity for oxygen evolution/oxygen reduction
reaction and outstanding performance as an air electrode material for SOCs."
Furthermore, the presence of transition metals Co and Fe at the B-site of the perovskite
structure enables their facile participation under reducing atmospheres, resulting in the
formation of alloy nanoparticles embedded on the perovskite backbone, creating
numerous nanoparticle/backbone interfaces. These interfaces serve as highly active
sites for the CO> reduction reaction, thereby substantially enhancing the catalytic
activity of the COz electrode.?!??> Therefore, applying Co-Fe-based perovskite as a
cathode for direct CO; electrolysis holds the promise to achieve high-performance
SOECs. For instance, Lao4SrosCoo2Feo7Nbo103s perovskite oxide has been
investigated as the cathode for CO2RR in a symmetrical SOEC. CoFe alloy nanoparticle
was formed as a catalyst during CO; electrolysis and the cell performance is better than
that of LSCM (180 mA ¢cm™ @ overpotential of 1.62 V at 800 °C),%?! or SrTiOs (140

mA cm? @ applied voltage of 1.6 V at 800 °C).” Feng et al. employed
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Lao.6Sr04Co0.2Fe0s03.5 as the cathode in a SOEC for CO> electrolysis, achieving a
current density of 2.03 A cm™ at 1.6 V at 800 °C. However, they observed a significant
degradation in cell performance within the first 6 hours, which was attributed to the
formation of SrCOjs particles on the Lag ¢Sro4Coo2Fe 3035 (LSCF) cathode surface.'®
When reviewing the Sr-containing perovskite cathode materials, the issue of SrCOs
formation is not unique to Co-Fe-based cathodes. Hou et al. observed a similar problem
when Lag 5Sr0.sFeOs.5 was used for CO» electrolysis, resulting in a significant amount
of SrCOs3 formation that negatively affected the materials’ conductivity and blocked
active sites, leading to poor cell performance stability.?® Similarly, Hu et al. reported
that excessive SrCOs formation on the surface of SraFei5.xNixMoo.506.5 (x =0, 0.05,
0.1, 0.2) perovskites hindered the charge transfer and oxygen species diffusion, leading
to reduced cell performance.'* Therefore, cathode materials containing Sr have the issue
of Sr carbonation, and it is crucial to find a substitution for Sr when developing
promising cathode materials for CO electrolysis.*

Previous studies have indicated that perovskite oxide materials having Ca doped on the
A-site are less susceptible to carbonation when exposed to CO> containing atmosphere
than those Sr or Ba doped materials.!®*?% For example, Song et al. investigated
Lao.cAo.4FeOs.5 (A = Ca, Sr, and Ba) as oxygen ion conductor materials, and they found
that Lao.sCao4FeOs.; are less vulnerable towards carbonation upon exposure to CO»
when compared with Sr/Ba doped ones.'® Similarly, when Ca-doped LaFeOs perovskite
was studied as a cathode material in solid oxide fuel cells, both the experimental and
DFT calculation results confirmed that Lag.sCao4FeOs.s exhibited better CO> tolerance
than the materials without Ca.”> Apart from the better CO> tolerance of Ca doped
material, from the perspective of perovskite structure stability, the use of Ca may be

more advantageous than Sr or Ba due to the fact that the ionic radius of Ca®" (1.0 A) is
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closely matched to that of La** (1.03 A) than Sr*>* (1.18 A) or Ba** (1.35 A), which may
reduce the likelihood of Sr/Ba segregation from the lattice.?” For instance, the crystal
structure and the electrical conductivity of Lai—xCaxFeo§Nip203-5 (0 < x < 0.9) were
systematically investigated by Rojo et al., and they found that rather than A site
segregation, a secondary brownmillerite-type (CazFe>Os) structure phase would form
with higher Ca content (x > 0.5), which could improve the ionic conductivity of the
materials.?®

A-site Ca-doped perovskites have been studied as cathodes for CO» electrolysis. %!
For instance, Ca-doped LaosAo4FeosNio203 exhibited superior electrochemical
performance compared to Sr/Ba-doped materials due to its appropriate conductivity,
suitable oxygen vacancy concentration, and high catalytic activity for CO,RR.?
Additionally, Lao.sCao.4FeosNio203.5 was examined as a symmetrical SOEC electrode
for COz electrolysis, achieving a current density of 1.41 A cm™? at 2.0 V with direct
CO» electrolysis at 800 °C. Interestingly, it has been demonstrated that the
Lao.sCao.4Fe0.sNig203.5 electrodes could be easily restored through air treatment after
CO» electrolysis operation to prevent carbonate formation.*® Given the promising
results of A-site Ca-doped perovskite cathodes, it is reasonable to expect that Ca doping
in Co-Fe-based perovskites could enhance their catalytic activity for CO» electrolysis
by generating oxygen vacancies and Co/CoFe alloy nanoparticles as catalysts.

In this work, Ca doped-LaCoo.2Feo803-5 (Lai—xCaxCoo2Feo803.5 (x=0.2-0.6)) cathode
materials, abbreviated as LCxCF (x=0.2-0.6), are synthesized and studied as cathodes
for SOECs using a sol-gel combustion method. The influence of Ca doping on various
aspects, including structural characteristics, surface morphology, redox behavior, CO»
adsorption, electrical properties, and polarization resistance, are evaluated in detail.

Furthermore, single cells with the cell configuration of LCxCF//LSGM//LSCF are
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fabricated, and their electrochemical performance are evaluated in the temperature
range of 650 to 800 °C. Meanwhile, the reversibility of the cell after the long-term
operation has been assessed by refreshing the cathode with a simple air treatment. The
results of this study are expected to provide valuable guidance for developing
sustainable cathode materials for highly efficient CO> electrolysis in intermediate-
temperature SOECs.

2. EXPERIMENTAL SECTION

2.1. Materials Synthesis. La; xCaxCoo.2Feo.s03.5 (x=0.2-0.6) powders were synthesized
using a sol-gel method.>? Specifically, a stoichiometric amount of the precursor
chemicals of La(NO3)2-6H20, Ca(NO3)3:4H20, Co(NO3)2-6H20, and Fe(NO3)3-9H>0
were dissolved in distilled water to form a transparent solution. Glycine and citric acid
were then added to the solution as the chelating agent, with a molar ratio of metal
cations to citric acid to glycine at 1:1.5:2. The solution was heated at 80 °C with
constant stirring until a gel was formed. The gel was then further heated on a hot plate
at 400 °C until self-ignition occurred. Afterward, the precursor powder was collected,
pulverized, and calcined at 1100 °C for 5 hours in the air to obtain LCxCF powders.
The notations LCCF82, LCCF73, LCCF64, LCCF55, and LCCF46 correspond to Laj.
xCaxCoo.2Feo 803.5, where x takes the values of 0.2, 0.3, 0.4, 0.5, and 0.6, respectively.
LSCEF air electrode powder was purchased from Fuel Cell Materials.

2.2 Characterization. The crystalline phases of the synthesized LCxCF powders as
well as those heat-treated under different atmospheres were examined by powder X-ray
diffraction (XRD) (Rigaku MiniFlex IT) with CuKa radiation ( A=0.15415nm ). The
microstructure of the LCxCF powders and electrolyte-supported single cells was

characterized using a field emission scanning electron microscope (SEM, Zeiss Ultra

Plus FESEM).



Thermal gravimetric analysis (TGA) was employed to determine the weight change of
LCxCF powders under different gas atmospheres. The TGA experiments were carried
out using an STA 449 F3 thermal analyzer (NETZSCH, Germany) from 30 to 900 °C
at a heating rate of 5 °C/min with a gas flow rate of 50 mL/min using either air or 4%
Ha/No.

Carbon dioxide temperature-programmed desorption (CO»-TPD) experiments were
conducted using an Auto Chem II 2920 workstation (Micromeritics instrument
corporation, USA). Prior to the experiments, LCxCF powders were pretreated in helium
at 300 °C for 1 h to remove surface-adsorbed impurities. Subsequently, the samples
were cooled down to 50 °C and saturated in CO; for 2 h. Thermal desorption was carried
out by heating the powder (150 mg) in 5% CO-He (50 mL min') at a heating rate of
10 °C/min from 50 to 900 °C. CO> desorption signels were recorded using a thermal
conductivity detector for subsequent analysis.

The surface oxygen profiles of LCCF82, LCCF64, and LCCF46 pristine powders and
those heat-treated in 50% CO/CO; were analyzed using X-ray photoelectron
spectroscopy (XPS) with a PHI VersaProbe III spectrometer. The binding energy was
calibrated using C 1s with a value of 284.8 eV. The O1s peaks were fitted using Shirley
baseline with the peak fitting parameters of GL(30) within CasaXPS.

Dense LCxCF bar samples with dimensions of approximately 34 mm x 6.9 mm x 0.7
mm were fabricated by uniaxially pressing the corresponding powders with 4% (PVB)
binder under 7 MPa pressure for 1 min. The resulting samples were then sintered in air
at 1220 °C for 5 hours. The electrical conductivity of LCxCF bar samples was
determined using the DC four-probe method with a Keithley 2001 multimeter in air or
CO; at temperatures ranging from 450 to 850 °C, respectively.

2.3 Cell Fabrication and Electrochemical Performance Testing. Dense LSGM
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electrolyte pellets with a thickness of approximately 300 um were prepared via the
uniaxially pressing of commercial LSGM powders (Fuelcellmaterials, USA) using a
stainless-steel die. The pellets were sintered at 1450 °C for 6 h. Electrode powders and
V006 binder in a weight ratio of 1:1.5 were grounded in an agate mortar to obtain the
electrode ink. The LCxCF cathode and LSCF anode ink were brushed on either sides
of the LSGM pellets with an active area of 0.33 cm?, respectively. Following the drying
of the electrode ink, the single cells with the cell configuration of
LCxCF//LSGM//LSCF were calcined at 1000 °C for 2 h in air. After heat-treatment,
the thickness of the cathode and anode is ~30 pm and ~20 um, respectively. Gold paste
was applied on the top of the anode and cathode to attach silver mesh as the current
collector and calcinated at 800 °C for 1 h to remove the organic substance in the gold
paste. Finally, the as-fabricated single cells were sealed on an aluminum tube using
ceramic sealant (Ceramabond 552) for the cell electrochemical performance
measurement.

The cathode polarization resistance (Rp) was evaluated through symmetrical cells
consisting of LCxCF ink on both sides of the LSGM electrolyte, with an active
electrode area of 0.33 cm?. The symmetrical cell's fabrication process is the same as
that of the single cell. Sliver mesh was utilized as a current collector on the electrode
surface, which was affixed using gold paste.

Current density-voltage (I-V) curves of the SOECs were obtained over the temperature
range of 650-800 °C, utilizing a Versa STAT 3-400 electrochemical workstation. In
addition, electrochemical impedance spectra (EIS) were acquired at OCV for both
single and symmetrical cells with a frequency range of 10° to 0.01 Hz and an AC
amplitude of 10 mV.

For the evaluation of Faraday efficiency, different current densities ranging from 0.3 to
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1.5 A cm™ were applied to the single electrolysis cell for 45 min, and the composition
of outlet gas was analysized using a gas chromatography (GC) (Agilent 7890A, USA).
The values of CO concentration in the last three measurements were recorded for
Faraday efficiency calculation. The flow rate of CO> on the cathode side was 30 ml

min’!, and the anode was exposed to air.

3. RESULTS AND DISCUSSION

3.1. Crystal Structure. X-ray diffraction (XRD) patterns shown in Figure 1(a) depict
the pristine Laj.xCaxCoo2Fe0.803.5 (x=0.2-0.6) powders after calcination at 1100 °C for
5 h in the air. The main phase observed from the powders of the five different
compositions is an orthorhombic perovskite structure with the space group Pbnm (62)
(PDF# 97-015-3875), consistent with the structure of undoped LaFeOs.** LCCF82 and
LCCF73 are pure phases without any impurities. However, as the Ca content increases,
the powders exhibit an increasing evident of a secondary phase. Specifically, LCCF64,
LCCF55, and LCCF46 show a secondary phase that can be identified as a
brownmillerite Ca;Fe>Os phase (PDF#97-008-8986). Figure 1(d) provides an enlarged
view of Figure 1(a) with 20 from 28° to 36°, depicting the CayFe>Os phase in greater
detail. The substitution of La*" (1.36 A) with smaller Ca** (1.34 A), as well as the
reduction in mean ionic radius at the B-site (from Fe*" (0.645 A) to Fe*" (0.585 A) and
from Co** (0.745 A) to Co** (0.61 A)) due to charge compensation cause a shrinkage
in the crystal lattice, which contributes to the formation of a secondary CazFe>Os

phase.?8
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Figure 1. X-ray diffraction patterns of LCxCF (x=0.2-0.6) powder (a) calcinated at
1100 °C in air for 5h, (b) treated in 50% CO/CO, for 10 h at 800 °C, and (c) re-
calcination of 50% CO/CO; treated LCxCF (x=0.2-0.6) powder in air for 10 h; (d) is
the enlarged view of (a) between 28-36°; (e) is the enlarged view of (b) between 28-36
© and 42-50°; (f) 1s the enlarged view of (c) between 28-36 °.

To assess the stability of the LCxCF materials in the CO> atmosphere, they were
exposed to CO; at 800 °C for 10 h. As illustrated in Figure 2(a), the perovskite structure
of LCxCF materials remains unaltered, and no impurities were detected, suggesting that
the LCxCF materials have good compatibility with CO>. However, during CO:
electrolysis, the cathode material would go through a CO/CO; mixture atmosphere due
to the production of CO. Thus, the XRD patterns of the LCxCF materials after being
heat-treated at 800 °C for 10 h in a 50% CO/CO> mixture gas are presented in Figure
1(b) and Figure 1(e) (the enlarged view of 20 in 28-36° and 42-50° in Figure 1(b)),
clearly revealing the appearance of a new phase corresponding to CaCO3 (PDF# 97-

016-9915) and arise in intensity with increasing Ca content. Meanwhile, the extra peaks
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located at 44.5° and 45.2° matched the metal Co (PDF#97-004-4989) and CoFe alloy
(PDF#97-010-2383), respectively. The peak intensity of metal Co increases with Ca
content rising from 0.2 to 0.5, whereas the CoFe alloy emerges when Ca content
increases from 0.4 to 0.6. Although Co and Fe ions are partially exsolved from the
parent phase and CaCOs3 formed in the CO/CO»> mixture gas, the main crystal structure
of LCxCF remains stable. Interestingly, when the CO/CO> mixture gas treated powders
were subsequently calcined in air at 800 °C for 10 hours, as shown in Figure 1(c) and
Figure 1(f) (the enlarged view of 20 in 28-36 degree in Figure 1(c)), the CaCOs phase
totally vanished while the peak intensity of CazFe2Os phase exhibited a slight decrease
when compared to the pristine phase of LCxCF (Figure 1(d)), indicating the issue of Ca

carbonation can be mitigated by a simple heat treatment in air.
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Figure 2. X-ray diffraction patterns of LCxCF (x=0.2-0.6) powder (a) treated in pure
CO> for 10 h at 800 °C, and (b) Pristine LCCF64 powder treated in dry H> and then
heat-treated in air at 800 °C for 10 h.

The above XRD analysis has revealed that the formation of CaCOj; occurs exclusively
when LCXCF is subjected to a CO/CO; reducing atmosphere, possibly attributed to the
segregation of CaO in such a condition. This phenomenon was investigated by
subjecting pristine LCCF64 powder to dry H> at 800°C for 10 hours, resulting in the

decomposition of the perovskite structure into La2O3, CaO, and CoFe alloy, as depicted
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in Figure 2(b). Notably, CaO, known for its affinity towards CO», exhibits heightened
reactivity and subsequently generates CaCO3,>* as represented by eq. 3,
CaO(s) + COz(g) = CaCOs3 3)

Remarkably, even after deep reduction and subsequent decomposition of LCCF64, the
perovskite phase can be fully restored through heat treatment at 800°C for 10 hours in
an air environment, demonstrating its exceptional redox reversibility. Thus, in the
presence of a CO/CO; mixture gas, decomposition of LCCF64 has been mitigated due
to the oxidizing nature of CO, within the atmosphere.

3.2 Surface Morphology Analysis. XRD analysis in the prior section showed that
secondary phase CaxFe>Os was observed in the pristine LCxCF materials with the
increase in Ca content, and CaCOj along with Co/CoFe alloy phase were detected in
the LCxCF samples exposed to a 50% CO/CO; atmosphere. Therefore, the morphology
of the LCxCF powders in different atmospheres was characterized using a scanning
electron microscope. Figure 3(a-e) shows the LCxCF pristine powders calcinated in air
at 1100 °C for 5 h, and a porous microstructure was observed for all five LCxCF
samples. However, LCCF82 and LCCF73 had a clear surface and grain boundary, while
the blur grain boundary was observed with the Ca content from 0.4 to 0.6, and LCCF64
shows an apparent secondary phase with different morphology, indicating that the
secondary phase observed in XRD would change the morphology of LCxCF materials.
Moreover, with the increase of Ca content, the grain size increased correspondingly,
which was contributed by the function of CaO as a sintering aid.>> After treating the
LCxCF powders in a 50% CO/CO> mixture at 800 °C for 10 h, as shown in Figure 3(f-
j) and the enlargement of the rectangle in red (Figure 3(k-0)), the surface became coarse
with exsolved nanoparticles. The size and number of nanoparticles increased with the
increase in Ca content, which was consistent with the XRD analysis. Obviously, the
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exsolved nanoparticles on the LCCF64 sample were distributed most homogeneously,
while the aggregation of larger nanoparticles could be observed on LCCF55 and

LCCF46 samples, which may hinder the catalytic activity of catalysts.>®

Figure 3. SEM images of the LCxCF (x=0.2-0.6) powders calcined in air at 1100 °C
for 5h (a-e), and LCxCF (x=0.2-0.6) powder treated in 50% CO/CO> for 10 h at 800 °C
(f5); (k-0) is the enlarge of the red rectangle in (f-j), respectively.

3.3 Redox Stability Evaluation. It is widely recognized that the presence of oxygen
vacancies in cathode materials plays a pivotal role in enhancing CO; electrolysis by
creating active sites for nonpolar CO; adsorption. Moreover, the chemical stability of
cathode materials offers the potential for achieving stable cell performance.???’
Therefore, TGA was employed to estimate the redox stability of LCxCF materials by
monitoring the weight changes at elevated temperatures in different atmosphere.
Initially, TGA measurements were conducted in air to evaluate the behavior of lattice
oxygen at elevated temperatures ranging from 30 to 900 °C. The TGA curves were
recorded and depicted in Figure 4(a). The results indicate that LCxCF materials
experience a primary stage of weight loss from 80 to 240 °C, which may be attributed
to the loss of adsorbed water on the sample surface.?? As the temperature increases, the
weight continuously decreases and sharply drops at approximately 750 °C, which is

consistent with most ABO3 perovskites, owing to the oxygen hopping and escaping at

high temperatures.®
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In order to evaluate the stability and redox reversibility of the LCxCF cathode material
during CO;> electrolysis, TGA measurements were conducted in a gas atmosphere
containing 4% H2/N> to simulate the reducing environment from the CO/CO; mixture
produced during the electrolysis. The TGA curves show apparent two-stage weight
losses for LCxCF materials as presented in Figure 4(b), where a gradual weight loss
below 375 °C is attributed to the desorption of moisture on the sample surface. As the
temperature increases over 675 °C, the weight of the LCxCF powders experiences a
sharp drop followed by a continuous decrease, indicating oxygen vacancy formation
due to the lattice oxygen loss caused by the elevated temperature and the reduction of
Co and Fe oxides to Co/FeCo metallic phase in the reducing atmosphere.>*** The higher
content of Ca** replacing La** leads to a larger weight loss due to charge compensation,
with LCxCF showing weight losses of 2.39%, 3.43%, 4.69%, 5.29%, and 6.89%,
respectively.

After cooling down the LCxCF powders in 4% H2/Nz to 30 °C, the testing atmosphere
was switched to air, and the same measurement process was carried out again. As
shown in Figure 4(b), the short dot line showed that the weight of LCxCF powders
almost regained after the ramping up in the air. For example, LCCF64 went through
4.69% weight losses when ramping up in 4% H2/N> to 900 °C, and then it gained a 4.14%
weight when ramping up in air. However, the weight gained was less than the weight
lost. For one reason, the adsorbed water vaporized during the first ramping-up process
in the 4% H2/N», while no adsorbed water can lose in the second ramping-up process
in air because the powders have no chance to contact ambient air. Secondly, as shown
in Figure 4(a), LCxCF powders would have weight loss at elevated temperatures.
Overall, the TGA analysis proves that the LCxCF materials are redox reversible,

consisting with the XRD analysis, which is a vital property of the cathode material for
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CO: electrolysis.
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Figure 4. (a) Weight loss of LCxCF (x=0.2-0.6) powders in the air from 30 to 900 °C;
(b) Redox stability evaluation of the LCxCF (x=0.2-0.6) powders by running the TGA
program in a 4% H/N> flow to record the weight losing (solid lines), and then re-run
the program to record the wight gaining (short dot line) of the powders by switching
the flow from 4% H>/N> to Air when the furnace cool down to room temperature. Note:
before re-run the program, the weight of samples were re-calculated by subtracted the
weight lost in the first step.

3.4 CO:2 Adsorption Property and Surface Oxygen States Analysis. The adsorption
of CO; on the catalyst surface is a crucial step in the electro-reduction process of CO,.*!
Thus, CO; temperature desorption (CO>-TPD) measurements were performed, and
Figure 5(a) illustrates the CO2-TPD profiles of LCxCF materials. Usually, the
desorption signal below 200 °C corresponds to the CO> physical adsorption, while the
peak above 400 °C is related to the chemical adsorption.** And the higher desorption

signal intensity represents the stronger CO> adsorption ability on the surface of
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materials. The TPD curves of LCCF82 and LCCF73 show two peaks at the temperature
range between 300 and 900 °C, which can be assigned to chemical adsorption. The first
small peak is centered at ~400 °C, and the second broad peak is centered at 900 °C and
800 °C for LCCF82 and LCCF73, respectively. According to previous reports, the peak
at ~400 °C may be derived from the formation of the La,0,CO3 carbonate due to the
higher amount of La at the A site.** Meanwhile, LCCF64, LCCF55, and LCCF46 show
one broad peak starting at ~310 °C and centering at ~700 °C at the same temperature
range (300-900 °C). Among them, LCCF64 exhibits the highest signal peak, suggesting
that LCCF64 may possess the highest CO; adsorption capacity due to the lower amount
of CayFe2Os phases that were observed from XRD and SEM analysis shown in the
previous section, because the Ca;Fe;Os phase was reported as an oxide containing large
amounts of oxygen vacancy.? However, the desorption peak decreases even though the
CayFexOs phase keeps increasing in LCCF55 and LCCF46, which may be due to the
decreasing surface area caused by the increase in the grain size,*® as shown in the SEM

images in Figure 3(a-e).
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Figure 5. (a) CO2-TPD profiles of LCxCF (x=0.2-0.6); XPS-O1s spectra of the LCxCF
(x=0.2, 0.4, 0.6) powders (b) calcined in air and (c) treated in 50% CO/CO> atmosphere,
respectively.

17



Since CO, adsorption is intimately associated with oxygen vacancies,** X-ray
photoelectron spectroscopy (XPS) was used to reveal the surface oxygen states of
LCCF82, LCCF64, and LCCF46 powders. In anticipation of exposure to a CO/CO>
environment during CO> reduction, the pristine cathode powders were treated in a 50%
CO/CO> atmosphere at 800 °C for 10 hours before the XPS measurement. The XPS-
Ols spectra of untreated and CO/CO, mixture gas-treated powders are depicted in
Figure 5(b) & Figure 5(c), respectively. XPS-Ols spectra for all the samples could be
de-convoluted into three peaks. For the untreated powders, the XPS peak at lower
energy (~528.6 eV) represents the lattice oxygen ion (Oia) Within the perovskite, and
the peak at (~531.2 eV) corresponds to adsorption oxygen ions (Oags), including
hydroxides and carbonates.” Besides, a peak at~533.7 eV means the oxygen in
molecular water that adsorbed on the surface (On).!%** The percentage of lattice oxygen,
adsorption oxygen, and surface adsorbed water are shown in the Table 1. As the Ca
content increased, the percentage of lattice oxygen decreased, while the percentage of
adsorbed oxygen increased, accounting for the formation of CazFe>Os with Ca content
increasing, leading to more oxygen vacancies, and thus promoting oxygen adsorption.
For the samples treated in a CO/CO; mixture gas, the exsolution of Co or CoFe metal
nanoparticles results in the formation of oxygen vacancy and thus increased adsorption
of oxygen, as evidenced by the higher percentage of adsorbed oxygen in the XPS
spectrum than the untreated powders (Figure 5(b)).

Table 1. The percentage of Oa, Oags, and On in LCCF82, LCCF64, and LCCF46
samples treated in different atmospheres

Air 50% CO/CO2

Olat Oads OH Olat Oads OH
() (o) (%) (%) (%) (%)

LCCF82 40.55 5395 550 36.78 5524 7098

Samples
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LCCF64 3432 60.16 552 28.61 63.06 8.33

LCCF46 3039 6420 541 1797 73.63 8.40

Combining the TPD and XPS analysis, it can be seen that the substitution of La with
Ca could promote the formation of oxygen vacancies, thereby increasing adsorbed
oxygen. Moreover, the exsolution of Co or CoFe metal nanoparticles in the CO/CO-
atmosphere further enhances adsorbed oxygen. Therefore, LCxCF materials show
different CO» adsorption capacities according to the Ca content, and the CO> adsorption
ability is associated with the oxygen vacancy and the surface area of the materials.>¢

3.5 Electrical Conductivity. The electrical conductivity of the LCxCF materials was
measured using a DC four-probe method under air or CO; atmosphere with
temperatures ranging from 450 °C to 850 °C. Figure 6(a) shows the conductivity in air.
The conductivity of LCCF82 and LCCF73 increased with increasing temperature,
consistent with p-type conductor behavior with a small polaron hopping mechanism.*’
However, as the Ca content increased, the conductivity of LCCF64, LCCF55, and
LCCF46 initially increased up to a specific temperature and then decreased as the
temperature rose to 850 °C. This phenomenon may be attributed to the presence of the
CayFexOs phase, as reported in the XRD section. CaxFe2Os exhibits hole-type electronic
conduction due to oxygen interstitials in the structure at lower temperatures, while a
phase transition takes place at ~600 °C, resulting in a lower level of oxygen and thus
lower electrical conductivity at higher temperatures.*® Moreover, the conductivity of
LCxCF materials increased with increasing Ca content and reached a maximum when
x=0.4, accounting for the increasing formation of oxygen vacancies created by charge
compensation due to a higher amount of divalent alkaline-earth Ca ion substitution for

La.'® However, the conductivity of LCCF55 and LCCF46 gradually decreased, which
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may be attributed to the increased amount of CazFe;Os, which exhibits very low

conductivity compared with the LCxCF perovskite structure.*’
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Figure 6. Electrical conductivity for LCxCF (x=0.2-0.6) in (a) air and (b) pure CO>
from 450 to 850 °C; (c) Electrical conductivity for LCxCF (x=0.2-0.6) in pure CO; at
600 °C, 700 °C and 800 °C; (d) Electrical conductivity of LCCF64 with atmosphere
cycling between air and pure CO- at 800 °C.

The conductive properties of LCxCF materials were found to be slightly lower in CO2
due to its lower oxygen partial pressure, as shown in Figure 6(b). To better understand
the relationship between the conductivity, Ca content, and temperature in a CO>
atmosphere, the conductivity of LCxCF materials at 600 °C, 700 °C, and 800 °C was
presented in Figure 6(c). The figure demonstrates that the conductivity of LCxCF
decreased as the temperature increased from 600 to 800 °C, primarily due to the
promotion of lattice oxygen loss at higher temperatures,®? particularly for LCCF64
materials. In addition, the conductivity gradually increased with an increase in Ca
content from x=0.2 to x=0.4 and then dropped sharply when x=0.5 and x=0.6, indicating
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that the secondary phase CaxFe>Os has a significantly negative impact on the electrical
conductivity. Moreover, the conductivity of LCCF64 was evaluated for four cycles in
air and CO; to assess its reversibility in different atmospheres. Specifically, after
obtaining the conductivity in air, the atmosphere was changed to CO,, and the
conductivity was measured, which was defined as one cycle. Figure 6(d) indicates that
the conductivity of LCCF64 is almost reversible between air and CO., suggesting that
LCCF64 exhibits good structural stability and compatibility with CO,.*®

3.6 Polarization Resistance. To evaluate the electrocatalytic activity of LCxCF
materials, symmetrical cells (LCxCF/LSGM//LCxCF) were fabricated to determine
the area-specific interfacial polarization resistance (Rp) through impedance analysis in
air or pure CO; atmosphere at temperatures ranging from 650 to 800 °C. The EIS plots
at different temperatures for five compositions are shown in Figure S1, where the first
intercept of the impedance arc on the X-axis (Z') represents the ohmic resistance
normalized to zero. The distance between the second and first intercept indicates the
Rp, which is associated with charge transfer through the interface of the electrolyte and
electrode, dissociative adsorption, and species transfer at the triple phase boundaries
and gas diffusion process.’! Lower R, values usually suggest higher electrocatalytic
activity. The R, decreases with increasing temperature for all five compositions in air
and pure CO2, implying that high temperature can activate the polarization processes
and improve the electrocatalytic activity of the LCXCF cathodes.’ At 800 °C in air and
CO; atmosphere, the R, initially decreases and then increases with increasing Ca
content. The values of polarization resistances are shown in Figure 7(a), and LCCF64
exhibits the lowest R, in air and CO», corresponding to the highest electrocatalytic
activity among LCxCF. The activation energy (Ea) of LCxCF materials in CO; is

calculated from the slopes of the Arrhenius plots, as shown in Figure 7(b), which is
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close to the Ea from other CO2RR catalysts.*'** The LCCF64 exhibits the lowest
activation energy in the CO> at 650-800 °C, suggesting that the LCCF64 cathode
possesses the most favorable electrode properties for CO; electrolysis, such as gas

adsorption, dissociation, and diffusion.>
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Figure 7. (a) Polarization resistance of LCxCF (x=0.2-0.6) in air and pure CO> at 800
°C; (b) Arrhenius plots of the R, values of LCxCF (x=0.2-0.6) in COs».

3.7 Electrochemical Performance of CO: Electrolysis. The -electrocatalytic
performance of single cells with LCxCF materials as cathodes was systemically
investigated. Typical I-V curves and EIS plots of the direct CO> electrolysis at 650-
800 °C are shown in Figure S2 & Figure 8(c), and Figure S3 & Figure 8(d), respectively.
For clearly comparing the cell performance, the current density of five cells at 1.5V and
the ohmic resistance (Ronmic), as well as R of the single cells, are presented in Figure
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8(a) & Figure 8(b), respectively. The results showed that the current density initially
increased and then decreased with increasing Ca content, achieving 1.84, 2.01, 2.24,
1.89, and 1.43 A cm? for LCxCF under the applied voltage of 1.5 V, respectively.
Meanwhile, Ronmic for five cells in Figure 8(b) is similar thanks to the same thickness
of LSGM electrolyte and the excellent electrolyte-electrode connection. However, R,
for five single cells is 0.55, 0.26, 0.18, 0.41, and 0.48 Q cm?, respectively. Considering
that the same electrolyte and anode materials were used for the five single cells, the
change of R;, in the single cells could directly reflect the electrocatalytic performance
of LCxCF cathode. The trend of the R, change with different Ca content is similar to
the R, from the symmetrical cells, suggesting that the R, obtained from the symmetrical

cells is well correlated with the performance when applied as the cathode in SOECs.*
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Figure 8. (a) Current density at 1.5 V and (b) the Ronmic & R of the single cells with
LCxCEF as cathode at 800 °C; (¢) I-V curves and (d) Nyquist plots of the single cell (SC)
with LCCF64 as cathode; (e) I-V curves and (f) Nyquist plots of the symmetrical cell
(SMC) with LCCF64 as cathode and anode.

I-V curves and EIS plots of single cells with LCCF64 as the cathode are shown in

Figure 8(c) and Figure 8(d), respectively. The open circuit voltage (OCV) is about 0.06

- 0.08 V in the temperature range of 650-800 °C, which is determined by the difference

in oxygen partial pressure between the cathode (pure CO») and anode (ambient air).

This is consistent with other reports on pure COz electrolysis.**! The I-V curve can be
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divided into three regions. In the first region (1%), the current density increases as the
applied voltage goes from OCV to 0.2 V due to the pumping process of oxygen gas and
the net oxygen ion flux from the cathode to the anode. The oxygen may come from
sealing leakage or CO; feeding.’!*? The increase in current density is also attributed to
the reduction of Fe*'/Fe** and Co**/Co*" because of the transition metal Fe and Co in
the cathode composition.”® The current density reaches a plateau at around 0.2 V and
then to the second region (2"%), where the current density no longer increases with
increasing the applied cell voltage, indicating the cell has reached a reaction equilibrium,
but the voltage is not yet high enough to start CO; electrolysis. In the third region (3™),
the current density increases exponentially when the applied voltage is over 0.8 V,
indicating the occurrence of CO; electrolysis.?! At 1.5 V, the current density of single
cells with LCCF64 cathode reaches 2.24, 1.48, 0.97, and 0.61 A cm™ at 800, 750, 700,
and 650 °C, respectively. Ronmic and Ry values at 800 °C in Figure 8(d) are found to be
0.14 Q cm? and 0.18 Q cm?, respectively. When compared with previously reported
cathodes for COz electrolysis, LCCF64 demonstrates much lower R, values at 800 °C,
e.g., LaosCaoaFeosNio203 (0.737 Q cm?), LageBaosFeosNip203 (2.124 Q cm?),
Lag.6Sro4FeosNig203 (1432 Q cm?), 26 LageSro4FeOs (1.31 Q cm?),>* and
Lao 6Sro4Fe0.9sM00.0503 (5.8 Q cm?).

Furthermore, the performance of CO; electrolysis from symmetrical cells with the cell
configuration of LCCF64//LSGM//LCCF64 was also evaluated. From the I-V curves
in Figure 8(e), the current densities of the LCCF64 symmetrical cells at 800, 750, 700,
and 650 °C are 1.78, 1.09, 0.62, and 0.40 A cm™ under the applied voltage of 1.5 V,
respectively. The R, is 0.33 Q cm? at 800 °C (Figure 8(f)), which is higher than the R,
of single cells (0.18 Q cm? at 800 °C), indicating that the catalytic activity to oxygen

evolution reaction using LCCF64 as the anode is inferior to the state-of-art LSCF anode.

25



However, LCCF64 symmetrical cells for CO; electrolysis in this work exhibits higher
current density (1.78 A cm™?) at 1.5V at 800 °C than symmetrical cells using other
electrodes such as LaopaSro6Coo2Feo7Nbo1035 (0442 A cm? at 1.5
V),2! Lag.cCao.4Feo sNig203.5 (1.41A cm™ at 2 V),*® LagSro4FeooMng 1035 (1.107 A
cm? at 2 V), etc. under similar testing conditions. The comparable current density and
Ry shown in single and symmetrical cells imply that LCCF64 has excellent catalytic
activity for COz electrolysis..

3.8 Stability Evaluation. Figure 9(a) shows the short-term stability of single cells with
LCCF64 as the cathode at various constant applied currents. The output voltage
remained stable at different levels as the applied current density increased from 0.3 to
1.5 A cm™. Meanwhile, the outlet gas was connected to a GC to moinitor CO production.
The CO production rate and Faraday efficiency were calculated based on GC analysis
and the Faraday law.>” With the increase in the applied current density, CO production
rate increases from 1.67 to 9.12 mL min™! cm™, and the Faraday efficiency rises from
70.57% to 88.18% (Figure 9(b)). The highest Faraday efficiency achieved in this work
was 88.18% at an applied current density of 1.2 A cm™, which is comparable to the

reported cathodes in similar cell configurations for CO; electrolysis.?>%%
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Figure 9. (a) Short-term stability, and (b) corresponding CO production rate and
faradaic efficiency at various current density for CO: electrolysis in SOEC with
LCCF64 as cathode at 800 °C; (c) Long-term stability of single cell (SC) and
symmetrical cell (SMC) with LCCF64 as electrode.

The long-term stability of of the single and symmetrical cells with the LCCF64 cathode
was assessed by measuring the cell output voltage under a constant current density of
0.5 A cm™ at 800 °C for 350 hours. Figure 9(c) shows that the output voltage initially
increased slightly and then stabilized, owing to Ca carbonation and then balance
between the formation and decomposition of CaCQOs, as illustrated in eq. 3. After the
long-term stability testing was completed, the electrode/electrolyte interface of the
tested cell was examined using scanning electron microscopy (SEM), as depicted in
Figure S4(b). Comparative analysis of the microstructure of the cell before testing
(Figure S4(a)) revealed that, although the LCCF64 cathode exhibited slight
agglomeration attributable to the observed phase change discussed in the previous XRD
section, the interfacial region between the electrode and electrolyte demonstrated robust
connectivity after a rigorous 350-hour stability test. This connectivity ensures seamless

ion transportation across the electrode/electrolyte interface.!> Consequently, the cell
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exhibited a stable voltage output under a constant current load, exhibiting negligible

signs of degradation.

4. CONCLUSIONS

In summary, LCxCF (x=0.2-0.6) perovskite was developed as cathode materials with
in-situ exsolved Co/CoFe alloy nanoparticles embedded on perovskite backbone, and
LCCF64 displayed the most homogeneous nanoparticles distribution. Excellent redox
reversibility was demonstrated by TGA measurement, and high electrical conductivity
in air and pure CO> was manifested using a four-probe DC method, offering LCxCF
the necessary properties to serve as a suitable electrode in SOEC. In addition, LCCF64
showed the highest CO> adsorption ability due to the appropriate grain size and the
increased oxygen vacancy generated from charge compensation. Moreover, the
appearance of CaxFe;Os phase and the exsolved Co/CoFe alloy nanoparticles during
COz electrolysis further induced extra oxygen vacancy in LCCF64, resulting in a
considerably high current density of 2.24 A cm™ and 1.78 A cm™ at 1.5 V for single
and symmetrical SOECs at 800 °C, respectively. A high faradic efficiency of 88.18%
and a high CO production rate of 9.12 ml! min"' cm™ were achieved at an applied
current density of 1.2 A cm™ at 800 °C for single cells using LCCF64 as the cathode
for CO; electrolysis. Furthermore, the single and symmetrical cells using LCCF64 as
the cathode exhibited good stability over 350 h CO» electrolysis test at constant current
of 0.5 A cm™ at 800 °C. This work points to a new direction toward developng

electrodes with high peformance and stability for direct CO- electrolysis.
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(1) €O, (g) — CO, (ads)

(2) 2C0O, (ads) +2e-—2C0O + 0%
(3) CO, (ads) + 02 —» CO,%

(4) CO;% + CaO — CaCO; + 0%
(5) CaCO; <> CaO + CO,

(6) 20% - 4e-— 0,(9)
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