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High-performance Ruddlesden-Popper perovskite oxide with in-
situ exsolved nanoparticles for direct CO2 electrolysis 
Ka-Young Park a, Taehee Lee a, Wanhua Wang a, Haixia Li a, and Fanglin Chen a  

Carbon dioxide (CO2) is one of the principal greenhouse gases accountable for global warming and extreme climate changes. 
Electrochemically converting CO2 into carbon monoxide (CO) is a promising approach for CO2 utilization in achieving 
industrial decarbonization. High-temperature CO2 electrolysis via solid oxide electrolysis cells (SOECs) has great potentials, 
including high-energy efficiency, fast electrode kinetics, and competitive cost, however, this technology still has challenges 
associated with developing highly active, robust CO2 electrode for SOECs. We report a novel Ruddlesden-Popper structured 
Pr1.2Sr0.8Mn0.4Fe0.6O4-δ (RP-PSMF) with in-situ exsolved Fe nanoparticles as CO2 electrode in SOECs for direct CO2 conversion 
to CO. The mechanism of CO2 electrolysis is studied by using the distribution of relaxation times method from the 
electrochemical impedance spectroscopy. La0.8Sr0.2Ga0.8Mg0.2O3−δ (LSGM)-electrolyte supported SOECs with RP-PSMF 
cathode have achieved exceptionally high current densities of 2.90, 1.61, 0.91, and 0.48 A·cm-2 under an applied voltage of 
1.5 V at 800, 750, 700, and 650oC, respectively. Moreover, SOECs with RP-PSMF cathode have exhibited a stable electrolysis 
performance for 100 h under a current cycling operation. These results suggest that RP-PSMF with exsolved Fe nanoparticles 
is a highly promising cathode for high-temperature direct CO2 electrolysis cells.

Introduction 
Controlling carbon dioxide (CO2) emissions has become an 

inevitable grand challenge in order to mitigate the 
unpredictable and threatening climate changes resulting from 
global warming. The global lockdown associated with the 
coronavirus disease (COVID-19) pandemic has reduced CO2 
emissions considerably since human-made greenhouse gas 
activities have been temporarily halted or slowed down, which 
gives an opportunity to investigate the impact of CO2 emission 
reduction on human beings and the environment.1–3 
Consequently, the strategies of CO2 capture, utilization, and 
storage become further considered as approaches in order to 
actualize net-zero carbon emissions.4,5  

The electrochemical method has gained intensive attention 
as a promising approach for reducing CO2 emissions. For 
example, CO2 can be directly converted into carbon monoxide 
(CO), an important industrial gas that has many applications in 
bulk chemical production.4,6,7 Furthermore, the electrochemical 
CO2 conversion can be an energy storage method for the excess 
electrical energy produced from intermittent renewable energy 
sources, such as solar, wind, and tide.8–11 Thus, the capability of 
utilizing CO2 can play a significant role enabling us toward a 
more sustainable economy in the post-COVID-19 era.  

For CO2 to CO conversion via the electrochemical process, 
solid oxide electrolysis cells (SOECs) have great potentials owing 
to several advantages including environmental-friendliness, 
high-energy conversion efficiency, fast electrode kinetics, 

competitive cost, etc.4,7 In principle, anode catalysts used for 
solid oxide fuel cells (SOFCs) can be potential candidates as 
cathode catalysts in SOECs. SOFCs have significantly developed 
materially and technologically during the last several decades 
and the most common anode for SOFCs, nickel metal (Ni)-based 
cermet (e.g., Ni-yttria stabilized zirconia (YSZ)) has 
conventionally been used as a cathode catalyst of SOECs due to 
the excellent catalytic properties toward water (H2O) splitting 
reaction, however, the Ni-based cermet is quickly degraded by 
re-oxidation of Ni metal grains in oxidizing conditions such as 
pure CO2 and/or carbon deposition when exposed to carbon 
containing atmosphere,12–16 thereby requiring protective gases 
such as CO and hydrogen (H2) for CO2 electrolysis operation with 
the Ni-based cermet. However, using protective gases will incur 
additional operational cost, add complexity to the high-
temperature direct CO2 electrolysis cell (CO2 SOEC) system 
design, and reduce reliability of the overall CO2 electrolysis 
system.  

Recently, extensive efforts have been devoted to exploring 
alternative cathode catalysts with high catalytic activity for CO2 
SOECs to replace the Ni-based cermet. Perovskite-based oxides 
are attractive candidates for the cathode catalyst of CO2 SOECs 
due to their acceptable electrical conductivity, redox stability, 
and coking resistance.12,17,18 Particularly, ferrite-containing 
perovskites, such as (La,Sr)(Cr,Fe)O3, (La,Sr)(Fe,Mn)O3, and 
Sr(Fe,Mo)O3, present high electrochemical performance as both 
anode and cathode materials.19–21 For example, LaTiO3-δ-based 
perovskites have demonstrated good electrocatalytic activity 
via surface modification with exsolved iron (Fe) nanoparticles.22 
Although these developed perovskites show promising 
potentials, they still have limitations compared to the 
conventional Ni-YSZ cermet in terms of electrical conductivity 
and/or catalytic activity.23,24 Moreover, some perovskites 
completely decompose into several secondary phases in low 
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oxygen partial pressure (𝑃ைమ
)25 such as CO gas (the product from 

direct CO2 electrolysis cell), thereby raising concerns about the 
long-term stability of the perovskite-type cathodic catalysts for 
direct CO2 electrolysis.  

The Ruddlesden-Popper (RP) structure, also known as K2NiF4 
structure, has been widely investigated as cathode materials in 
SOFCs because RP-structured oxides possess a high oxygen ion 
exchange rate and much higher phase stability than ferrite-
containing perovskites.26–29 Nevertheless, there have been very 
limited studies on application of RP-structured oxides as anode 
materials for SOFCs, while for CO2 electrolysis RP-structured 
oxides are rarely reported as a cathodic catalyst,30 which might 
be due to poor catalytic activity in reducing atmosphere as in 
SOFCs, or low catalytic activity in the oxidizing atmosphere as in 
direct CO2 electrolysis. For example, La0.6Sr1.4MnO4-δ has been 
reported to possess high chemical stability, but shows poor 
electrochemical activity in reducing atmosphere.29 Therefore, 
for direct CO2 electrolysis, it is of great importance to develop 
RP structured catalysts which possess good catalytic activity and 
long-term chemical stability at the same time. 

Surface modification of RP-structured oxides may provide a 
viable approach to obtain both catalytic activity and chemical 
stability for SOEC applications. Impregnation is a conventional 
method to create active metal nanoparticles on the surface of 
matrix oxide, which contributes to enhancement of the catalytic 
performance of ceramic-based catalysts.31-33 A number of 
reports have demonstrated that CO2 electrolysis performance 
can be significantly enhanced when introducing transition metal 
particles including Ni, copper (Cu), and iron (Fe) on the 
perovskite catalysts.34-36  However, due to the agglomeration of 
impregnated particles, severe performance degradation of the 
impregnated electrodes has been a major issue to be resolved.  

Another approach for surface modification is an in-situ 
exsolution method. During the in-situ exsolution process, 
dopant cations diffuse to the surface to form metallic 
nanoparticles anchored on the surface of matrix oxide, resulting 
in uniformly dispersed metallic nanoparticles well-bonded to 
the matrix with a strong interaction between nanoparticles and 
oxides, potentially mitigating the agglomeration phenomena.31, 

37-39 The in-situ exsolution process has been shown great 
effectiveness to improve electrochemical properties as the 
anode material for SOFC and high catalytic activity with good 
stability as the cathode material for CO2 SOECs.7,40-43 

In this study, we have developed a novel RP-structured 
catalyst as the CO2 SOEC cathode via the in-situ exsolution 
process. By heat-treating at 800°C in a reducing atmosphere, 
perovskite Pr0.6Sr0.4Mn0.2Fe0.8O3-δ (PSMF) is transformed into 
the RP-structured Pr1.2Sr0.8Mn0.4Fe0.6O4-δ (RP-PSMF) with in-situ 
exsolved metallic nanoparticles. The phase transformation 
phenomenon is examined by analyzing crystal structure, 
microstructure, oxidation states, and thermal behavior of the 
perovskite PSMF and the RP-structured PSMF. Electrochemical 
catalytic activity of RP-PSMF is evaluated by measuring direct 
CO2 electrolysis performance and the reaction mechanisms are 
investigated by using distribution of relaxation times (DRT) 
method. Moreover, the long-term stability test for direct CO2 

electrolysis is performed by using electrolyte-supported solid 
oxide cells with the RP-PSMF cathode catalyst.  

Experimental 
Material synthesis 

PSMF powder was synthesized via the sol-gel process. 
Pr(NO3)3·9H2O (Sigma-Aldrich), Sr(NO3)2 (Sigma-Aldrich), 
Mn(NO3)2·4H2O (Sigma-Aldrich) and Fe(NO3)3 9H2O (Sigma-
Aldrich) were used as the precursor chemicals. The metal 
nitrates were dissolved in deionized (DI) water with stirring. The 
nitrate solution, citric acid (Sigma-Aldrich) and 
ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich) were 
mixed with a molar ratio of 1.0: 1.5: 1.0. The mixture solution 
was heated at 80°C on a hotplate under constant stirring until 
the solution changed to a gel, and the gel was subsequently 
heated at 400°C  until self-ignition. The combusted powder was 
collected, pulverized, and then calcined at 1100°C for 5 h in air. 
The as-synthesized PSMF powder was heat-treated in H2 at 
800°C for 2 h to obtain RP-PSMF powder for the XRD analysis. 

Cell fabrication 

La0.8Sr0.2Ga0.8Mg0.2O3−δ (LSGM), La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF) 
and Gd0.2Ce0.8O2−δ (GDC) powders were obtained from 
Fuelcellmaterials (OH, USA). For the CO2 SOECs, the LSGM 
electrolyte substrates were fabricated by using a tape-casting 
method. The LSGM slurry was prepared by a ball-milling 
machine. LSGM powder was added into toluene (Aldrich) and 
ethanol (Aldrich) mixture solution with fish oil as a dispersant 
and mixed for 24 h. Polyvinyl butyral (PVB, Sigma-Aldrich), 
polyethylene glycol (PEG10000, Sigma-Aldrich), and benzyl 
butyl phthalate (BBP, Alfa Aesar) were added to the LSGM 
suspension as binders and plasticizers, and mixed for another 
24 h. After degassing for 5 min in vacuum with stirring, the 
LSGM slurry was cast onto the polyester mylar film by using a 
doctor blade on a bench-top tape caster (Richard E. Mistler, Inc., 
USA) and dried in air at room temperature for 12 h. The LSGM 
green tape was punched into 15 mm circular disks and then 
sintered at 1450°C for 6 h. The composite PSMF-GDC cathode 
and LSCF-GDC anode (60:40 wt.% ratio) inks were prepared with 
a terpinol-based binder by using an agate mortar and pestle. 
The electrode inks were screen-printed onto each surface of the 
LSGM electrolyte substrate, the single cells were gently dried by 
an infrared heat lamp (250W, Philips), and then the cells were 
sintered at 1000°C for 2 h. Silver (Ag) wires were attached as 
current lead wires to both the anode and cathode sides of the 
prepared cells using platinum (Pt) paste and then fired at 900°C 
for 2 h. Single cells were mounted in a home-made alumina cell 
tester using a high-temperature ceramic adhesive (Ceramabond 
552, Aremco) as sealant. 

To evaluate the overpotentials contributed from different 
cathode materials, PSMF and RP-PSMF, a three-electrode 
method was employed by using a symmetrical cell 
configuration. For the symmetrical cells, the LSGM electrolyte 
supports were prepared by using an uniaxial die pressing 
method and sintered at 1450°C for 6 h. Then, the composite 
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PSMF-GDC) electrodes were deposited via the screen-printing 
method onto both sides of the LSGM electrolyte, and fired at 
1000°C for 2 h. Assemblies of Pt wire and mesh were prepared 
as a current collector by using a spot-welder (SUNKKO 709A) 
and attached using a gold (Au) paste for working and counter 
electrodes. The reference electrode is a Pt wire attached using 
the Au paste to the circumference of the LSGM electrolyte 
support. Then, the composite RP-PSMF-GDC electrodes were 
obtained via the in-situ exsolution process. The symmetrical 
cells were exposed to H2 atmosphere at 800°C for 1 h and the 
overpotential measurement was performed with feeding pure 
CO2 atmosphere. 

Characterizations 

The crystal structures of the synthesized PSMF and RP-PSMF 
powders were investigated by powder X-ray diffraction (XRD, 
MiniFlex II, Rigaku) using Cu Kα radiation in the 2θ range of 20° 
to 80°. Rietveld refinement of the obtained XRD results was 
performed to analyze the crystal structure of the materials in 
detail by using GSAS-II software.44 The oxidation states of 
transition elements were analyzed by X-ray photoelectron 
spectroscopy (XPS, VersaProbe III spectrometer, PHI). The 
microstructures of the synthesized powders and single cells 
were analyzed using field emission-scanning electron 
microscopy (FE-SEM, Gemini500, Zeiss).  

Thermal gravimetric analysis (TGA, STA 449 F3 Jupiter®, 
NETZSCH) was performed on PSMF powder from 25 to 900°C 
under H2 with a flow rate of 40 mL min−1 and a ramping rate of 
5°C/min. The conversion ratio of CO2/CO outlet gas from the 
cathode side was analyzed by using a gas chromatograph (GC; 
7890A, Agilent). 

Electrochemical performance of the single cells was 
measured by using Versa STAT 3-400 electrochemical 
workstation. Current– voltage (I-V) polarization curves were 
obtained with linear scan voltammetry mode. Electrochemical 
impedance spectra (EIS) were measured at open circuit voltage 
(OCV) on single cells with a frequency range of 106 to 0.01 Hz 
and an AC amplitude of 10 mV.  

The overpotentials of the cathode materials were obtained 
from EIS results. The EIS measurement related to CO2 reduction 
reaction was performed in pure CO2 atmosphere while applying 
the DC current in the temperature range from 650°C to 800°C in 
a 50°C interval. The obtained polarization resistance is 
integrated over current density (J) to obtain overpotential (η). 
The details on this method can be found in the Ref. 45. 

Results and discussion 
Crystal structure, oxidation state, and microstructure analysis for 
the in-situ exsolution process  

In-situ exsolution is a promising method to enhance the 
catalytic activity of oxide-based electrodes. The crystal 
structure and exsolution behavior were analyzed by using XRD 
profiles of the as-calcined PSMF in air at 1100°C and as-reduced 
RP-PSMF in H2 at 800°C as shown in Figure 1a. The observed 

phase transformation was reversible. Upon annealing the as-
reduced RP-PSMF in an oxidizing atmosphere (pure CO2), the 
RP-PSMF transformed back into the simple perovskite PSMF (re-
oxidized PSMF) phase; the XRD spectra of both PSMF and RP-
PSMF were further analyzed to index the crystal structures via 
Rietveld refinement, as shown in Figure S1. The XRD peaks of 
as-calcined PSMF can be indexed to the perovskite phase as the 
𝑃𝑛𝑚𝑎 space group in the orthorhombic crystal system. When 
exposed to low 𝑃ைమ

 atmosphere, the PSMF was transformed to 
the RP-phase (RP-PSMF), indexed as 𝐼4/𝑚𝑚𝑚 space group in 
the tetragonal system, with additional diffraction peaks 
corresponding to metallic iron (Fe) and praseodymium oxide 
(Pr2O3) phases. The weighted profile R-factors (Rwp) were 3.82% 
and 5.93% for PSMF and RP-PSMF, respectively, indicating that 
the results from the Rietveld refinement are statistically 
reliable. The lattice parameters were summarized in Table 1.  

The phase transformation reaction from PSMF to RP-PSMF 
with the exsolved phases can be represented by the following 
equation:  

𝑃𝑟଴.଺𝑆𝑟଴.ସ𝑀𝑛଴.ଶ𝐹𝑒଴.଼𝑂ଷିఈ + ቀ1 +
ఊ

ଶ
+

ଷఉ

ସ
− 𝛼ቁ 𝐻ଶ   

→  
1

2
𝑃𝑟ଵ.ଶିఉ𝑆𝑟଴.଼𝑀𝑛଴.ସ𝐹𝑒଴.଺𝑂ସିఊ + 

1

2
𝐹𝑒 

+ 
ఉ

ସ
𝑃𝑟ଶ𝑂ଷ + (1 +

ఊ

ଶ
+

ଷఉ

ସ
− 𝛼)𝐻ଶ𝑂                       (1) 

These exsolved metallic Fe and Pr2O3 have the potential to 
enhance the electrochemical reactions at the CO2 electrode. It 
is well-known that metallic nanoparticles serve as active sites 
for electrochemical reactions,6,7,40,46 effectively decomposing 
the adsorbed CO2 (or carbonate species) into CO and oxygen 

Figure 1. XRD characterization for the crystalline structure of the synthesized powders 
and the critical 
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Table 1. Lattice parameters of the perovskite PSMF and RP-PSMF via in-situ exsolution in H2 at 800°C.

 

ions.50,61,63 It has also been reported that Pr2O3 promotes the 
charge transfer process and can reduce the interfacial 
resistance of the fuel electrode.47–49 Moreover, RP structured 
oxides facilitate oxygen ion migration due to the interstitial 
oxygen species in the lattice.29 This phase transformation was 
clearly dependent on the temperature (Figure 1b). To evaluate 
the critical temperature for in-situ exsolution, as-calcined PSMF 
was heat-treated for 2 h at 400, 500, 600, 700, and 800°C in H2 
atmosphere, respectively. When exposed to H2 at different- 
temperatures, it was clearly demonstrated that the perovskite 
PSMF was transformed to RP-PSMF in the temperature range 
between 600 and 700°C. The electrochemical properties 
including the catalytic activity of the perovskite structure tend 
to be determined by the oxidation state of the B-site element in 
the perovskites.42,50  

XPS spectra show changes in the oxidation states of two B-
site elements (Fe and Mn) in the PSMF and RP-PSMF (Figure 2a). 
The baseline has been subtracted from each original spectra for 
peak deconvolution. The binding energy (EB) of the Fe 2P3/2 
spectrum composes of Fe0, Fe2+, Fe3+, and Fe4+ spectra. EB values 
of three subpeaks are theoretically 706.9, 709.4, 710.7, and 
712.4 eV, respectively.40,51,52 The center of measured EB was 
710.7 eV for PSMF and 709.2 eV for RP-PSMF, respectively. XPS 
spectra indicate that PSMF has three oxidation states of 
Fe2+/3+/4+ and Fe3+ is a dominant state (46%), while RP-PSMF has 
Fe0 subpeak related to Fe nanoparticles and Fe2+ is a dominant 
state (47%) among three oxidation states.  

Mn 2P3/2 spectra showed a similar change in the oxidation 
states (Figure 2b). Theoretical EB values of Mn 2P3/2 spectra are 
640.4, 641.4, and 642.1 eV for Mn2+, Mn3+, and Mn4+ subpeaks, 
respectively.40,52 The center of the measured EB for PSMF was 
641.9 eV and decreased to 640.9 eV (EB for RP-PSMF) when 
exposed to the low 𝑃ைమ

 atmosphere. Mn4+ was a dominant state 
(72%) between Mn3+/4+ states in the PSMF, however, Mn2+ 

became a dominant state (54%) in the RP-PSMF after the 
reduction in 5% H2. Considering both XRD and XPS data, it can 
be seen that Fe nanoparticles were exsolved when PSMF was 
transformed to RP-PSMF in the reducing atmosphere, while Fe 
and Mn ions that remained in the lattice were further reduced 
during the in-situ exsolution process.  

Based on the XPS results, it indicated that the reduced 
oxidation states of Fe (𝐹𝑒ி௘

ଷା → 𝐹𝑒ி௘
ଶା ) and Mn (𝑀𝑛ெ௡

ସା →

𝑀𝑛ெ௡
ଷା ) can promote formation of oxygen vacancies during the 

in-situ exsolution processes by using the following equations: 

2𝐹𝑒ி௘
ଷା + 𝑂ை

× + 𝐻ଶ → 2𝐹𝑒ி௘
ଶା + 𝐻ଶ𝑂 + 𝑉ை

∙∙       (2) 

2𝑀𝑛ெ௡
ସା + 𝑂ை

× + 𝐻ଶ → 2𝑀𝑛ெ௡
ଷା + 𝐻ଶ𝑂 + 𝑉ை

∙∙       (3) 

The mass change of the PSMF in low 𝑃ைమ
 atmosphere with 

increasing temperature has also demonstrated that oxygen 
defect formation and phase transformation are temperature-
dependent processes. To measure the mass change of the PSMF 
in the reducing atmosphere, TGA was performed over the 
temperature range from 25 to 900°C (Figure 2d). The mass of 
PSMF decreased gradually from 200 to 450°C, indicating that 
oxygen defect formation associated with equations (2) and (3) 
is the dominant process during the initial stage of mass loss 
because the perovskite structure has been maintained in this 
low-temperature range (Figure 1b). Significant mass loss 
occurred in the temperature range from 650 to 750°C, and it 
could be closely attributed to the phase transformation from 
perovskite to RP structure with exsolved nanoparticles related 
to equation (1). These results indicated that the in-situ 
exsolution process could induce not only the exsolution of 
nanoparticles but also the promotion of oxygen vacancy 
formation, both of which are instrumental in enhancing direct 
CO2 electrolysis performance. 

The nanoparticles on the surface of RP-PSMF were clearly 
demonstrated via the SEM-EDX analysis. EDX spectra with line 

Materials Lattice system Space group a (Å) b (Å) c (Å) Volume (Å
3
) R

wp(%) 

PSMF orthorhombic 𝑃𝑛𝑚𝑎 5.47514 5.49635 7.74400 233.042 3.82 

RP-PSMF Tetragonal 𝐼4/𝑚𝑚𝑚 3.84668 3.84668 12.72874 188.346 5.93 

Figure 2. Oxidation state changes of Fe, Mn, and O elements during the in-situ exsolution process. XPS spectra of Fe 2pଷ/ଶ (a) and Mn 2pଷ/ଶ (b) corresponding to PSMF and RP-PSMF. 
Temperature-dependent phase transformation has been analyzed using TGA (c). 
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scanning mode presents that the in-situ exsolution process 
creates Fe nanoparticles. Figure 3a shows the microstructure of 
the CO2 electrode in the LSGM-supported cell (Configuration: 
RP-PSMF-GDC│LSGM│LSCF-GDC) after direct CO2 electrolysis 
operation. In the SEM image, the isolated nanoparticles were 
brighter than their matrix of RP-PSMF, whose average particle 
size with standard deviation was 45.89 ± 11.32 nm in diameter. 
EDX analyses with line scanning mode were performed twice 
(Figure 3b-d). The green signals of the Fe element were 
intensified when EDX scanning lines 1 and 2 passed through the 
isolated particles, whereas the other signals of the Pr (brown), 
Sr (red), and Mn (blue) elements were not changed evidently 
during the EDX scanning. This result indicates that the 
nanoparticles are Fe-rich compounds, and by combining XRD 
and XPS data, it is solidified that Fe nanoparticles are 
successfully formed over the RP-PSMF matrix particles via the 
in-situ exsolution process.  

CO2 electrolysis performance of the RP-PSMF catalyst 

Figure 4 shows the typical plot of the overpotential (η) vs. 
the current density (J) of the symmetrical cells with PSMF-GDC 
and RP-PSMF-GDC electrodes. The overpotential of the RP-
PSMF-GDC electrode is lower than that of the PSMF-GDC elect- 
rode in the measured range of current density. However, the 
difference in overpotential becomes more pronounced as the 
temperature decreases, suggesting that RP-PSMF exhibits 
greater catalytic activity for the CO2 reduction reaction 
compared to PSMF, particularly at lower operating 
temperatures. To further characterize the electrochemical 
catalytic activity of RP-PSMF for direct CO2 electrolysis, the 
current-voltage (I-V) polarization curves were obtained by using 
the LSGM-supported cell (Cell configuration: PSMF-GDC │

LSGM│ LSCF-GDC as shown in Figure S2). For in-situ exsolution 
process, the PSMF-GDC in the fuel electrode was transformed 
into RP-PSMF-GDC by feeding H2 for 1 h at 800°C prior to the I-
V polarization measurement. The OCV of the cell in the fuel cell 
mode (hydrogen-air system) was 1.07 V as shown in Figure S3 
and very close to the theoretical OCV value (1.10 V) at 800oC,54 
indicating that the cell was properly sealed. After the reduction 
process, pure CO2 was fed into the fuel electrode to evaluate 
the electrochemical performance for direct CO2 electrolysis. I-V 
polarization curves at different temperature show two slopes of 
profiles. In the initial stage (low current density range), the cell 
voltage increased rapidly in response to changes in current 
density. This might be due to the activation losses related to CO2 
reduction reaction (2CO2  2CO + O2). After the initial stage, 
the I-V curves were changed to lower slope, indicating that this 
region may be primarily associated with ohmic losses. 
Furthermore, the reaction rate or current density of CO2 

Figure 3. In-situ exsolved nanoparticles on the RP-PSMF observed through SEM (a-b) and the elements of the nanoparticles analyzed by using EDX line scanning mode (c-d). 
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electrolysis was accelerated at elevated temperatures due to 
the higher conductivity of electrolyte and better catalytic 
activity of electrodes. When the applied potential was at 1.5 V, 
the current densities of the single cell were 2.90, 1.61, 0.91, and 
0.48 A·cm-2 at the operating temperatures of 800, 750, 700, and 
650°C, respectively (Figure 5a). To the best of our knowledge, a 
current density of 2.90 A·cm-2 is the highest value compared to 
the previous reports for pure CO2 electrolysis at 800oC under 
similar testing conditions (Table 2). 

EIS measurements were performed at Voc when feeding 
pure CO2 to the fuel electrode (Figure 5b). The ohmic resistance 
(Rohm) is the first x-intercept of the semi-circle spectra in the 
high-frequency region, which typically accounts for ionic 
conduction passing through the electrolyte, electronic 
conduction within the cell component, and contact 
resistance,63,64 while the total polarization resistance (Rp) is 

calculated by subtracting the Rohm from the total resistance 
estimated by the second x-intercept of the spectra in the low-
frequency region, which is attributed to the charge transfer 
reaction and mass transfer steps at interfaces between 
electrode and electrolyte.65 The current densities at 1.5 V, Rohm, 
and Rp at 800, 750, 700, and 650oC are summarized in Table 3. 
The Rp values of the cell decreased obviously with the elevated 
temperature (Figure 5b), indicating that higher catalytic activity 
of electrodes at higher temperatures. As the Rp of the EIS profile 
is roughly composed of high-frequency resistance 
corresponding to the charge transfer reaction and low-
frequency resistance related to the diffusion steps in the 
electrode region,7 the DRT analysis was employed to correctly 
distinguish the electrode processes for CO2 reduction. 
 

Table 2. Current density at 1.5 V and total polarization resistance (Rp) at OCV for direct CO2 electrolysis performance of various fuel electrodes at 800oC. 

Fuel  
electrode 

Electrolyte 
(thickness) 

Oxygen 
electrode 

Atmosphere 
Rp 
(Ω·cm2) 

Current density 
at 1.5V (A·cm-2) 

refs 

Ag-GDC YSZ (130 µm) LSM CO2 ~1.25 ~ 0.675 55 

SFMgM LSGM/LDC (200 µm / 5 µm) LSCF-SDC CO2 1.25 1.4 56 

LSFT LSGM LSCF-GDC CO2 - 1.11 57 

SFRuM-GDC LSGM/LDC (260 µm) BSCF-GDC CO2 - ~1.87 58 

SFMM-SDC LSGM (400 µm) SFMM-SDC CO2 0.58 1.35 59 

LSFN GDC/YSZ/GDC (400 µm) LSFN CO2 0.91 ~0.65 60 

SMFN-SDC LSGM/SDC (180 µm) LSM-YSZ CO2 - 2.16 61 

LCFN-GDC GDC/YSZ/GDC (300µm) LSCF-GDC CO2 0.7 ~0.8 62 

RP-PSMF-GDC LSGM  (190 µm) LSCF-GDC CO2 0.679 2.90 This 
work 

LSM: La0.7Sr0.3MnO3-δ; SDC: Sm0.2Ce0.8O2-δ; BSCF: Ba0.5Sr0.5Co0.8Fe0.2O3-δ; SFMgM: Sr2FeMo2/3Mg1/3O6-δ;  LSFT: La0.3Sr0.7Fe0.9Ti0.1O3-δ; SFRuM: 
Sr2Fe1.4Ru0.1Mo0.5O6−δ; SFMM: Sr2Fe1.4Mn0.1Mo0.5O6-δ; LSFN: La0.6Sr0.4Fe0.8Ni0.2O3-δ; SFMN: Sr1.9Fe1.5Mo0.4Ni0.1O6-δ; LCFN: La0.6Ca0.4Fe0.8Ni0.2O3-δ 

Figure 5. Characterization of pure CO2 electrolysis performance at various operating temperatures: (a) I-V polarization curves, and (b) EIS profiles at the OCV conditions. 
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Table 3. Current densities, ohmic and total polarization resistances at OCV at 
different temperatures of 800, 750, 700, and 650oC. 

 

DRT analysis for the mechanisms of CO2 reduction reaction 

To investigate CO2 reduction process under the operating 
conditions, EIS measurements were also conducted while 
applying various potentials from 0.4 to 1.4 V and the EIS results 
were deconvoluted by using the DRT analysis as shown in Figure 
6. In the DRT plots, four peaks denoted by P1, P2, P3, and P4 
from high-frequency to low-frequency correspond to the 
electrocatalytic CO2 reduction reaction, involving four 
elementary electrode processes:4,66  

 P1 (frequency = 1-10 kHz): oxygen ion (O2-) transfer through the 
LSGM electrolyte 
 P2 (frequency = 10-1000 Hz): oxygen evolution reaction (O2-  
O2) in the air electrode  
 P3 (frequency = 1-10 Hz): CO2/CO conversion at the fuel 
electrode 
 P4 (frequency < 1 Hz): CO2 diffusion and/or 
adsorption/desorption at the fuel electrode  

 P3 corresponding to CO2/CO conversion was rarely initiated 
with low potentials because this process theoretically requires 
0.98 V of thermodynamic equilibrium potential at 800oC to 
promote CO2 reduction reaction ( 2𝐶𝑂ଶ ↔ 2𝐶𝑂 + 𝑂ଶ ), while 
CO2 diffusion and/or adsorption/desorption processes act as a 
rate-determining step and the peak area of P4 is significantly 
decreased with increasing applied potentials, indicating that 
this process became facilitated as shown in Figure 6a.  

Thus, in the low potential regions (0.4 to 0.8 V), CO2 
molecules are diffused and adsorbed onto the lattice oxygen 
(𝑂ை,௦

௫ (𝑉ை,௦
∙∙ )) adjacent to the surface oxygen vacancies (𝑉ை,௦

∙∙ ) as a 
form of carbonate intermediate ( (𝐶𝑂ଷ)௦,௔ௗ

ି ) as following 
equation (4); 

𝐶𝑂ଶ +  𝑒ି + 𝑂ை,௦
௫ (𝑉ை,௦

∙∙ ) ↔ (𝐶𝑂ଷ)௦,௔ௗ
ି        (4) 

Subsequently, the carbonate intermediate has to consume 
another electron and be incorporated into the surface oxygen 
vacancies for dissociation of oxygen ion and formation of lattice 
oxygen ( 𝑂ை,௦

௫ ) in order to CO production (P3 process) as 
following equation (5); 

(𝐶𝑂ଷ)௦,௔ௗ
ି +  𝑒ି + 𝑉ை,௦

∙∙ ↔ 𝐶𝑂 + 2𝑂ை,௦
௫        (5)  

However, CO production in the low potential regions is 
rarely occurred due to insufficient applied potential to 
overcome the activation barrier for the CO2 reduction reaction. 
When applying intermediate potentials (0.9 to 1.2 V), the 
overall CO2 reduction reactions were significantly accelerated 
due to reduced resistances of the P3 and P4 processes (Figure 
6b). On the other hand, P1 and P2 processes were relatively 
insensitive reactions to changes in the applied potentials 
because oxygen ion conduction and oxygen exchange kinetics 
are materials properties strongly depending on temperature 
and oxygen partial pressure. At higher potentials (1.3 and 1.4 
V), P3 and P4 processes became increased again (Figure 6c), 

Temp. 
(oC) 

Current density 
at 1.5 V (A·cm-2) 

Rohm 
(Ω·cm2) 

Rp 
(Ω·cm2) 

800 2.90 0.083 0.679 

750 1.61 0.144 1.518 

700 0.91 0.214 4.627 

650 0.48 0.342 12.365 

Figure 6. DRT analysis of the LSGM electrolyte-supported cell (Configuration: RP-PSMF-
GDC│LSGM│LSCF-GDC) at 800oC while feeding 100% CO2 to the cathode and exposing 
the anode to ambient air. EIS dataset has been obtained under different applied 
potentials: (a) 0.4 - 0.8 V, (b) 0.9 – 1.2 V, and (c) 1.3 and 1.4 V.
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indicating that the CO2 reduction reaction begins to be affected 
by concentration polarization due to the lack of CO2 molecules  
and/or active sites for CO2 conversion at the triple phase 
boundary as a result of the high surface coverage of CO 
produced.  

Long-term stability for direct CO2 electrolysis cell 

The cell with RP-PSMF cathode was stable over long-term 
operation at 800oC with cycling applied currents in pure CO2 as 
shown in Figure 7. At 0.1, 0.2, and 0.3 A·cm-2 of applied current 
densities, CO contents in the product gas were 1.79, 4.32, and 
7.19%, respectively, and the cell operation was stable without 
any voltage fluctuation (Figure 7a). When the applied current 
densities increased double or treble, the CO gas was produced 
more than the multiple of the current densities. It was because 
the faraday efficiency is enhanced with increasing current 
densities. At 0.1, 0.2, and 0.3 A·cm-2 of the current densities, the 
faraday efficiency was 70.5, 85.1, and 94.4 %, respectively. The 
faraday efficiency might be improved when the current density 
is increased. This is because CO2 reduction reaction can be more 
facilitated due to the enhanced driving force resulting from 
higher current density, which is necessary to overcome high 
activation barrier of CO2/CO conversion.  

As shown in Figure 7b, the long-term stability test was 
conducted at 800oC in pure CO2 with the current cycling 
operation; the applied current densities were increased step-
by-step every hour from 0.1 to 0.3 A·cm-2 and corresponding 
voltages were around 0.9, 1.0, and 1.1 V, respectively, and then 
the applied current was removed immediately. This current 
cycling operation was repeated 32 times. During the electrolysis 
operation for ~100 h, the cell with RP-PSMF showed stable and 
periodical voltage profile even under the current cycling 
operation (Figure 7b).  

The RP-PSMF with in-situ exsolved Fe nanoparticles showed 
great performance for electrochemical CO2 reduction, which is 
remarkable compared to the previously reported values (Figure 
6 and Table 2). Moreover, the developed RP-PSMF presented a 
stable voltage profile during the long-term operation even in a 
100% CO2 atmosphere (Figure 7), indicating that no protecting 
gas is required for CO2 electrolysis even though some studies 

have still utilized CO gas to provide reducing atmosphere to 
stabilize CO2 electrolysis operation.4,7 Therefore, the developed 
RP-PSMF with nanoparticles can serve as a promising SOEC 
cathode material for direct CO2 to CO conversion with great 
performance and stability.  

Conclusions 
RP-PSMF with Fe nanoparticles were synthesized via in-situ 

exsolution process by heat-treating PSMF in low 
𝑃ைమ

 atmosphere and studied as cathode material for direct CO2 
electrolysis, resulting in great electrochemical activity and good 
stability. LSGM electrolyte-supported cell with RP-PSMF 
cathode achieved high electrolysis performance in pure CO2 
with a current density of 2.90 A·cm-2 at 800oC at 1.5V. Exposure 
to low 𝑃ைమ

 atmosphere at elevated temperature promotes 
phase transformation involving reduction of B-site elements 
(Fe2+ and Mn2+) and oxygen vacancy formation, leading to 
enhanced catalytic activity for direct CO2 electrolysis. In 
addition, RP-PSMF with in-situ exsolved Fe nanoparticles was a 
reliable and stable cathode material during the long-term 
stability test under the current cycling operation. These results 
demonstrate the in-situ exsolution process has a great potential 
to develop catalytic active materials with stability for direct CO2 
electrolysis reactions. 
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