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Improving the Performance for Direct Electrolysis of CO; in Solid
Oxide Electrolysis Cells with Sr; oFe; sMo0o 5065 Electrode via
Infiltration of Prg0;; Nanoparticles

Wanhua Wang?, Haixia Li?, Clarita Y. Regalado Vera®©, Jie Lin?, Ka-Young Park?, Taehee Lee?, Dong
Ding™ and Fanglin Chen"®

Direct CO; electrolysis using solid oxide electrolysis cells (CO-SOECs) holds the promise to efficiently convert carbon dioxide
to carbon monoxide and oxygen. Cathodes with desirable catalytic activity and chemical stability play a critical role in the
development of direct CO>-SOECs. Although Sr2Fe15M00.506.5 (SFM) has exhibited promises for direct CO.-SOECs due to its
redox stability, it suffers from insufficient activity for the CO, reduction reaction (CO2RR). Here we report interface
engineering of nanosized Prs011 on the SFM cathode obtained through infiltration to promote the CO2RR performance for
direct CO,-SOECs. The effect of PreO11 loading on the performance of CO:RR is systematically investigated. At 800°C, the
current density of the PrgOs: infiltrated SFM cathode with an optimum PrgOa11 loading of 14.8wt.% reaches 1.61 A/cm? at
1.5V, more than doubled than that of the SFM cathode (0.76 A/cm?) at the same operating conditions. X-ray photoelectron
spectroscopy (XPS) characterization and in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) analysis
indicate that the adsorption ability of CO, on the SFM cathode has been significantly improved by the formation of PreOa1.
Temperature-programmed desorption (TPD) of CO2 measurements further manifest that 14.8wt.%Prs011-SFM cathode has
better CO desorption capacity. In addition, polarization resistance of the SFM cathode has significantly decreased with the
addition of PreO11. Three-electrode measurement was used to analyze the improved electrode kinetics. These results
demonstrate that the formation of PreO11 in the SFM cathode through infiltration is a promising approach for increasing

CO3RR activity for CO2-SOECs.

Introduction

The innovation in CO, emission reduction and energy conversion
technologies has attracted increasing attention from governments
and industries due to the severe environmental problems caused by
fossil fuel consumption®2. Converting carbon dioxide into a variety of
chemicals and high-value fuels can effectively mitigate this global
energy security and environmental problems. Electrochemical CO,
reduction reaction (CO,RR) using solid oxide electrolysis cells (SOECs)
can directly convert CO; to CO at the cathode while producing O; at
the anode under the external voltage3-6. The generated CO is a
valuable energy carrier that can be further applied as fuel to produce
electricity or as the building block for the Fischer-Tropsch process to
synthesize various hydrocarbons’?. Consequently, CO, electrolysis
via SOECs has been widely recognized as one of the most promising

and efficient approaches for converting CO, into useful materialsi®-
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However, the sluggish electrochemical CO; reduction reaction in the
cathode has been a bottle-necking barrier for the development of
SOECs!415, Extensive efforts have been made in exploring suitable
cathode catalysts with good electrical conductivity and
chemical/microstructural stability, excellent CO, adsorption ability,
and enhanced electrocatalytic activity for the CO; reduction reaction.
Early researchers used the anode material of solid oxide fuel cells
(SOFCs), such as Ni-based cermet electrodes, as the cathode material
for SOECs. However, this brought up different problems due to the
differences in gas atmosphere and reaction process between the two
modes. Generally, Ni-based cathode catalysts have high conductivity
and excellent catalytic activity for CO; reduction617. However, nickel
oxidation, aggregation, and carbon deposition are susceptible to
occur under high temperatures during CO,RR without H; or CO as the
safe (or protecting) gases, resulting in the decrease of conductivity
and degradation of catalytic performance!®20, In more recent years,
attention has been given to the perovskite-related oxides due to
their adequate mixed ionic-electronic conductivities, high redox
stability, and good coking resistance?-23, Among various perovskite
oxides studied, SryFe;sMoos0ss (SFM) with a double perovskite
structure has shown excellent structural stability and adequate
electrical conductivity in both oxidizing and reducing atmospheres,
making it a promising electrode material for symmetrical solid oxide
fuel cells?»25,  Furthermore, for direct CO, electrolysis,
Lao.sSro.1Gaop.sMgo.203.s (LSGM) supported single cells with SFM


mailto:dong.ding@inl.gov
mailto:chenfa@cec.sc.edu

Journal of-Materials'Chemistry A

cathode and Lao,95r0,1COo‘gFEQ,203.5 (LSCF)-Sm[)]CEOAgol,g (SDC)
oxygen electrode has achieved a current density of 0.71 Acm=2at 1.5
V and 800°C26, much higher than those reported using other single
perovskite oxides catalysts such as Lag 3Sro.7Feo.7Cro.303.5 (0.32 A cm-
2)27 and Lag.755r0.25Cro.sMnos0s.s (0.1 A cm2)28 for CO, conversion
under similar testing conditions.

Various strategies have been developed to improve the
electrocatalytic activity for direct CO, conversion. One of the most
popular methods is doping in the A-site, B-site, or O-site of the ABO;
perovskite structure. By partially replacing Fe with Mn ions,
SryFe1.4Mng1Mogs06.5 (SFMM) presented a similar redox stability to
SFM but improved oxygen transport and CO, adsorption ability2°.
Besides the doping method, Li and his co-workers reported that SFM-
SDC composite electrode can be applied as the potential cathode for
direct CO; electrolysis since the number of active sites and three
phase boundaries (TPBs) has been greatly increased by mechanically
mixing SDC with SFM powders. The current density increased to 1.09
A cm?2 compared with the SFM electrode at the same operating
conditions?®. Interface engineering of nanoparticles (NPs) with high
catalytic activity is also an effective approach to improve the
electrochemical performance of the electrode3%-32, Lv et al. found
GDC nanoparticles formed in the SFM cathode surface through
infiltration showed good stability for over 60 h at 1.2 V and 800°C. An
optimal amount of GDC infiltration is beneficial to the expansion of
TPBs and active sites for CO, adsorption and electroreduction33.
Recently, it has been reported that Pr¢O1; nanoparticles possess
excellent oxygen exchange properties and can be utilized to create
highly efficient infiltrated oxygen electrodes for SOFC applications34-
37, However, to the best of our knowledge, there have been no
reports on the application of PrgO1; nanoparticles through infiltration
in cathodes for the CO; reduction reaction in SOECs. In this work,
nanosized PrgO1; has been incorporated into the SFM backbone by
infiltrating Pr(NOs)s solution onto the SFM scaffold. The effects of
PrsO11 nanoparticles on the microstructure, electrocatalytic activity
for CO; splitting reaction, and physicochemical properties of the
Pr¢011-SFM cathode for direct CO; have been
systematically evaluated.

electrolysis

Experimental
Materials preparation and synthesis

Sr19Fe15sMogs0s5 (SFM)
combustion method with citric acid and glycine as the chelating and
combustion agent, respectively. Sr(NOs), (purity 99.0%+),
Fe(NOs3)3:9H,0 (purity 99.95%), and (NH4)sMo7024:4H,0 (purity
99.0%) were used as the precursor chemicals. The precursors were
dissolved in deionized water in a stoichiometric amount. Next, citric

powders were synthesized using a

acid and glycine were added to the solution at a mole ratio of 1:1.5:2
for metal ions: citric acid: glycine. The solution was stirred using a
magnetic bar at 200°C on a hot plate for about 2h until a gel was
obtained. The gel was then heated to 500°C for about 10min until
self-combustion occurred. The resulting ashes were collected,
subsequently pulverized and calcined at 1100 °C for 5h to form the
desired Sri.9Fe1.sMo0o506.5 (SFM) powders.

Pr(NOs); infiltration solution was prepared using glycine as the
combustion adjuvant, ethanol and deionized water as the solvent.

2| J. Name., 2012, 00, 1-3

The mass ratio of Pr(NO3)3:6H,0 (purity 99.9%) to glycine and ethanol
was set at 55wt.%:5wt.%:40wt.%. Deionized water was used to
obtain a solution with Pr(NOs)s-concentration of 0.1 mol/L.

Characterization

The crystalline phase structure of the obtained materials was
investigated by powder X-ray diffraction (XRD, Rigaku MiniFlex ll),
equipped with Cu Ka radiations. XRD patterns were recorded over a
scanning range of 20-80° with a step size of 0.02° at 40 kV and 200
mA. Scanning electron microscopy (SEM, Zeiss Gemini500 FESEM)
was applied for microstructure characterizations. Temperature-
programmed desorption of CO; (CO,-TPD) (Micromeritics, AutoChem
I1) was performed to evaluate the CO, desorption behaviour and
capability. To eliminate the pre-adsorbed substances, the sample
was pre-treated at 300°C in He for 1h. After the temperature was
cooled down to 50°C, the gas was switched from He to CO,, and CO;
was followed for 2h. Next, using He as the carrier gas, TPD signals
were recorded in the temperature range from 50°C to 900°C at a
heating rate of 10 °C/min. The elemental distribution and surface
element states of the samples were determined by X-ray
photoelectron spectroscopy (XPS) (PHI VersaProbe Ill). In situ diffuse
reflectance infrared Fourier transform spectroscopy (DRIFT) (Nicolet
iS50) was used to characterize the CO; adsorption capability of the
electrodes. To check the CO;, adsorption states of the
14.8wt.%Prs01:-SFM and SFM cathodes, thermal gravimetric analysis
(TGA, NETZSCH STA 449 F3) was performed from room temperature
up to 1000°C with a heating rate of 5 °C min! under air and CO;
atmosphere, respectively.

Cell fabrication and measurement

Lao.gSro.2GaosMgo203-s (LSGM) electrolyte-supported single cells
were fabricated to evaluate the CO, electrolysis performance. The
cell configuration is SFM/LSGM/LSCF, with SFM as the cathode,
(Lao.6Sro.4)0.05C00.2Fe0.803-5 (LSCF) as the anode. LSGM electrolyte
substrates were prepared by uniaxially dry-pressing commercial
LSGM powders (Fuel Cell Materials, USA) under 200 MPa, followed
by sintering at 1450°C in air for 10h. The thickness of the sintered
LSGM electrolyte pellets is about 310 um. SFM electrode slurry was
prepared by mixing SFM powders and Heraeus binder V006 at a
weight ratio of 1:1.5. Commercial LSCF powders (Fuel Cell Materials,
USA) were used to prepare the LSCF ink through the same method as
that of SFM. The SFM slurry and LSCF slurry was separately brush-
painted onto either side of the LSGM electrolyte pellet, followed by
firing at 1000°C in air for 2h to obtain SFM and LSCF electrode. The
thickness of the SFM or LSCF electrode was about 35 pm and the
active area was 0.33 cm?2.

Pre¢O11 nanoparticles infiltrated SFM single cells were fabricated by
infiltrating Pr(NOs); solution onto the prepared SFM cathode side
using a microliter syringe, followed by calcining at 600°C for 2h.
PreO11 infiltrated SFM electrodes with different weight ratios of
6.1wt.%, 11.2wt.%, 14.8wt.%, and 20.4wt.% were prepared, and
these modified cathodes were denoted as xPrg0:;-SFM (x=0,
6.1wt.%, 11.2wt.% , 14.8wt.% and 20.4wt.%) cathodes in this work.
The performance of electrocatalytic CO, reduction in SOECs was
measured using a homemade device. Au paste was used as the
current collector on both cathodes and anodes with silver wire as the
lead wire. First, the cell was sealed onto an alumina tube using

This journal is © The Royal Society of Chemistry 20xx
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conductive adhesive (DAD-87, Shanghai Research Institute of
Synthetic Resins, China) and then heated to 200°C for 2h to dry the
conductive adhesive. Upon cooling down to room temperature,
ceramic adhesive (552-1105, Aremco, USA) was applied outside the
periphery of the attached cells. Pure CO, with a flow rate of 30 mL
min-1 was supplied into the cathode side while the LSCF anode side
was exposed to the ambient air. Electrochemical impedance spectra
(EIS) were collected in a frequency range of 1 MHz to 0.01 Hz with an
AC amplitude of 10 mV under open circuit voltage (OCV) conditions.
The EIS results were analyzed using DRT tools38. |-V curves were
tested from 1.6 V to 0.1 V by a sequential step change of 50 mV.
The dense LSGM substrate supported symmetrical cells, with the cell
configuration of SFM/LSGM/SFM were also fabricated by the
pressing and brush-printing process as described above for the single
cells. AC impedance of the symmetrical cells was tested under pure
CO, atmosphere at 650-800°C with a signal amplitude of 10 mV in
the frequency range of 1 MHz-0.01 Hz.

The preparation of three-electrode cell was very similar to that of the
symmetrical cell, except that a thicker LSGM electrolyte (~1mm) was
used, and the edge of the LSGM electrolyte was brushed with Pt
paste as the reference electrode. The three-electrode cell was
measured at 800°C under a pure CO, atmosphere, and the
electrochemical impedance spectra data was recorded at OCV, +20
mV, 40 mV, and +60 mV, respectively.

Result and Discussions
Phase structure, morphology, and valance state characterization

X-ray diffraction (XRD) analysis shows that the as-prepared SFM with
A-site cation deficiency can be indexed in a cubic perovskite
structure. To investigate the phase structure of praseodymium oxide,
which was formed in the SFM substrate through infiltration, the
powders from calcination of the praseodymium nitrate solution were
collected. Figure 1a shows the XRD pattern of the collected powder
and it is well matched with the PrgO1; (PDF#42-1121) characteristic
peaks. Figure 1b reveals that the SFM and PrgO4; have good chemical
compatibility and stability. First, 50wt.% praseodymium nitrate
infiltrated SFM powder was fired in the air, and no impurity peaks
were observed other than SFM and PrgO11, indicating excellent
chemical compatibility between SFM and PrgO;1 nanoparticles. The
mixture powder was then transferred into a CO, atmosphere and
heated to 800°C for 5h to investigate chemical stability. The main
peaks in the XRD pattern were still indexed to SFM and PrgO1;,
indicating that the mixture of SFM and PrgO;; was stable in the CO;
atmosphere. In addition, the compatibility between SFM and LSGM
was also checked by mixing the two powders in a 1:1 weight ratio
and then calcining the mixture at 1000°C in the air for 2h (the
condition used to fabricate the SFM cathode for CO, electrolysis in
this work). The XRD result was shown in Fig.S1 and no impurity peak
appeared, indicating that there were no reactions between SFM and
LSGM.

The cross-sectional microstructure of the LSGM supported
electrolysis cell with a Pr¢O;; modified SFM cathode after
electrochemical testing was characterized by scanning electron
microscopy, as presented in Fig. S2. The thickness of the dense LSGM
electrolyte is about 310 um, and the porous PrgO1;-SFM cathode

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. (a) XRD patterns of the as-prepared SFM powder and
as-calcined powder from praseodymium nitrate solution,
revealing the PrgO11 phase structure; (b) XRD profiles of the
mixture powder of SFM and PrgO1; treated in air at 1000°C for
2h and then treated in pure CO; atmosphere at 800°C for 5h.

layer shows good contact with the LSGM electrolyte layer, as
depicted in Fig. S2b. The morphologies of the bare SFM electrode and
the PrgO1; infiltrated SFM electrode are displayed in Fig.2a and Fig.
2b, respectively. The bare SFM cathode shows a uniform, porous and
well-connected microstructure. After infiltration, nano-sized PrgO11
particles can be observed, uniformly distributed on the SFM surface,
potentially leading to a significant increase in the number of active
sites on the SFM electrode surface.

To further characterize the infiltrated nanoparticles on the SFM
electrode, X-ray photoelectron spectra (XPS) were analyzed. As
shown in Fig. 2c, Sr, Fe, Mo, and O were detected on the surface of
both samples. However, the 14.8wt.% PrgO11-SFM sample displayed
three additional peaks at the binding energies of 115 eV, 932 eV, and
953 eV respectively, which can be assigned to the Pr signals. As seen
in the enlarged XPS survey data (Fig. 2d), Pr3d peaks at around 932
eV and 953 eV can be assigned to Pr3ds; and Pr3ds; levels,
respectively. The major peaks located at 933.2 eV and 953.2 eV were
ascribed to Pr#*. The two shoulder peaks located at 929.2 eV and
948.3 eV can be assigned to Pr3*, which would suggest a considerable
concentration of oxygen vacancies. The presence of Pr3* and Pr4*
signals demonstrates the coexistence of Pr** and Pr3+*. Based on the
XPS results, the ratio of Pr#*/Pr3+ was calculated to be about 1.9,
which is close to the theoretical ratio of 2 for Pr¢O11 and consistent

J. Name., 2013, 00, 1-3 | 3
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Figure 2. SEM images of (a) SFM electrode, (b) 14.8wt.%Prs011-SFM electrode. XPS profiles of SFM and 14.8wt.%Prg011-SFM
samples: (c) the total XPS spectra, and (d) the enlarged Pr3d XPS spectra.

with the XRD results.
CO; electrolysis performance

The electrochemical performance of direct CO, splitting was
compared using SFM electrode infiltrated with different amounts of
Prs011 by employing single cells with the cell configuration of xPrgO13-
SFM/LSGM/LSCF. Figure 3a presents the relationship between the
applied voltage and current density of five types of single cells based
on xPrg011-SFM (x=0, 6.1wt.%, 11.2wt.%, 14.8wt.% and 20.4wt.%)
cathodes at 800°C for direct CO; electrolysis. At 800°C, the OCV of
the five single cells is around 0.09 V, which is close to those reported
in the literature under similar conditions3?-41, The electrolysis current
density increases with the applied voltage, especially when the
voltage exceeds 0.9V, and the current density of the cells with PrgO11
infiltrated SFM cathodes increases faster than that of the bare SFM,
indicating that PrgO1; can effectively enhance the CO, reduction
reaction performance compared with the bare SFM electrode. The
CO,RR performance initially improves with increasing the PrgO1;
weight loading to 14.8wt.%, but it begins to decrease when the
PreO11 loading is further increased to 20.4wt.%. Fig. 3b clearly shows
the current density of the five types of SOECs with various PrgO11
loading amounts under 1.5 V at 800°C. The current density of SOECs
with the bare SFM cathode is 0.76 A cm2, which is close to the results
reported in the literature2®. Under the same testing conditions, the
current density of the cell with the 14.8wt.%Prs011-SFM cathode at
1.5 V reaches 1.61 A cm2, which is more than doubled compared to

4| J. Name., 2012, 00, 1-3

that of the cells with the bare SFM cathode. Furthermore, under
similar measurement conditions, the cell performance of the cells
with 14.8wt.%Pre011-SFM cathodes is considerably higher than most
of the previously reported results using different cathodes for direct
CO; electrolysis (Table S1). The CO; electrolysis performance of two
different types of single cells with 14.8wt.%Prg011-SFM cathode and
bare SFM cathode at different temperatures was shown in Fig. S3.
Compared with the single cells with the bare SFM cathode, the
performance of single cells with 14.8wt.%Prs01,-SFM cathode is
greatly improved at similar testing conditions.

Electrode kinetics for CO,RR

To elucidate the origin of enhanced cell performance, the
electrochemical impedance spectrum (EIS) was measured from
single cells using either bare SFM or 14.8wt.%Prs011-SFM cathode at
800°C under OCV, as shown in Figure 3c. The results were then fitted
using an equivalent circuit diagram consisting of Rs (ohmic
resistance), CPE (constant phase element), and R, (total polarization
resistance, R,=R1+R2+R3). The ohmic impedances of the cells with
different cathodes are almost identical, indicating that the ohmic
resistance predominantly comes from the electrolyte LSGM (which is
similar in thickness and microstructure). However, the total
polarization resistance of the single cells with the 14.8wt.%PrsO11-
SFM cathode is 0.81 Q cm?, showing a significant reduction
compared with that of bare SFM cathode (1.38 Q cm?). The
polarization resistance of single cells with 14.8wt.%Prs011-SFM
cathode at each temperature was also significantly reduced

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Electrochemical performance comparison of single cells with SFM and Prs01;-SFM cathodes. (a) I-V curves of single cells
with xPrg011-SFM (x=0, 6.1wt.%, 11.2wt.%, 14.8wt.% and 20.4wt.%) cathode at 800°C. (b) Current densities comparison with the
different loading of Pr¢O;1 at 1.5 V and 800°C. (c) Impedance spectra of the SFM and 14.8wt.%Pr011-SFM single cells at 800°C
and open circuit voltage condition. (d) Corresponding results from the DRT analysis of the EIS plots in (c).

compared to the bare SFM cathode (Table S2). In order to distinguish
the contributions of different CO, electrochemical processes, the
distribution of relaxation time (DRT) was used to deconvolute the EIS
data. DRT is very helpful to isolate the overlapped time constants
occurring on the electrodes from the Nyquist plot. The polarization
resistance of each sub-step can be calculated by the enclosed area of
the corresponding specific peak in the DRT plot. Figure 3d shows the
DRT analysis results of the EIS data at 800°C under open circuit
voltage conditions. Both DRT curves from the single cells with the
different cathodes show three peaks from high to low frequencies,
demonstrating that there are at least three sub-steps of the CO,/CO
conversion reactions taking place between the cathode and
electrolyte. The three peaks can be marked as high-frequency P1,
intermediate-frequency P2, and low-frequency P3. The area of the
P1 peaks for the two types of single cells with different cathodes is
similar and very small, which could be attributed to the oxygen ion
transportation process at the cathode-electrolyte interface*2. The
area of intermediate-frequency P2 and low-frequency P3 for the
single cells with 14.8wt.%Prs01,-SFM cathode was much smaller than
that of the single cells with the bare SFM cathode. P2 may
correspond to the sub-step of lattice oxygen diffusivity through the

This journal is © The Royal Society of Chemistry 20xx

cathode bulk and the oxygen exchange kinetics on the cathode
surface®344, while P3 should be associated with the gas activation
conversion of CO,/CO, such as surface adsorption and diffusion of
active species, as suggested by Adler-Lane-Steele model*>#¢, The
much smaller area of P2 and P3 for the single cells with
14.8wt.%Prs011-SFM cathode demonstrates that the infiltrated
Pr¢O11 nanoparticles on the SFM substrate enhance the carbon
dioxide reduction kinetics.

To investigate the interfacial polarization resistance for the CO,
reduction reaction, EIS was measured in a pure CO;, atmosphere
using symmetrical cells with the cell configurations of
14.8Wt.%Prg011-SFM/LSGM/14.8wt.%PrgO1:-SFM and
SFM/LSGM/SFM, respectively. For direct comparison of the
polarization resistance, which reflects the catalytic activity towards
the CO,/CO conversion reaction, the ohmic resistance was
subtracted, and the first intercept with Z’ axis was normalized from
zero*. As shown in Fig. S4, the R, values of the symmetrical cells with
the bare SFM electrode were 0.95, 1.53, and 2.62 Q cm? at 800, 750,
and 700°C, respectively. After infiltration of 14.8wt.%Prs0;; onto the
SFM electrode substrate, the R, values were reduced to 0.61, 1.09,
and 2.18 Q cm? at 800, 750, and 700°C, respectively. There was

J. Name., 2013, 00, 1-3 | 5
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approximately a 15-35% reduction in the interfacial polarization
resistance at similar testing conditions.

Further, the AC impedance of the three-electrode configuration
under various applied voltages at 800°C in a pure CO; atmosphere
was measured to investigate the electrochemical processes
associated with different applied voltages. The schematic diagram of
the three-electrode configuration was shown in Fig. S5. The
difference between the three-electrode configuration and the
symmetrical cell is that the edge of the electrolyte of the three-
electrode configuration is coated with Pt slurry as a reference
electrode. Figures 4a and 4d show the testing results of three-
electrode configuration with either bare SFM electrode cell or
14.8wt.%Prs011-SFM electrode, respectively. It can be seen that
under a “positive” overpotential, the polarization resistance values
of both cells tend to decrease, indicating faster electrode kinetics at
higher applied “positive” voltage?848. However, when a “negative”
overpotential was applied, the R, value obviously increases with the
increasing magnitude of the overpotential. To gain insight into this
interesting trend, DRT was used to analyze the impedance spectra.
Each DRT curve can be broadly divided into three groups of peaks,
presenting different electrochemical reaction processes. As shown in
Fig. 4(b-c) and 4(e-f), at either positive or negative voltages, the
intensity of the high-frequency (HF) peaks of the two cells does not
vary much and is irregular, therefore, more attention was paid on the
intermedium-frequency (IF) and low-frequency (LF) peaks. With the
increase of the applied “positive” voltages, the peak intensities of the
LF and IF peaks in both three-electrode cells decrease,
demonstrating that the gas reaction and the oxygen exchange

Journal Name

kinetics on the working electrode become more rapid with the
increase of the driving force from the applied voltage. Moreover, by
carefully comparing Fig. 4b and Fig. 4e, the reduction percentage of
the 14.8wt.%Prs011-SFM electrode with increasing voltage is larger
than that of the SFM electrode, implying that the introduction of
Prs011 nanoparticles can enhance catalytic activity by expanding the
reaction active sites. The LF peak of the 14.8wt.%Pr¢O011-SFM
electrode with a much smaller proportion compared to that of the
SFM electrode also indicates that the introduction of PrgOi;
nanoparticles will immensely facilitate the gas adsorption and
diffusion processes. When switching to “negative” voltage, the two
electrodes presented a similar variation trend and both electrodes
were dominated by the LF process. The intensity of the LF peaks
arises rapidly with the increase of the absolute voltage, while the
intensity of the IF peaks changes very slowly. This phenomenon
means that the applied “negative” voltage will suppress the gas
conversion step.

The reasons why the applied voltage direction will induce different
changing tendencies in the electrode polarization resistance may be
explained below. Figure 5 shows the schematic diagram of the two
modes. When a “positive” voltage is applied between the working
electrode (WE) and the reference electrode (RE), electrons will flow
from the working electrode to the counter electrode (CE).
Sequentially, the CO, reduction reaction will take place on the
counter electrode, and 0% will be transferred to the working
electrode through the LSGM electrolyte. Next, the oxygen evolution
reaction (OER) process will proceed on the working electrode. The
reactions taking place on the respective electrodes are shown below:
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Figure 4. The electrochemical performance comparison of SFM and 14.8wt.%Prs011-SFM cathode material determined with three-
electrode cells under pure CO; atmosphere in 800°C at different applied voltage. (a) (d) Impedance spectrum of SFM and
14.8wWt.%Pr¢011-SFM three-electrode cells, respectively. (b) (c) DRT analysis of the EIS spectrum for SFM at “positive” and
“negative” voltage, respectively. (e) (f) DRT analysis of the EIS spectrum for 14.8wt.%Prs011-SFM at “positive” and “negative”

voltage, respectively.
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Figure 5. Operation principles of the three electrode cells. (a) The electron flow direction and the reactions occurred on the
working electrode when the “positive” voltage is applied. (b) The electron flow direction and the reactions occurred on the

working electrode when the “negative” voltage is applied.

Under “Positive” voltage:
WE: 20— 4e +0, (1)
CE: 2CO, + 4e-— 2C0 + 20>  (2)

However, the direction of the electron flows will be reversed when a
“negative” voltage is applied, and the reaction taking place on each
electrode will become the opposite:

Under “Negative” voltage:

WE: 2CO, + 4e-—2C0O + 20>  (2)

CE: 20— 4e +0; (1)

According to the above-mentioned analysis, the gas reaction on the
WE is OER when applying a positive voltage. Increasing the applied
voltage will result in faster electron transfer, which promotes the
OER rate and O, desorption process. This can explain why the
intensities of LF and IF peaks decrease when increasing the voltage.
However, when applying a negative voltage, CO, reduction reaction
takes place on the WE, and the CO desorption process will become
more difficult because of the larger molecular volume of CO
compared to O,. Furthermore, concentration polarization will form if
the CO, molecule cannot diffuse rapidly into the reaction zone and
CO is not immediately desorbed. The increased intensity of LF peaks
can be explained by the more severe concentration polarization
when increasing the absolute applied voltage under a negative
voltage.

Enhancement of CO, adsorption and CO desorption

One of the key steps to initiate CO, conversion reaction is the
gas/solid interaction including CO, adsorption and CO desorption on
the electrode surface under direct CO, electrolysis. Therefore, the
CO, adsorption characteristics on SFM and 50wt.%PrgO1:-SFM
powders were measured by thermal gravimetric analysis (TGA) under
a CO, atmosphere from room temperature to 1000°C. The 50wt.%
Pre¢O11 loading was chosen to intensify the effect of PrgO11 on CO;
adsorption. For comparison, TGA measurement was also conducted
in the air atmosphere to eliminate the influence of air. As shown in

This journal is © The Royal Society of Chemistry 20xx

Fig. 6a, the SFM sample exhibited very slight differences in weight
loss in air and CO, atmosphere, implying that SFM does not adsorb
much CO,. In contrast, the weight loss of the 50wt.%PreO11-SFM
samples in CO; is about 3.04wt.% at 800°C, which is 3.97wt.% lower
than that in an air atmosphere (7.01wt.%), implying that significant
amount of CO; was adsorbed during the test. It has been reported
that praseodymium oxide possesses high oxygen vacancy
concentration38, which can serve as host sites to accommodate linear
CO; molecules*.

To further investigate the surface adsorption properties of CO, on
the 14.8wt.%Prs01;-SFM and bare SFM samples, in situ diffuse
reflectance infrared Fourier transform spectroscopy (DRIFT) was
carried out at elevated temperatures. As shown in Fig. 6b, there are
significant absorption peaks in the range of 1300-1500 cm-! for both
samples, which can be typically assigned to CO3Z on the specimen
surface®®-32, The signals are still visible when the temperature
increases to 400°C, demonstrating that the carbonate species are still
adsorbed on the sample’s surface, and therefore, the adsorbed CO,
is stable at a high temperature of 400°C. By comparison, the intensity
of adsorption peaks of SFM at 100°C is higher than that of
14.8Wt.%Prg011-SFM, but it becomes weaker than that of
14.8wt.%Prs011-SFM at elevated temperatures, illustrating that the
introduction of Pr¢O;; nanoparticles can increase the CO; adsorption
capability at higher temperatures. The CO,-TPD results also support
this viewpoint. Figure 6c presents the TPD curves in the CO;
atmosphere from room temperature to 900°C. There are two
desorption peaks for the SFM sample: the one below 200°C
corresponds to the release of physisorbed CO,, while the other one
located around 397°C could be ascribed to the monodentate,
bidentate, and tridentate as well as carbonates>3, which are the
decomposition products of chemisorbed CO,. Apparently, for the
14.8wt.%Prs01:-SFM sample, not only is the intensity of the
desorption peak much stronger than that of the bare SFM sample,
but there is also one more desorption peak at 781°C, suggesting
enhanced bonding of the adsorbed CO,. This result indicates that the
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Figure 6. Physicochemical characterization of as-prepared SFM and Prs011-SFM samples. (a) Thermal gravimetric analysis curves
of SFM and 50wt.%Prs011-50wt.%SFM samples. (b) In situ diffuse reflectance infrared Fourier transform spectroscopy for the
surface adsorption properties of CO; linear molecules on the SFM and 14.8wt.%Pr¢011-SFM samples. (c) Temperature
programmed desorption profiles for CO, on the surface of SFM and 14.8wt.%Prs01;-SFM powder. (d) High-resolution O1s XPS

spectra for the SFM and 14.8wt.%Prg011-SFM powder.

infiltration of Pr¢O11 nanoparticles adds new adsorption active sites
on the SFM substrate, thus promoting the CO, adsorption ability and
further improving the CO, electrochemical reaction.

The kinetics of the CO; splitting reaction are closely related to the
electronic structure of the electrocatalyst. XPS characterizations
were thus performed on O-1s spectra. As shown in Figure 6d, the
high-resolution O1s spectra of the 14.8wt.%Prg011-SFM sample and
the bare SFM sample reveal two main fitting peaks, meaning the
presence of two types of oxygen species. The peak at around 529.1
eV can be assigned to the lattice oxygen species (0,) while the peak
at approximately 531.2 eV corresponds to the adsorbed oxygen
species (Oags) such as 0% and carbonates, et al>*>>. After infiltrating
PreO11 to the SFM substrate, the content of adsorbed oxygen species
on the sample’s surface apparently increased from 61.9% to 70.6%,
implying that the infiltrated PrgO1; nanoparticles generated more
than 8% of additional surface-adsorbed oxygen-containing species
compared to the bare SFM sample. The increased O,qs content in
14.8wWt.%Prg011-SFM is of great importance in the CO;
electrochemical reaction since these adsorbed oxygen species can be

8| J. Name., 2012, 00, 1-3

easily liberated under elevated temperatures. This structural feature
can lead to the generation of abundant active sites on the outer
surface of the material, which is conducive to the surface adsorption
of CO, at elevated temperatures®®57, In addition, chemisorbed CO,
can be activated in oxygen vacancies, contributing to the improved
kinetics of carbon dioxide electrolysis®8.

Long-term stability

The durability of single cells with either SFM or 14.8wt.%Prs011-SFM
cathode for CO,RR was evaluated by monitoring the cell voltage
under a constant current load of 910 mA/cm? at 800°C. The effect of
the infiltrated praseodymium oxide to SFM on long-term stability
was investigated, and the results are presented in Fig. 7. There is no
obvious performance degradation after 100 hours of testing,
indicating excellent electrochemical stability of both types of single
cells during the testing period. The cross-sectional image of single
cells with 14.8wt.%Prs011-SFM cathode after 100h CO, electrolysis
measurement (Fig. S2c) shows that the 14.8wt.%Pr¢O011-SFM
electrode maintains a good bonding with the LSGM electrolyte.

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. The durability test under constant current densities at
800°C for SFM and 14.8wt.%Prg011-SFM single cells.

SFM

14.8wt.% Pr,0,,-SFM

Voltage(V)

@0.91A/cm?, 800°C

Furthermore, the voltage of the single cells with the 14.8wt.%PrsO11-
SFM cathode at 910 mA/cm? is much lower than that of bare SFM
cathode under the same testing conditions, indicating that the single
cell using14.8wt.%Pr¢011-SFM  cathode exhibits much better
performance than those of SFM, which is consistent with the results
of the IV curves.

Conclusion

In summary, SFM with and without PrsO11 nanoparticles has been
evaluated as cathodes for direct CO; electrolysis in SOECs. The
introduction of Pr¢O11 to SFM enhances CO, reduction reaction
performance and the 14.8wt.% loading of PrgOi1 is an optimum
amount. When 14.8wt.% Prs01:-SFM was applied as the cathode in
LSGM electrolyte-supported SOECs for direct CO, electrolysis, a
current density of 1.61 A cm-2 was achieved at 1.5 V and 800°C, which
was 2.1 times that of SOECs with the bare SFM cathode under similar
testing conditions. The enhanced electrocatalytic activity of the
14.8wt.% Prg011-SFM cathode can be attributed to the enlarged TPB
lengths after the infiltration of PrgO11 nanoparticles, resulting in
additional active sites for CO, adsorption and enhancement for CO
desorption. The present study demonstrates that praseodymium
oxide infiltration to perovskite substrate is a promising approach to
enhance the cathode performance for direct electrolysis of CO; in
SOECs.
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