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Abstract

Symmetrical solid oxide cells (SSOCs) have been extensively recognized due to their
simple cell configuration, low cost and reliability. High performance electrode is the key
determinant of SSOCs. Herein, a multifunctional perovskite oxide LagsCaosFeosNio203-5
(LCaFN) is investigated as electrode for SSOCs. The results confirm that LCaFN shows
excellent oxygen reduction reaction (ORR), oxygen evolution reaction (OER), carbon dioxide
reduction reaction (CO2-RR) and hydrogen oxidation reaction (HOR) catalytic activity. In
SOFC mode, the SSOCs with LCaFN achieve good electrochemical performance with
maximum power density of 300 mW c¢cm™ at 800 °C. For pure CO; electrolysis in SOEC mode,
polarization resistance of 0.055 Q cm? and current density of 1.5 A cm™ are achieved at 2.0 V
at 800 °C. Besides, the cell shows excellent stability both in SOFC mode and SOEC mode.
Most importantly, SSOCs with symmetrical LCaFN electrodes show robust and regenerative
performance under anodic or cathodic process during the switching gas, showing the great
reliability of the SSOCs. The results show that this novel electrode offers a promising strategy
for operation of SSOCs.
Keywords: Symmetrical solid oxide cells; Lao.sCao.4Feo.sNio203.5; Multifunctional catalyst;

Gas switching; Electrochemical performance

1. Introduction

Recently, symmetrical solid oxide cells (SSOCs) with same materials as both the anode
and cathode have attracted lots of attention, due to their simple fabrication process and low cost.
Moreover, due to existing only one type electrode-electrolyte interface, it can reduce the
problem of chemical incompatibility, thermal mismatching, sulfur poisoning and carbon
deposition through gas conversion, and therefore these SSOCs are more convenient in practical
application [1-5]. In particular, SSOCs provides a way to reduce CO> emission by using the

intermittent clean energy (wind, solar, tidal energy, etc) to electrolyze CO».



An ideal electrode of SSOCs should possess excellent oxygen reduction reaction (ORR),
oxygen evolution reaction (OER), CO> reduction reaction (CO2RR) and H» oxidation reaction
(HOR) catalytic activity. Many materials have been attempted as electrodes for SSOCs’
application. The conventional electrode (Lao.75S10.25)CrosMnosO3; (LSCM) was used for a
symmetrical solid oxide fuel cell (SSOFC) with good performance, and a peak power density
of 300 mW cm was achieved at 900 °C [6-8]. In addition, electrolysis of CO, with the current
density 0.18 A cm™? at 2.0 V and 800 °C was demonstrated in a symmetrical solid oxide
electrolysis cell (SSOEC) with LSCM electrode [9]. Another conventional electrode
SroFe1.sMoo.sOs-5 (SFM) was also investigated for SSOFC with peak power density of 835 mW
cm using H; as fuel at 900 °C [10]. Hou et al. investigated SFM-SDC as electrodes of SSOEC
for HoO/CO, co-electrolysis and the cell can obtained current density of 1.27 A cm? at 1.6 V
and 850 °C [11]. Sc doped Lao sSro.MnO3 was introduced as electrodes of SSOFC with peak
power density of 310 mW cm operated in wet Ha at 900 °C [12]. Sr2TiosCoo02FeOs was also
investigated as electrodes of SSOFC with peak power density of 555 mW cm™ at 800 °C.
Besides, other oxides as Lao.gSr0.2Cro.69N103103-5 [13], (Lao.75S10.25)(Cro.sMno3Nio.2)O3-5 [14]
Lao5Sro.5Ti0.75N10.2503 [15], Lai.5Sr1.sMnj 5NipsO7+s5 [16] also have been tried as electrodes of
SOCs. However, these cells have relative lower electrochemical performance in comparison to
the conventional SOFC or SOEC configuration with different anode and cathode [17-19].

Fe-based perovskite oxides have been widely investigated for their many advantages. They
are considered to be more stable than Co and Mn based perovskites due to the stable electronic
configuration (3ds) of Fe*" [20, 21]. They also have the advantages of better chemical
compatibility with Yo.08Zr0.9202-5 (YSZ) [22]. Moreover, Fe-based perovskites have matching
thermal expansion coefficients (TEC) with YSZ or Gdo.1Ceo.902-5 (GDC), which can enhance
the stability of the electrode and electrolyte interface [22, 23]. Fe-based perovskites doped with
alkaline-earth metal cations have exhibited good electrochemical performance in SOCs [23, 25,

26]. Bian et al. investigated Lao.sCeo.1St0.3Fe09Nio.103.5 as electrodes of SSOFC and the cell
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exhibited excellent peak power density of 900 mW cm™ at 850 °C in wet H» [27].
Lao.4Sr0.6Co0.2Fe0.7Nbo.103-5 electrode-based SSOEC could obtain current density of 0.442 A
cm? at 1.5 V and 800 °C for COz electrolysis [28]. In our previous work, Lag ¢Sto.4Feo sNio203-
5 (LSFN) electrode-based SSOEC could achieve high Faraday efficiency and CO production
rate. However, Sr-contained perovskite oxides have a tendency to form SrCOs; causing the
irreversible cell performance degradation [3]. LaoeCao4FeosNio2035 (LCaFN) has been
investigated as electrodes for SOFC or SOEC. Nano LCaFN decorated porous doped ceria as
an electrode for SSOFC and delivered attractive peak power densities of 510 mW cm? at 800 °C
using H> as fuel [23]. In our previous work, SSOEC with this electrode has a low polarization
resistance (0.04 Q cm?) and a maximum electrolysis current density (1.41 A cm?) for pure CO2
electrolysis at 800 °C and 2.0 V [29]. Due to the ionic radius of Ca®" is smaller than Sr** and
closer to La**. Doping Ca will result in a stable structure, higher conductivity, matching TEC
and chemical compatibility [23, 30, 31]. These aspects are really important for the application
in SSOC. However, these cells are all operated in a single mode (SOFC, SOEC), and the redox
stability of the cell has not been studied. The systematically investigation of Fe-based
perovskites as electrodes for SSOCs almost haven’t been attempted yet. In addition, although
SSOCs can solve some drawbacks (sulfur poisoning and carbon deposition) due to the
switching of working gases for practical application, there is no specific work that has been
reported so far on this function.

Herein, a meaningful attempt with "one material for multiple applications" and "one cell
for multiple uses" is carried out. The electrocatalytic activity of LCaFN in air, CO; and reducing
atmosphere, and the electrochemical performance and stability test in SOFC and SOEC mode
will be investigated in detail. Furthermore, the stability and robust of SSOCs will be evaluated
by switching fuel gas and air alternatively in the same electrode side. Compared with our
previous work, this work has truly realized the meaning of symmetrical cells, operating cells

by switching gas to achieve stable performance, it is more practical.
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2. Experimental

2.1 Sample and cell preparation

The sol-gel method was used to prepare LageCaosFeosNio2035 (LCaFN) powders.
La(NOs3)3-6H20, Ca(NO3)2, Fe(NO3);:9H,O and Ni(NO3)2:6HO in the appropriate
stoichiometric ratios were dissolved in distilled water. Citric acid (CA) and
ethylenediaminetetraacetic acid (EDTA) were added in a molar ratio of CA:EDTA:M (metal
cations) of 1.5:1:1. The pH value of the above solution was adjusted to 8 by ammonia addition.
Finally, the gel was obtained by stirring for 10 h at 80 °C. Then the gel was dried at 200 °C for
5 h and then annealed at 800 °C for 5 h in air to obtain LCaFN powders. GDC was used as the
buffer layer and electrode additive.

Electrolyte-supported symmetrical cells were fabricated to test the electrochemical
performance of electrodes. GDC paste, pure LCaFN and LCaFN-GDC electrode paste (weight
ratio LCaFN:GDC = 6:4) were prepared by grounding the powder with ethyl cellulose in
terpineol for 2 h. GDC slurry was first screen-printed on the both surfaces of 300 pm thick YSZ
disc (12 mm in diameter) and calcined at 1350 °C for 2 h to form the GDC buffer layer. Then,
the electrode was coated onto the electrolyte using the same method, followed by calcination at
1000 °C for 2 h in air (with active area of 0.5 cm?).

2.2 Characterization and measurements

The crystal structure of materials was characterized by X-ray diffraction (Cu Ka, 40 kV,
30 mA, Shimadzu XRD-7000S). The morphology of samples was characterized by scanning
electron microscope (SEM, Sirion 200) and transmission electron microscope (JEOL JEM-
2011). The TG curve of samples was measured by TGA (STA449F5, NETZSCH) both under
air and 5%H2/N, with a ramping rate of 10 °C min'. Hydrogen temperature-programmed
reduction (H2-TPR), oxygen temperature-programmed desorption (O»-TPD) and carbon
dioxide temperature-programmed desorption (CO2-TPD) were examined using our home-made

test equipment. For Hp-TPR test, samples were first treated in Ar for 1 h at 350 °C before test.
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Then it was conducted from 20 to 950 °C in 5% H2/Nz. For CO; or O2-TPD test, samples were
first treated in pure CO; or Oz at 350 °C for 30 min, and then O or O»-TPD test was conducted
from 20 to 950 °C in Ar. The heating rate and gas flow rate for all tests are 10 °C min™! and 30
mL min’!, respectively. LCaFN bars (24 mmx6 mmx2 mm) were obtained by sintering at
1250 °C for 5 h and the conductivity in air and 5%H>/N> was measured by four-probe method
using an Agilent B2901A Precision Source/Measure unit. Thermal expansion coefficient of
LCaFN was measured using Thermo Dilation (NETZSCH DIL402C).

For electrochemical performance of electrodes, the symmetrical cells were employed to
measure the polarization resistance of LCaFN and LCaFN-GDC electrode in air, H> and COs,.
Then they were sealed on an Al>O; tube using ceramic adhesive (552-VFG, Aremco) and Pt
current collectors were connected on the surface of each electrode for cell performance test. For
SOFC performance test, wet H, (50 mL min™') was fed into one side of the cell and air (50 mL
min™') into another side. For SOEC performance test, one side of symmetrical cell (named
obverse side) was exposed to flow pure CO2 (50 mL min') and another side (named reverse
side) to stagnant air. The electrochemical tests were recorded using the electrochemical
workstation (Zennium IM6 station), including polarization curves (linear sweep rate of 0.01 V
s from 0 to OCV for SOFC and 0 to 2.0 V for SOEC), electrochemical impedance spectra
(EIS) with frequency range of 0.1~10° Hz and an amplitude of 10 mV. Stability test was also

performed in both SOFC mode and SOEC mode.

3. Results and discussion
3.1. Phase analysis and chemical stability

XRD patterns of the LCaFN powders treated in different atmospheres are presented in Fig.
1 (a). The patterns for the sample treated in air can be well-indexed to LaFeo 75Nio2503 (JCPDS
88-0639). After reduced in 5%H>/N> for 5 h (named R-LCaFN), R-LCaFN still can maintain a

stable perovskite structure, which is different to the reduced LSFN [32, 33]. While the



diffraction peaks shift a little towards the lower angles, indicating the expansion of unit cells.
This is because the valence of Fe ions changes from a high valence state to a low valence state.
The structural stability of LCaFN is also confirmed by TGA as shown in Fig. S1 (see
Supplementary material). There are two stages which represent Fe*" to Fe** at low temperature
range and Fe’" to Fe?" corresponding to Ni** to Ni at elevated temperature range [32]. In
addition, R-LCaFN shows a diffraction peak of FeNis at 44°, demonstrating the exsolved FeNis
alloy. Besides, there exists the peak corresponding to CaO after reduction, because the solid
solubility of Ca will decrease accompanying the exsolved FeNis alloy. When LCaFN was heat-
treated in CO;, the phase structure remains stable, with only some minor peaks of CaCO3
appearing. However, in our previous work [29], these surface CaCO; particles could be
decomposed by simple thermal treatment in air and the electrode could be refreshed to the fresh
state. The H2-TPR curve of LCaFN is measured as shown in Fig. 1 (b), and two main reduction
peaks in the range of 100~900 °C can be observed. The first reduction peak o near 400 °C
represents the reduction of Ni** to Ni?*, while another peak B around 700 °C reflects the further
reduction of Ni*" to Ni, coupled with a part of reduction of Fe*" to Fe?". It is consistent with the
results of TGA. Compared to LaFeOs and Lao.6Sro.4Feo.sNio2O3 [34, 35], LCaFN has a higher
reduction peak temperature, which means a more stable perovskite structure. The CO2-TPD
curve of LCaFN is illustrated in Fig. 1 (c). Specifically, the desorption peak below 100 °C
represents the physical adsorption of CO, and the desorption peak between 200 °C and 300 °C
mainly reflects the inherent weak van der Waals forces on the surface of the sample [36]. In the
high temperature range, the CO> desorption performance is not only related to the oxygen
vacancy concentration, but also with the basic sites of the perovskite at high temperature [37,38].
There is a stronger CO2 desorption peak at around 750 °C than that of LSFN and LFO [3], part
of the reason corresponds to CaCO3 decomposition. Indicating the strongly adsorption ability,
which may be beneficial for CO; electrolysis performance. Fig. 1 (d) displays the O2-TPD curve

of LCaFN. A strong peak at around 600 °C indicates easy generation of oxygen vacancies in
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LCaFN, due to the reduction of unstable Fe*" to Fe*" with Oz desorption. This can facilitate the
oxygen surface exchange process [39, 40]. The electronic conductivity of LCaFN in air first
increases to reach a maximum of 290 S cm’!, and then gradually decreases with increasing
temperature as shown in Fig. 1 (e), which is related to the semiconductor-metal conduction
transition of the material [34]. At low temperatures, LCaFN exhibits semiconductor conductive
properties. After arriving at a certain temperature, oxygen vacancy defects were continuously
formed in LCaFN under high temperature conditions. Formation of an oxygen vacancy will
result in decrease in the carrier concentration and thus a decrease in conductivity. In reducing
atmosphere, more oxygen vacancies in a reducing atmosphere lead to a lower carrier
concentration, thus leading to reduced conductivity. TEC value of LCaFN is only 11.2x10¢ K-
' as shown in Fig. 1 (f), much closer with GDC (12x10¢ K!) and lower than that of
Lao 6Sro4FeosNio 203 and those of Co-based perovskites [41, 42].
3.2. Morphology characterization

SEM images of LCaFN and R-LCaFN are shown in Fig. 2. It can be seen that LCaFN
powders synthesized by the sol-gel method are fine and uniform, with particle size of around
200 nm (Fig. 2 (a)). EDS of LCaFN in Fig. S2 (b) shows the elements chemical composition of
La:Ca:Fe:Ni with 0.624:0.376:0.802:0.198, which is very close to the theoretical stoichiometry.
After LCaFN powders being treated in 5% H2/N> for 5 h at 800 °C, many nanoparticles with an
average size of 30 nm are uniformly exsolved in-situ on the surface of LCaFN, as shown in Fig.
2 (b, c¢). EDS mapping and line scanning analysis confirm that the chemical composition of
these nanoparticles are Fe-Ni alloy, as shown in Fig. 2 (d, e). This is also consistent with the
XRD analysis (Fig. 1(a)). These results prove that LCaFN crystal structure is relatively stable
after the reduction and the in-situ exsolved Fe-Ni nanoparticles would be beneficial for the
electrochemical performance. It has been confirmed in our previous work and other research
groups [32, 33, 39].

The high-resolution TEM image of LCaFN is presented in Fig. 3 (a). The lattice fringe
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space of 0.216 nm and 0.153 nm can be indexed to (111) and (211) planes of the perovskite
LCaFN. The corresponding EDS mapping of LCaFN shown in Fig. 3 (b) confirms the
homogeneous distribution of composition elements. After reduced, the (211) plane of the R-
LCaFN has the lattice space of 0.158 nm (Fig. 3 (c)), which is larger than that of LCaFN and it
is consistent with the previous analysis of XRD results. This is primarily because Fe*" (0.645
A) is transformed into Fe?* (0.78 A) under reducing condition. And Ni*>* will transform into
metal Ni and in-situ exsolved onto the surface of perovskite oxide. The in-situ exsolved
nanoparticles with lattice fringe space of 0.201 nm can be indexed to (111) plane of the FeNi3
alloy. More aggregation of the elements Ni and slight aggregation of Fe also proves this, as
shown in Fig. 3 (d).
3.3. Electrochemical performance in SOFC mode

Half-cell performance and SOFC electrochemical performance based on pure LCaFN
electrode are shown in Fig. S3-4. It can be seen that LCaFN electrode shows good catalytic
activity not only in air, but also in Hz and CO.. The polarization resistance (R;) values in air,
CO,, and H» are 0.24, 0.469, and 0.129 Q cm? at 800 °C, respectively, indicating LCaFN
electrode possessing the excellent ORR, OER, CO2:-RR and HOR catalytic activity.
Furthermore, the electrocatalytic activity of LCaFN has been improved after compositing with
GDC as shown in Fig. 4. R, values in different atmosphere are further reduced as shown in Fig.
S5. The power density is improved to 300 mW cm™ and 400 mW cm™ at 800 °C and 850 °C,
respectively as shown in Fig. 4 (a). The EIS of the symmetrical cell based on LCaFN-GDC
composite electrode measured at different temperatures are shown in Fig. 4 (b). The ohmic
resistance values of the cell are found to be 1.443, 0.939, 0.698, and 0.565 Q cm? at 700, 750,
800 and 850 °C, respectively. This is mainly due to the resistance of from YSZ electrolyte (300
um). Moreover, LCaFN has higher electronic conductivity both in air and 5%H2/N2, as shown
in Fig. 1 (e). The observed R, values of the cell are 1.023, 0.385, 0.217 and 0.163 Q cm? in the

corresponding temperatures. Interestingly, these values are relatively lower than other reported
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results as shown in Table S1. The redox stability of the cell is tested, as shown in Fig. 4 (¢).
Specifically, the cell is operated in SOFC mode (wet Hy) first at 100 mA c¢cm™ for 30 min at
700 °C, then switched to N> purge for 5 min, and finally switched to air for oxidation treatment
for 25 min. After 4 cycles, the cell performance remains constantly. In order to test the stability
of LCaFN cell performance further, the cell is operated at 750 ° C with higher current density
of 250 mA-cm™ and the cell is found to remain stably after 3 cycles. After that, the cell is tested
in SOFC mode for a longer time of 35 h at 700 °C with current density of 150 mA cm™ and it
can perform stably without any obvious degradation (Fig. 4 (d)). These results prove that
LCaFN has good redox stability and robustness.
3.4. Electrochemical performance in SOEC mode

The electrochemical performance of pure CO: electrolysis based on LCaFN-GDC
composite electrodes is shown in Fig. 5 (a). The current density is found to be raised with
increase temperature. The corresponding values are 0.98, 1.5, and 2.25 A cm™ at 750, 800, and
850 °C under 2.0 V, respectively. It shows better performance compared with other reported
results as shown in Table S2. The corresponding EIS are shown in Fig. 5 (b). The ohmic
resistance values of the cell are 0.989, 0.708, and 0.515 Q cm? at 750, 800, and 850 °C,
respectively, similar with the ohmic resistance in SOFC mode. For the polarization resistance,
the values are 0.725, 0.621, and 0.43 Q cm? in the corresponding temperature. It is much lower
than those reported results as shown in Table S2. According to literature [26, 32, 36], The R,
mainly includes two parts. High frequency part corresponds to charge transfer process (R1)
mainly including oxygen ion transportation processes in the electrolyte, electrolyte-electrode
interface and the electrodes. The low-frequency part represents the non-charge transfer
processes (R2) relate to the electrode surface kinetics, including the transport of CO-,
adsorption of CO» and surface diffusion of active species. The simulated results based on the
equivalent circuit are listed in Table. S3. Both R1 and R2 gradually decrease with increasing

temperature, especially R2 (0.725, 0.621, and 0.43 Q cm?), indicating that elevated temperature
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accelerates the reduction of CO». The EIS of the cell at different voltages are shown in Fig. 5
(c, d). At the low voltage, Higher R;, ascribe to the activation process of the electrode [9]. Once
activation is complete. R, values decrease significantly at the voltage over 1 V, and the reduction
of COz also happen at high voltage. Notably, the polarization resistance is only 0.055 Q cm? at
800 °C under 2.0 V. It is much smaller than those reported results as shown in Table S2. These
results prove that the LCaFN-GDC symmetrical cell has good CO; electrolysis performance.
3.5. Reliability of SSOCs

In order to investigate the reliability of the SSOCs with LCaFN electrodes, the anode and
the cathode are fed with CO; alternatively. When the gas on both sides of the cell is switched,
the electrochemical performance of the cell for COz electrolysis remains almost the same, as
shown in Fig. S6. Fig. 6 shows the comparison of electrochemical performance before and after
gas switching. The first tested working electrode in CO2 atmosphere is named the obverse side,
and after gas switching, it is named the reverse side. The I-V curves before and after gas
switching are shown in Fig. 6 (a). It can be found that the two curves almost overlap. The current
density in the reverse side (1.49 A cm™) is just a little smaller than that in the obverse side (1.51
Acm™)at2.0Vat 800 °C, but it is more obvious in the low voltage range. The slight difference
of cell performance between the two processes can be attributed to the changes in electrodes.
Specifically, electrodes activation process will happen at the low voltage [9, 36]. Once the
applied voltage exceeds the initial reduction voltage of CO; and the CO2-RR process will be
initiated. In addition, LCaFN electrode will suffer an electroreduction process at the high
voltage and then cause a change in bulk diffusion and surface properties of the electrode [43,
44]. At the same time, LCaFN electrode at the other side will start the OER process. The
increased oxygen partial pressure may lead to the reduction of oxygen vacancies and the
variation of electrode morphology. The LCaFN electrode originally in the CO2 atmosphere will
be exposed to the air after gas switching and then the electrode process on both sides will

exchange. Due to the changes of properties on the electrode surface, electrochemical
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performance of the cell is slightly affected, especially in the low voltage range. It can be further
confirmed by EIS at open-circuit voltage, as shown in Fig. 6 (b). The simulated results are
presented in Table. S3. The R, of the reverse side is a little bit bigger than that of the obverse
side, especially R2, which is associated with gas adsorption/desorption, dissociation at the
electrode surface. Indicating that the changes of properties on the electrode surface. However,
the R of the two tests are almost same at working condition, as shown in Fig. 6 (¢). It indicates
the cell performance is almost stable at working condition after electrodes activation process.
The small change in R2 also proves little changes on the electrode surface. Furtherly, the long-
term test of the cell is operated by switching the gas, as shown in Fig. 6 (d). The cell can work
well during the switching gas. It is worth noting that after each switching, the performance of
the cell has a recovery process, which is consistent with our previous study. LCaFN has a self-
repairing function [29], because CaCOjs is easy eliminated in the test condition. There is no
similar study about SSOCs operated at switching gas. The results open the door for symmetrical
cell applications with bright prospects.
3.6. Post-test characterization

After gas switching test, XRD patterns of the LCaFN-GDC electrodes are shown in Fig.7
(a). It can be seen that no new phase exists except LCaFN, GDC and Pt, indicating the stability
of the LCaFN phase structure. Moreover, there is no peak of carbon can be found from the
Raman spectrum in Fig. 7 (b) [45]. And SEM morphology in Fig. 7 (f) also confirms the absence
of carbon deposition on the electrodes. In addition, no electrode exfoliation occurs after test,
which proves SSOC with LCaFN electrodes has good structure stability. Furthermore, there is
also no element diffusion between the components shown in Fig. S7 and Fig. S8, regardless of
gas switching or not.
4. Conclusion

A multifunctional catalyst LaosCao4FeosNio20Os-5 perovskite with excellent ORR, OER,

CO2-RR and HOR catalytic activity is synthesized and investigated. The polarization resistance
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values in air, CO2, and Ha are 0.24, 0.469, and 0.129 Q cm? at 800 °C, respectively. SSOCs
with symmetrical LCaFN electrodes can achieve good electrochemical performance with
maximum power density of 300 mW cm™ at 800 °C in SOFC mode. While for pure CO»
electrolysis in SOEC mode, it has a low polarization resistance of only 0.055 Q cm? and
achieves a maximum electrolysis current density of 1.5 A cm™? at 2.0 V at 800 °C. Most
importantly, SSOCs with symmetrical LCaFN electrodes show excellent robust under anodic
or cathodic process, showing the great reliability of the SSOCs. This novel electrode provides

a promising strategy for operation of SSOCs.
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Figure Captions

Fig. 1 XRD patterns (a) of as -synthesized LCaFN in air, treated with 5% H2/N> and CO; at
800 °C for 5 h, H> -TPR curve (b), CO, -TPD curve (c), O>-TPD curve (d), the conductivity (e)
and TEC curve (f) of LCaFN.

Fig. 2 The morphology of LCaFN (a) R-LCaFN (b, ¢) and corresponding EDS mapping (d) and
line scanning (d)

Fig. 3 High resolution TEM (a) and EDS-mapping (b) of LCaFN, high resolution TEM (c) and
EDS-mapping (d) of R-LCaFN.

Fig. 4 1-V-P curve (a) and Impedance spectra (b), redox cycle stability test (c) and long-term
stability test (d) of SSOC based on LCaFN-GDC electrode.

Fig. 5 I-V curves (a) and EIS (b) of the SSOC for pure CO> electrolysis at different temperatures.
EIS of SSOC under different voltage (0~1.0 V) (¢) and (1.2~2.0 V) (d) for CO; electrolysis at
800 °C.

Fig. 6 I-V curves (a) and EIS (b) of the SSOC for pure CO: electrolysis with switching the gas
at 800 °C. EIS (c) of two modes at 1.4 V and long-term (d) test with switching the gas.

Fig. 7 XRD patterns (a) and Raman spectra (b) of both sides electrode, SEM images of whole
cell (¢), the SEM images of observed side (d) and reverse side (e), the magnified image reverse

side (f) after long-term test.
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Fig. 1 XRD patterns (a) of as -synthesized LCaFN in air, treated with 5% H>/N> and CO, at

800 °C for 5 h, H2 -TPR curve (b), CO2 -TPD curve (c), O-TPD curve (d), the conductivity

(e) and TEC curve (f) of LCaFN.
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Fig. 2 The morphology of LCaFN (a) and R-LCaFN (b, c), corresponding EDS mapping (d)

and line scanning (e).

22



) HAADF Ca

HAADF 4 Ca

N

Fig. 3 High resolution TEM (a) and EDS-mapping (b) of LCaFN, high resolution TEM (c)

and EDS-mapping (d) of R-LCaFN.
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Fig. 4 I-V-P curve (a) and Impedance spectra (b), redox cycle stability test (c) and long-term

stability test (d) of SSOC based on LCaFN-GDC electrode.
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Fig. 5 I-V curves (a) and EIS (b) of the SSOC for pure CO; electrolysis at different
temperatures. EIS of SSOC under different voltage (0~1.0 V) (¢) and (1.2~2.0 V) (d) for CO>

electrolysis at 800 °C.
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Fig. 6 I-V curves (a) and EIS (b) of the SSOC for pure CO; electrolysis with switching the

gas at 800 °C. EIS (c) of two modes at 1.4 V and long-term (d) test with switching the gas.
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Fig. 7 XRD patterns (a) and Raman spectra (b) of both sides electrode, SEM images of whole
cell (c), the SEM images of observed side (d) and reverse side (¢), the magnified image

reverse side (f) after long-term test.

27



