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Abstract

The valorization of the CO, greenhouse gas is important in decarbonization using the renewable energies.

Intermediate temperature solid oxide electrolysis cells (SOEC) working at around 800 °C can be useful in
activating the strong C=0 bond (799 kJ mol™") in CO, for the production of CO and decreasing the precious
electricity by partially using the heat instead. Ceria/Co doping on the stable chromite is employed to design a
composite oxide/metal cathode with a unique ceria decorating Co° for the direct CO; electrolysis. The in situ
outgrowth of Co® from the B site activates the ceria exsolution from the A site, or vice versa, producing a well-
adhered heterojunction for the activation of CO». A high current and stable density above 1 Acm™ for 300 hours
is obtained at a bias of 1.3 V for the CO, at a Faraday efficiency close to unity. The higher electrochemical
performance of the cell with Ce/Co° codoped cathode is explained by the oxygen storage property of the ceria
rather than the direct activation of CO, over ceria. This work presents a novel method of constructing
metal/oxide cathode for efficient CO, analysis and in-depth mechanistic explanation for the metal/oxide hetero-

structure in CO; activation.

1. Introduction



The CO, emissions induced by the increasing consumption of fossil fuels has a significant impact on the
global warming 2. The capture and efficient utilization of the produced CO, is one of the important ways of
achieving a carbon-neutral production. Because of the high energy of the C=0 bond (799 kJ mol") 3, the
reduction and valorization of CO, could be much favorable if it activated by thermal and electrical energy

simultaneously for the production of CO and O,.*

Solid oxide electrolysis cell (SOEC) operating at around 800 °C can convert electric power into chemical
energy for the dissociation of CO; at a high efficiency >*. Comparing with the conventional Ni(O)-based cathode
with the redox instability and tendency to induce carbon deposition, perovskite oxide electrode could be an
attractive alternative providing their electrochemical catalysis was improved by the addition of a small amount

of metal co-catalyst *'2,

The infiltration or doping of reducible transition metals (Cu, Co, Ni et al.) on the B-sites of a stable
perovskite has been investigated to improve the electrochemical performance for CO, electrolysis '*!7. The
doping of excessive reducible cations could decrease the stability of the perovskite, but under a well-designed
doping level, the valence change of these reducible cations can increase the oxygen vacancies (Vo) for the
transport of oxide-ion for expanded reaction area™ '® ', Specifically, if the exsolution of reducible cation is
above the stable limit of the perovskite, well-dispersed metal particles on the parent perovskite can be used to

enhance the catalytic activity 2%

The exsolution of B-site reducible cation from a stoichiometric ABO;-type perovskite would induce the
production of AOx or Ruddlesden-Popper (R-P) phase ®242%. The production of AOx could be CeO; if Ce was
included on the A site. Because ceria showed a good oxygen storage ability (along with the production of Vo in

reduced atmosphere) * and a catalytic activity in the electrochemical CO> electrolysis %%, the simultaneous
2



production of ceria and metal particles on the surface could enhance the CO, electrolysis and inhibit the
production of R-P phase. Ce** (1.34 A) could form a perovskite with Fe to produce a perovsikite (e.g. CeFeOs)
under an intermediate oxygen partial pressure (P(O2)) %, but the more stable Ce*" in air with an ionic radius
(1.14 A) in oxidizing atmosphere could induce strain on the perovskite lattice to impart a low solubility of CeO

in the perovskite®® 3!,

In this study, Ce and Co were doped simultaneously on the A and B site of Lag 7Cao3CrOs, respectively, for
the simultaneous production of Ceria and Co° catalyst on the surface of perovskite-type chromite for the
electrolysis of CO, at 800 °C. A single-phase perovskite-type LagssCao3Ce0.0sCro9C00.103 (Ce-LCCo) was
prepared at 1350 °C in air and the exsolution of CeO; and trace CoO was found during the re-oxidation at 1100
°C for the calcination on the electrolyte. The SOEC with Ce-LCCo showed a very stable performance (1.05 A
cm? at around 1.3 V) for during the 300-h electrolysis using pure CO> without a prior reduction to generate
metal particles. No trace of carbon deposition was found after the durability test, demonstrating that the
combination of chromite, CeO; and Co nanoparticles was a promising cathode for CO, at 800 °C. In contrast to
previous research where ceria was stipulated to increase the reaction site by the ionic conductivity *%, the
theoretical study indicates that the activation of the CO, was initiated by grabbing an oxygen atom from ceria
to produce a carbonate bonding to the metal. The metal/oxide junction actually retards the CO desorption, but
it facilitates the CO; electrolysis at large. This work is important in designing a metal/oxide composite cathode
with special architecture of ceria decorating Co metal and highlighted the role of oxygen storage of oxides on

for the direct CO; electrolysis.

2. Experimental section

2.1 Materials synthesis



Lao.7Cap3Cr1.xCox03 (x=0 and 0.1) are noted as LC, LCCo. LagssCao3Cen.05Cro.9C00.103 is noted as the Ce-
LCCo, All of Above mentioned perovskites were synthesized by the combustion method. Stoichiometric
amounts of Ce(NOs)2.9H,O (99.9% Macklin, China), Co(NOs), H.0O (Macklin, 99%), La(NOs); 9H.0
(Macklin, 99%) and Cr(NOs)s 9H20 (Macklin, 99%), CaCOs (99.9% Macklin, China), were dissolved in
deionized water to form the perovskite ingredients. Citric acid (1:1 in a molar ratio to the metal cations) as a
complexing agent was added into the solution. After the precursor solution was heated and stirred to form a gel
and then calcined at 600 °C for 5 hours, the desired perovskites were obtained through calcination at 1300 °C

for 5 hours in air.

The powders of LSGM electrolyte were prepared through a solid-state reaction. Stoichiometric amounts of
SrCOs (99.9% Macklin, China), La20s (99.9% Macklin, China), Ga;0s (99.9% Macklin, China) and MgO
(99.9% Macklin, China) were ball-milled for 1.5 hours in ethanol, and then the desired admixture finished
calcination at 800 <C for 5 hours in air. The powders after grinding again for 1 hour were pressed into a film,

then LSGM electrolyte film were calcined subsequently at 1480 °C for 5 hours to finish the desired dense level.

LaosSro2Co0; (LSC) was synthesized via the combustion method: Stoichiometric amounts of
La(NOs)s 9H,0 (Macklin, 99%), SrCO; (Aladdin, 99.5%) and Co(NOs). 6H,0 (Macklin, 99%) were dissolved
in the deionized water containing citrate acid (1:1 in a molar ratio to the metal cations) as complexing agent.
The solution was heated and stirred using a hotplate to form a viscous gel that was then calcined at 950 °C for

5 hours to yield the cathode material.

2.2 Characterization techniques



X-ray diffraction (XRD) patterns of the prepared samples were acquired using a diffractometer (K,; =1.5406
A, 36KV and 20 mA) in the 26 range from 10 “to 80 “at a step size of 0.01 < The unit-cell parameters were
calculated using the software Jade suite (Version 6.5.26, Materials Data Inc.). Bars of the electrode materials
were cut into a rectangular bar of 4 x 3 x 13 mm? for the conductivity measurement, and four Ag wires were
attached as probes. The conductivity was measured using a high-accuracy multimeter (Keithley 2100, United
States) and a standard direct current (DC) four-probe method in air and 5% H.. In order to explore the
relationship between the conductivity and the oxygen partial pressure (P(O2)) using a zirconia sensor, pure Ar
was used to purge the gas for 30 min at 800 °C before the injection of 5% H; for 5 hours. Temperature
programmed reduction (TPR) was performed using a VDSorb-91i instrument (Vodo, China) equipped with a
thermal conductivity detector (TCD), the flow of the analysis is 5% Hz (20 ml min). CO, desorption was
performed on the reduced sample (800 °C in 5% Hy) after the aging in 10% CO- at 500 °C, and the CO in the
effluent of Ar carrier gas was monitored using a residual gas analyzer (RGA, QIC-20, Hiden, UK) during the
heating. The temperature is in the range from 150 to 800 °C at 10 °C min™'. The thermal expansion coefficients
(TECs) were measured on a dilatometer (PCY-II, Xiangyi, China) at 5 °C min™! heating in air and cooling in 5%
Ha, respectively. Thermogravimetric analyses (TGA) in 5% H» were recorded on a TG209 F3 tarsus instrument
(NETZSCH, Germany). High-angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM, 200KV, TF20, FEI, USA) was performed on the electrode after durability of CO, electrolysis.

2.3 Cell fabrication and testing

For the single cell manufacturing, firstly, the powders of fuel electrode materials (LC, LCCo, Ce-LCCo)
and air electrode materials (LSC) were mixed with an equal weight of vehicle containing polyvinyl butyral in

terpineol to form a viscous slurry. Then the prepared slurry with fuel electrode materials were printed on the



one side of LSFM electrolyte of 0.3 mm in thickness and sintered at 1100 °C for 2 hours. For the other side of

electrolyte, the slurry with air electrode material was printed and calcined subsequently at 1100 °C for 2 hours.

The electrochemical measurement of cell need preparation including that silver wires were pasted using the
silver paste (Sinwe, Batch No. 3706, China) containing 20% starch for the current collection. The
electrochemical performances of current-voltage (I-V), electrochemical impedance spectroscopy (EIS) and
current-voltage (I-V) were measured on a Zennium Pro electrochemical workstation (Zahner, Germany). The
sine wave of EIS measurement was in an amplitude of 10 mV from 1M Hz to 0.050 Hz, and the EIS data were

fitted using the Zman software.

Theoretical calculations

A metal cluster containing 8 Co atoms was placed on the (100) surface of CegO16 supercell to construct the
Colceria heterojunction. A vacant space of larger than 15 A on the top of Co metal was used to simulate the
vacuum state. The structure in 3D periodicity was relaxed in a Quantum-Espresso (QE) suite 3 using a cutting
energy of 49 Ry. Electron—ion interactions were coupled with projected augmented wave pseudopotentials.
Electron exchange and correlation effects were carried out generalized gradient approximation
(Perdew—Burke—Ernzerhof). The Brillouin zone integration were used 3 <3 %3 k point. A CO2 molecule was
put on the Co surface or Co-ceria interface to simulate the adsorption and the one CO molecule was removed
from the adsorbed CO;, leaving an oxygen on the surface to simulate the CO desorption. The distance between
CO molecule and O atom was about 3 A. A climbing image nudged elastic band (NEB) method was used to
find the minimum energy paths of the desorption process. The CO, was decomposed into CO and O including

initial, intermediate and last image, which define the diffusion coordinates along with the pathways ©.



3. Result and discussion

3.1 Material characterization

The pristine samples prepared at 1300 °C are monophasic perovskites according to the XRDs (Figure 1).
Comparing to LC, the main peaks were found moving to high angle with Ce and Co elements doping on the A-
and B- sites before and after the reheating, and to low angle after reduction process. There is no obvious phase
variation in LCCo after the reheating at 1100 °C except for the production of traces of ceria. The reduction in
5% H, caused the production hexagonal close-packed (hcp) Co° while LCCo was maintained the perovskite
structure without any sign of Cao° on the surface. The presence of ceria after the reheating process could be
ascribed to the oxidation process of Ce3* to Ce**. The exsolution of ceria indicates that the remnant perovskite

could generate A-site deficiency that accelerated the Co exsolution from the lattice, since no Co metal was

found in the reduced LCCo.
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Figure 1. XRDs of as-prepared LC, LCCo, Ce-LCCo (a), reheated at 1100 °C in air (b), and reduced at 800 °C
5% H, for 5 hours (c). The Powder Diffraction File (PDF: 33-701) for LaCrO3 were plotted at the bottom for
comparison. The regional magnification of the XRD was provided to show the shift of the main peak and the

presence of Co’.

The CoOx doping expanded the lattice expansion of the chromite perovskite while the Ce/Co codoping
caused the lattice shrinkage (Table 1). The lattice expansion could be ascribed to the incorporation of larger
Co0%"2* (0.61 A /0.745 A) on the site of Cr**** (0.55 A / 0.615 A) while the further doping of Ce*" (0.87A) with
smaller ionic radius than La*" (1.032 A)) caused the contraction of the unit cell. The Co? (0.745 A) 3 partial
substituting Cr®* (0.615 A) does not offset the impact of lattice shrinking occurred to the substitution of Ce*"
(1.14 A) for La*" (1.36 A) site. Actually the Ce** donor on La®" site could also cause the reduction of B site
cation as a result of the electron neutrality, but the lattice shrinkage of Ce-LCCo from LCCo indicates Ce*
reside actually on the A site of the perovskite. The reheating in air caused the absorption of oxygen, causing the
shrinkage of the unit cell along with the production of the higher-valence cation on the B site and LC, LCCo
and Ce-LCCo. The cell contraction in the oxidation is also consistent with the cell expansion during the

reduction in 5% H, at 800 °C for 5 hours.

Table 1. Unite cell parameters of the pristine samples compared to those treated under oxidation in air
and reduction in 5% H». The error of calculation is included in the parenthesis at the end of each

number.

Samples ¢ a/A b/A c/A V/A3




LC 5.437(4) 5.422(5) 7.681(9) 226.49
LCCo 5.450(7) 5.388(6) 7.714(5) 226.58
Ce-LCCo 5.441(0) 5.406(0) 7.689(2) 226.17
LC-RH 5.414(7) 5.422(1) 7.697(0) 225.97
LCCo-RH 5.434(8) 5.422(0) 7.682(7) 226.39
Ce-LCCo-RH 5.441(0) 5.406(0) 7.679(2) 225.87
LC-Red 5.458(1) 5.461(2) 7.730(2) 230.42
LCCo-Red 5.483(9) 5.486(2) 7.724(0) 232.38
Ce-LCCo-Red 7.594(1) 4.659(3) 6.505(1) 230.17

a: suffix of “~-RH” and “-Red” denotes reheating at 1100 °C in air and reduction at 800 °C in 5% H»

for 5 hours, respectively.

The weight loss TGA (Figure 2(a)) for LC, LCCo and Ce-LCCo in 5% H; indicates that Co doping
increase the oxygen loss from the perovskite lattice and the reheated Ce-LCCo shows the largest weight
loss (1.85%) than the as-prepared sample. The differential thermogravimetry (DTG, Figure 2(b)) of LC
showed two peaks at 503 and 706 °C because of the oxygen loss from the perovskite lattice accompanied
by the reduction of Cr*" to Cr**. The Co doping on the B site decreased the DTG peaking temperature to
397 °C, while the additional Ce** doping in LCCo increased the temperature to 482 °C. The temperature

variation because of the oxide-ion conductivity of the perovskite was enhanced by Co*"**

acceptor doping
but was decreased by the Ce*" donor doping. The reheating of Ce-LCCo in air at 1100 °C will increase the
initial oxygen content of the perovskite, causing more weight loss in 5% H> and the superficial CeO;
exsolution would promote the oxygen loss at lower temperature because CeO; can act as an oxygen transfer

channel *. The peak temperature shifting in DTG is generally consistent with that in TPR peak (Figure

2(c)), but the more pronounced decrease of reduction temperature of the reheated Ce-LCCo would be



related to the superficial oxygen loss. The higher ramp rate of TPR than TGA, and is an evidence for the

accelerated oxygen loss on the surface by CeO; exsolution.
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Figure 2 (a) TGA and (b) DTG of the perovskite under flowing 5% Hb; (c) TPR of the oxides in 5% H» and (d) CO»

desorption of the perovskites after a previous annealing in CO».

The bonding between the electrode and the electrolyte during the thermal cycling depends on the matching in
TECs of the components, so dilatometry was measured in air and 5% H» (Figure 3(a) & Table S1). Co doping in LC
increased the TEC in air from 18.05 to 13.98 ppm K-!, while Ce-LCCo showed a similar TEC (15.95 ppm K!) to that
of LC. The increased TEC in LCCo in air could be related to the chemical expansion induced by the spin transition
of Co*" during the heating process, because the chemical expansion induced by the reduction of cations could have

resulted in an expansion transition at 250 to 300 °C.
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Figure 3 (a) Dilatometry and (b) Arrhenius plots of the electrical conductivity of LC, LCCo and Ce-LCCo in air

and 5% Ha. The sample in 5% H» was pre-reduced at 800 °C for 5 hours.

The Co doping in LC increased the conductivity of LC by one order of magnitude in air. One may argue that the
transition of Co3*-O-Co?* could be the reason for the transport of charge carriers (electron or electron holes), but the
small amount (10 at.% on B site) of Co cation was insufficient to percolate the perovskite to produce such effect. The
increased conductivity could be related to the acceptor doping of Co**'?* on Cr3*/#* to increase the amount of Cr*" for
more charge carriers through Cr*-O-Cr**. The acceptor doping effect could also explain the higher electric
conductivity of LCCo and Ce-LCCo than LC in 5% H». Although the electric conductivity decreased in the reducing

atmosphere, it is still high enough (> 0.1 Sem™) to be used for the cathode of an SOEC.

3.2 Electrochemical performance of cells

For chromite as a p-type oxide boasting high conductivity in air, the pre-reduction before the electrolysis
of CO; is actually mandatory. The cathodic current or produced CO is able to reduce the cathode for the
exsolution of Co® or ceria from the oxide lattice. The IV curve (Figure 4(a)) of the electrolysis cell after 24-h

durability at around 1.3 V showed that an abrupt increase in current density was observed when the bias is
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higher than 0.92 V because of the depolarization by CO, on the cathode. Specifically, the current density of the
cell with Ce-LCCo cathode (-1.27 A cm™? @ —1.4 V) was much higher than the one with either LCCo or LC
cathode (-0.93 @ —1.4 V). The dynamic EIS at -1.2, -1.4 and -1.6 V (Figure 4(b)) were in accord with the IV
curve in the electrolysis range since the polarization resistance (R,) of cell with Co-LCCo cathode was the
smaller amongst the three cells. According to the DRT calculations (Figure S1), Co doping in LC accelerated
the low frequency peak (P1) for the adsorption and activation of CO,, while peaks (P2 and P3) at the
intermediate frequency was suppressed significantly by the CeO; exsolution in Ce-LCCo. As P2 and P3 was

ascribed to the surface electron transfer for the production of CO, CeO, was found to accelerate the reduction

of adsorbed CO».3¢
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Figure 4. IV (a) and dynamic EIS of the electrolysis cells at 800 °C for the electrolysis of pure CO>. (c)
Chronoamperometry and Faraday efficiency for LC, LCCo and Ce-LCCo cell at -0.58, -0.74 and -1.05 Acm™.

The current density are selected to impart an initial bias around -1.3 V for each cell.

The chronoamperometry of the cells under an initial bias around -1.3 V (Figure 4(c)) showed a sluggish
voltage within the first 50 hours. The Ce-LCCo cell showed a gradual increase in voltage to -1.33 V and then a
stable level at -1.29 V for a current density of -1.05 A cm™, which the LCCo cell showed an oscillating voltage
variation at -0.74 A cm™ until it stabilized at -1.32 V at 48.5 hour. The LC cell showed a gradual voltage increase
after the first 144-hour stability, reaching -1.43 V within the 300-hour chronoampermetry. On the contrary, the
voltage variation of the Ce-LCCo cell after 50 h was minor, stabilizing in the range from -1.30 to -1.31 V. The
initial fluctuation of the voltage could be explained by the structure change in the cathode: the oxygenated Ce-
LCCo would produce Co° and ceria upon the application of cathodic current. The production of Co” in Ce-LCCo
would be easier than that in LCCo where the initiation of Co° exsolution from the oxide lattice involving the

nucleation and thermal growth.

The low-resolution microstructure of the LC cell (Figure S2) maintained the porous structure and adhered
very well to the electrolyte. The grain size of the chromite perovskite was around 100 nm (Figure 5) while the
particle size is on the scale of micrometers. The microstructure of the Ce-LCCo cell at 30- and 300-h stability
was quite similar to the one of LC after 300-h stability at a low-magnification (Figure S2), indicating the
chromite backbone was stable for the cell working at 800 °C. However, the oxide matrix of the Ce-LCCo cathode
at 30-h stability showed a larger grain size (around 500 nm) than the one at 300-h stability (100 nm), indicating

the durability test under cathodic current would impose the partial pulverization of the cathode.
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Figure 5. SEM images of the LC (a) after 300 hours’ durability and the Ce-LCCo cathode after 30 (b) and 300
hours’ durability (c). HAADF and EDS (d-f) of the Ce-LCCo cathode after 300 hours’ durability for CO,
electrolysis. The arrows in (d) indicates the area of outgrown particles after the durability test. [i]-[3]
representative the magnified images in (f) at the corresponding locations. The arrows in (b-c) indicates the
exsolved particles. The scale bars in image (a-e) represent 200 nm while the rest indicate 2.5 nm. “Per.” denotes

the perovskite matrix.
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Distinct particles (30 nm in size) outgrown from the Ce-LCCo cathode after the 30 hours’
chronoamperometry, but these particles gradually grow to the size of around 100 nm in diameter. More
importantly, the density of these particles increased with the durability test. HAADF image with EDS mapping
(Figure 5(d)) confirmed the presence of Co enriched particles that (Figure 5(e) & (f)) exhibited CoO on the
outer surface were coated by ceria since the EDS of these particles showed a weak Ce element on the outer
fringe. Fine particles for ceria was also found on the interface of the exsolved particles and the perovskite matrix,
which is consistent with the SEM image where fine ceria nodules was found the surface of Co nanoparticles.
The Co particles was much smaller at 30 hours’ durability than those after 300 hours’ durability, but the high

bias indicates the size of Co was not the predominant factor the electrolysis of CO,.

3.3. Theoretical calculations

As a high-energy surface, the direct relaxation of CO; on the surface of (100) surface of ceria could cause
the destruction of the surface, but the addition of Co° on the surface would induce a stable metal/oxide
heterojunction (Figure S3). The Ce-O bond length in the heterstructure (2.64 A) is longer than that in a ceria
oxide (2.30 A), while the Co-O bond (1.93 A) is shorter than that in a normal CoO (2.12 A). The adsorption
energy of CO» (2.50 eV, Figure 6(a) & (b)) is much higher than the on Co® (0.68 €V), indicating the Co/ceria
interface could be the idea place for CO, activation. Interestingly, the presence of vacancies on the Co’ceria
interface actually is not conducive for the activation of CO,. CO, on the interface forms a bi-dentate CO3* on
the metal side (Figure 6(c) & (e)) while CO, on Co° particles (Figure 6(d) & (f)) generate Co-C and Co-O

bonds twisting the straight CO; into a tilted angle.
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Figure 6. (a) CO; adsorption energy on Co/ceria interface with (Int w. Vo) and without (Int w/o Vo) oxygen
vacancy or the one on Co metal (Co°). (b) Potential energy of the adsorbed CO» on the way to produce CO.
Charge density of the adsorbed COs* on the interface (c) or -CO, on Co° (d) in the dashed rectangle of initial
images in (e) and (f) showing de-adsorption process from the interface and the top of Co’, respectively. C — O
bond lengths (in A) were indicated in (c) and (d). “Image 4” in (¢) and “image 6” in (f) are selected for the

highest potential energy. Ce (green), O (red), Co (gray) and C (yellow) are drawn in atomic size.
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The configuration of CO; activation on the Co/ceria interface implies the donation of oxygen from ceria,
which is consistent with the long Ce-O bond that could be readily donating an O anion from the interface. The
oxide ion from the dissociated CO, will transport to the interface to fill in the vacancy and thus the Co on
oxygen-deficient ceria is not considered in the reaction route of a cathode. The charge density on the two C=0
bonds on the Co side in the adsorbed CO5* is lower than the one in —CO,, which is consistent with their longer

bond lengths.

The presence of oxide near Co greatly enhanced the adsorption of CO, *” and this is in accord of the higher
energy barrier (2.0 eV versus 1.7 eV) for the CO dissociation from the interface in the reaction route calculation
than the one from the top of Co’. However, considering the high CO, affinity, the CO produced from the

Co%ceria interface is more favored than the latter.

4. Discussions

The desorption of CO, will not cause the re-oxidation of the reduced CeO, according to the *CO
detection®®, but the superficial oxygen mobility was found to be critically important for the electrolysis of CO».
Therefore, the calculation of the (100) surface of ceria with higher surface energy than either (110) or (111)
surface could be more meaningful *°. The (100) surface was chosen also because it was the possible transport

plane of the oxide ions *°.

Theoretical calculations indicates the (111) surface of ceria can activate CO; to produce a monodentate
layer similar to noble metals *!, such as Pt, Rh and Pd, but the addition of 0.01 mol% Pt on samaria-doped ceria
cathode enhanced the CO; electrolysis by 56% *, indicating a synergistic effect between the metal and oxide

interface.
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According to the DFT calculation, the metal provides the place for the anchoring of CO, or COs* while
the oxides provide the oxygen for the activation. The DFT calculation of the Co on (100) surface of ceria
indicates that ceria was important in providing the oxygen for the activation of CO; in the form of COs* on Co
metal surface. The addition of oxygen storage oxides on Ni metal could provide fast oxygen transfer in the
cathode,* but we further confirmed that they enhance the activation of CO, by oxygen donation to produce
carbonate for an continuous operation under pure CO; feeding gas. In the case of pure CO, feeding, the
accumulated oxygen left behind by the CO removal will decrease the CO, activation on metal surface, as can
been that a significant degradation was found in the degradation of SOEC using CO, feedstock (Table 2) unless
ceria was used on the cathode side. This could explain the degradation of the cell with LCCo cathode where Co°

was also present on the surface since LC backbone is not able to re-adsorb the oxygen left on the metal surface.

Table 2. The durability-test comparison of perovskite cathodes for pure-CO,-fuel SOEC.

Cathode Electrolyte Current Degradation Duration

density /Acm™ (temp./ °C) (h)

@bias / V

Lao.65Ca0.3Ce0.05sCro.9C00.103 LSGM 1.05 @1.3 1% (800) 300

LaSrFeOa+s LSGM 0.96 @1.2 53% (850) 100 4
Lao3Sro.7Feo.7Ti0303-5 LSGM 0.27 @1.5 11% (800) 24 45
Lag.6Sro.4Fe0.9sM00.0503-5-GDC SSz 0.86 @1.2 23% (800) 30 46
Lao.6Sr0.4Feo.sNio203-5 YSZ 0.40 @1.5 25% (800) 35 47
Lag 4Sr9.6Co02Fe07M00.103-5-GDC ~ LSGM 0.65 @1.2 23% (800) 100 48
Ni-SrFeOs-5 LSGM 0.50 @1.4 10% (800) 100 49
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(Sr0.95)0.9(Ti0.sNbo.1Mno.1)o.9Fe0.103-5- YSZ

SDC
Sr2Fe1.35M00.45C00.206-5-GDC
Sr2Fe1 sMo0o.506-5-SDC
Lao.7S10.3Cro.sMno.s(NiCu)o.075
Lag 5Sro.5sFe0.95Vo0.05-GDC
SrFeO;-3-SDC-Ni

(Lao.2Sr0.8)0.95Ti0.5sMnp 35Cu0.103-5

SraFe1sMog 503-5-SDC

LSGM

LSGM

LSGM

YSZ

LSGM

LDC/

LSGM

LSGM

0.20 @1.6

0.40 @1.2
L12@L.5
0.36 @1.2
0.29 @1.2
0.50 @1.4

1.0@1.4

1.09 @1.5

15% (800)

25% (800)
7% (800)
16% (8300)
17% (800)
8% (800)

None (800)

2.7% (800)

24

220

100

100

21

100

100

100

50

51

52

53

54

49

55

56

The electrolysis of CO, was dependent not only on the activation of CO», but also the desorption of CO
from the surface, leaving an oxide ion on the surface of the oxides to be transported to the electrode/electrolyte
interface. Surprisingly, the metal/oxide surface actually does not facilitate the desorption of CO. Because the
CO adsorption energy on metal particles was found to decrease with the growth of metal particles®’, the growth
of Co along the durability test could enhance the production of CO since ceria particles were also found to be
covering the Co surface at the end of the durability test. The growth of metal particles will decrease the length
of the metal/oxide interface but facilitate the desorption of CO 3%, The microstructure variation could affects the

reaction sites and the adsorption energy of the reactive species to induce the fluctuating voltage for the cell with

LCCo or Ce-LCCo cathode in the initial 50 hours’ durability for CO; electrolysis.
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The growth of metal particles from the oxide matrix will follow the second Fick’s low and level off after
the initial change 3. The kinetics of particle growth could last the whole 300 hours, but it was more obvious at
the initial stage and is affected by the diffusion of the cobalt cation to the surface and depletion of Co in the

perovskites. After the exsolution is completed, the growth of particles (in size and amount) would level off.

The simultaneous infiltration of metal and ceria was used to enhance the electrocatalysis of an solid oxide
cell %, but the simultaneous exsolution created a unique structure where ceria can reside on the surface of an
metal particles that is subjected to thermal growth. The special structure was enabled by the fact that the more
metal outgrowth from the B site induced more ceria exsolution from the A site, or vice versa.' ' The
disconnected ceria was not supposed to enhance the ionic conductivity, but it could induce the activation of CO,
on the ceria/Co® interface via the COs* production since the equipotential of the metal and oxygen storage of
ceria. The spillover of oxygen on the cobalt metal is in this respect very important for the transport of oxygen

to the electrode/electrolyte interface ¢'.

Conclusions

A highly stable oxide cathode was constructed using in situ growth of metal/oxide composite by doping Co
and ceria on the B and A site of chromite. Comparing to the LC cathode, the unique ceria dispersion on Co
particles was achieved by the simultaneous ceria and Co® exsolution from A and B site. The Ce-LCCo cathode
further improved the electrolysis of the cell than LCCo and the stability after 300 hours for the direct electrolysis
of pure CO» feedstock. Ce doping in LCCo increased the performance of the electrode after an initial fluctuation
in performance before it reached a stable electrolysis of CO». The metal/oxide interface was found to be critically
important for the activation of CO, and the oxygen storage of the oxides is important for the removal of oxygen

to regenerate the oxygen surface. Unlike the previous route where Vo over an oxide anode was critically
20



important for the activation of CO,, the oxygen storage of the adjacent oxide dominates the activation of CO,

over metals in the metal/oxide heterojunction.
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