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Abstract

The efficient electro-reduction of COz to chemical fuels and the electro-oxidation of
hydrocarbons for generating electricity are critical toward a carbon-neutral energy cycle.
The simplest reactions involving carbon species in solid-oxide fuel cells and electrolyzer
cells are CO oxidation and CO> reduction, respectively. In catalyzing these reactions,
doped ceria exhibits mixed valence of Ce®* and Ce**, and has been employed as a highly
active and coking-resistant electrode. Here we report an in-operando investigation of the
surface reaction mechanism on a ceria-based electrochemical cell using ambient pressure
X-ray photoelectron spectroscopy. We show that the reaction proceeds via a stable
carbonate intermediate, the coverage of which is coupled to the surface Ce3*
concentration. Under CO oxidation polarizations, both the carbonate and surface Ce®*
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concentration decrease with overpotential. Under CO> reduction polarizations, on the
other hand, the carbonate coverage saturates whereas the surface Ce* concentration
increases with overpotential. The evolution of these reaction intermediates was analyzed
using a simplified two-electron reaction scheme. We propose that the strong adsorbate-
adsorbate interaction explains the coverage-dependent reaction mechanism. These new
insights into the surface electrochemistry of ceria shed light on the optimization strategies

for better fuel cell electrocatalysts.
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Introduction

Chemical and electrochemical reduction of CO- to useful gaseous and liquid fuels
have attracted enormous attention. The reverse reaction, the oxidation of CO, is also a
crucial step in the catalytic conversion of automobile exhaust* and the oxidation of
hydrocarbons for solid-oxide fuel cells®°. The inherently stable carbon-oxygen bond in
CO. and CO makes these reactions particularly challenging to catalyze at room
temperature!! 12, Elevated-temperature solid-oxide fuel cells and electrolyzers, on the
other hand, exhibit faster kinetics'® 4. The electrochemical reduction of CO- is expressed

in Krgger-Vink notation as:

CO, ) + V5 +2¢'=CO, + 0y (1)
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Fig. 1 Schematic of the oxygen-ion incorporation pathway on the surface of a mixed-ion-
electron-conducting electrode.

where Vv; denotes an oxygen vacancy, and O} denotes a lattice oxygen. Here, the

oxygen-ion-conducting electrolyte and electrode act as the oxygen sink (in the case of
CO:. dissociation) or the oxygen source (in the case of CO oxidation). The two-way
traffic of the oxygen vacancies and electrons across the ceria/gas interface during oxygen
incorporation reactions (Fig. 1), contrasts with the electron-transfer reactions in a typical
metal/electrolyte junction in the solution-based electrocatalysis®® ¢, This type of reaction
underlies an increasing number of chemical conversion and energy storage devices.
Encouraging results have been reported at temperatures between 600 °C and 800 °C in the
case of CO; electrolysis!’ 18, Similar success was also reported in the solar-driven,
thermochemical dissociation of CO, to CO using oxygen-storing metal oxides®® %,
Heating the metal oxides with concentrated sunlight reduces the solid and generates
oxygen vacancies. Subsequently, the oxygen-deficient oxides are re-oxidized by CO; at a

lower temperature, producing CO, a key precursor towards liquid fuel synthesis.
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Promising efficiencies at essentially complete selectivity towards CO have been

demonstrated?.

In both elevated-temperature electrochemical and thermochemical reduction of
CO; and oxidation of CO, oxygen-deficient CeO, (ceria) is one of the most commonly
employed materials, owing to the relative ease at which oxygen vacancies form upon
decreasing oxygen pressure, increasing temperature, and aliovalent doping?2. In an
electrochemical cell, the electrochemically-generated oxygen vacancies and Ce>* react
with gaseous CO and CO; species. The general reaction shown in Equation 1 can be

written specifically for ceria as:

CO, , +V; +2Ce,, = CO,, + O}, +2Ce, )

2(9) )]

where Ce_, represents the Ce3* cations, or localized electrons, and Ce;, represents the

Ce* cations. Additionally, ceria’s low catalytic activity towards carbon deposition
eliminates the possibility of coking on the surface, even under thermodynamically

favorable conditions’ & 2%,

The non-electrochemical oxidation of CO and reduction of CO2 on ceria have
been examined extensively for the past few decades. The majority of the work has been
focused on identifying the adsorbate species under either a CO or a CO, atmosphere?3-28,
It is generally agreed that in a CO. atmosphere, the surface of ceria is covered mainly
with carbonate species. Furthermore, density functional theory calculations have shown
that it is energetically favored for the CO> activation and the CO oxidation to take place
near surface oxygen vacancies?®=L. This has also been shown for H2O splitting, both

computationally3>3® and experimentally*®. Traditionally, these catalytic reactions
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involving CO and CO> have been catalyzed by metal supported on ceria via a spillover
pathway®"*°. Recently, however, there has been growing evidence showing the

importance of reactions catalyzed purely by ceria®®*.

On the other hand, electrochemical redox processes, unlike chemical processes,
are typically carried out in an atmosphere containing a mixture of CO and CO2*®#, The
reducing atmosphere of the gas mixture leads to a partial reduction of ceria to the Ce3*
state?* %8, Adding additional complexity, the electrochemical polarization can further
modulate the degree of reduction of the bulk and surface of ceria, which is expected to
have a significant effect on the reaction pathway. The mechanism of these
electrochemical reactions have been explored primarily using current-voltage polarization
and impedance spectroscopy, though the precise identification of the reaction pathway
has been challenging*® 47 4% 50, Recently, electrochemical measurements and X-ray
spectroscopies have been combined to investigate ceria electrodes in elevated-
temperature solid-state cells** 153, as well as in room-temperature liquid cells®* ®, In
particular, Yu et al. have explored the spatial distribution of electrochemical reactions
involving CO and CO> using in-situ photoelectron spectroscopy, where they observed the
reduction of CO to graphitic carbon under relatively large overpotentials®®, as previously
observed via Raman spectroscopy in hydrocarbon fuel’” %8, Because a diffusion-limited

cell was employed, quantitative analysis of the reaction pathway was difficult.

In this work, we employ ambient pressure X-ray photoelectron spectroscopy
(APXPS) to investigate the mechanism of the electrochemical dissociation of CO. and
oxidation of CO on a water-free surface of Sm-doped CeO; (SDC) thin-film electrodes

under realistic reaction conditions. Doping ceria with trivalent samarium generates



Physical Chemistry Chemical Physics Page 6 of 26

oxygen vacancies, and yields high oxygen ion conductivity under both oxidizing and
reducing conditions. We show that both the electrochemical reduction and oxidation
reactions proceed via a stable CO3> intermediate, consistent with previous work*°. Under
electrochemical CO oxidation (anodic) conditions, the carbonate coverage varies linearly
with the surface Ce3* concentration, suggesting a rapid quasi-equilibrium between the
two species. On the other hand, with increasing CO. reduction (cathodic) overpotential,
the surface is quickly saturated with CO3s>. Our direct observation suggests that the
height of the energetic barrier in the rate-determining step during CO> dissociation is
possibly modified under high carbonate coverage conditions due to strong adsorbate-

adsorbate interactions.

Experimental and Theoretical Methods

Sample preparation. The single-environment, solid-state electrochemical cell
was fabricated on a 10x10>0.5 mm Yo.16Zr0.8401.92 (YSZ) (100) single crystal substrate
(MTI Corp.), which also served as the solid electrolyte (Fig. 2a). The working electrode
(WE) consists of a 450 nm thick Smo.2Ceo.801.9-x dense thin film grown by pulsed-laser
deposition (PLD). Buried, micro-patterned Pt stripes served as the current collector,
which eliminates the lateral variation in the electrochemical current density and
simplifies the interpretation compared with previous work®* . The counter electrode
(CE) consists of 80 nm thick porous Pt sputtered on a 50 nm thick SDC interlayer, also
grown by PLD. Details of the fabrication process and physical characterization have been

reported previously®3.
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Fig. 2 Overview of the experimental setup. (a) A schematic depicting the sample
geometry, a cross-sectional view of the reaction pathway, and an optical micrograph of
the ceria electrode. (b) Current-voltage characteristics of the cell at 500 °C in 270 mTorr
CO/CO2 mixture. (c) The change of (electro-) chemical potential of effective oxygen gas
(green), oxygen vacancies (magenta) and Ce®* (cyan) from the equilibrium state (dashed
lines) to the cathodically biased state (solid lines).

Depth

Electrochemical APXPS. Operando X-ray photoelectron spectroscopy was
carried out by APXPS at the beam line 9.3.2 of the Advanced Light Source (Lawrence
Berkeley National Laboratory), which is equipped with a differentially pumped Scienta
R4000 HiPP electron analyzer. The electrochemical cell was preconditioned at 500 °C in
5x10° Torr O before 250 mTorr CO; and 20 mTorr CO was introduced into the vacuum

7
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chamber (Fig. 2). An electrical bias was applied between the WE and CE using a Bio-
Logic SP-300 potentiostat. The current-voltage curve is shown in Fig. 2b. Overpotential
at the WE was quantified via the rigid shift of the Ce 4ds» photoelectron peak® > (see
Fig. S1). The binding energy of all photoemission spectra are first calibrated to the Au
4f70 peak (83.8 eV), and then shifted such that the Ce 4d X**” peak at different

overpotentials are aligned at its open-circuit value?’.

Non-equilibrium defect chemistry. We briefly describe the (electro-)chemical
potential distribution within the single-environment electrochemical cell at open circuit

and under bias. At open-circuit condition, both the WE and CE are equilibrated with the

oxygen partial pressure, p , and the uniform gas environment gives a zero voltage across

the cell (superscript ‘eq’ denotes equilibrium). When an electrical bias is applied between
the electrodes (specifically between the two metal film current collectors), the local
partial pressure of oxygen at the two electrodes deviate from equilibrium values (well-
defined at the Pt/YSZ/SDC junction at the WE and at Pt/SDC/gas junction at the CE).
The polarization drives symmetric, electrolysis half-reactions (forward and reverse of
Equation 2). For the purpose of this theoretical analysis, we assume that the overpotential
at the CE and the electrolyte is negligible, electron transfer between Pt and SDC is fast
compared to the rate-limiting step, and bulk transport within SDC is fast. Combined,

these assumptions imply that the overpotential occurs at the SDC/gas interface. As a

result, under bias, the oxygen partial pressure at the CE remains equilibrated with pg’

and the electrostatic potential within the YSZ remains unchanged. Thus, the effective

oxygen partial pressure in the bulk of the WE, pé’f , Is uniform and can be determined by

the Nernst equation:
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WE
n=XeT 1 [F’LJ (3)
4e png

where 77 is the applied overpotential, ks is the Boltzmann constant, T is the temperature
and e is the elementary charge. Invoking the local equilibrium approximation within the
bulk of the SDC WE, we write the following equilibrium condition using the SDC defect

chemistry in Equation 2 (as well as the equilibrium between Oz, CO(g and CO2(g)):

1 Por
Afly. +2Af, +=KTIn| =% |=0 (4)
(¢) Ce 2 poz

where A denotes the difference between equilibrium and off-equilibrium (i.e., biasing),

and # is the electrochemical potential. Combining Equation 3 and 4, we obtain

1
s M, ®

1. i
& = =2 My — Mg, ==

2

We cancel out the electrostatic potential terms contained in the electrochemical potential,
leaving only the chemical potential «. In heavily-doped SDC, the chemical potential of

oxygen vacancies can be approximated as constant under bias. Therefore, we have
&~ _A‘u Cece (6)

which is also illustrated schematically in (Fig. 2c¢). Finally, in the limit of dilute defect

concentration, we relate the electron concentration in the SDC WE to the overpotential:

e €n
c.. =~CH% exp| —— 7
Cece Cece p( kBT ] ( )

This relationship illustrates that the electrical bias directly controls the redox-state
of SDC via non-equilibrium thermodynamics when the SDC/gas interfacial reaction is

9
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rate-limiting. Subsequently, the variation in electron concentration drives

(electro-)chemical reaction at the gas/solid interface.

Results

We carried out electrochemical CO oxidation and CO> reduction using a
microfabricated solid-state electrochemical cell in a mixture of 250 mTorr CO2 and 20
mTorr CO gas at 500 °C, the ratio of the two being similar to that employed in a typical
solid-oxide electrolyzer (Fig. 2). Under CO> electro-reduction conditions (Fig. 2a), the
electrons from the current collector migrate to the surface and reduce CO>, while at the
same time the oxygen vacancies migrate from the counter electrode to the surface. The
reverse reaction takes place during CO electro-oxidation. We tracked the evolution of the
photoemission spectra with the overpotential between —0.35 V and 0.35 V (negative
values corresponding to electro-reduction). To eliminate complexity due to hysteresis,
spectroscopy measurements were made after the current stabilized at each potential. See
Fig. S2(a) for the time-dependent voltage and current curves. We further confirmed that
the electrode had reached steady-state by verifying that the spectra did not change at the
beginning and end of the spectroscopy measurement for a given overpotential

(Fig. S2(b)).

Fig. 3 shows the normalized O 1s and C 1s photoemission spectra during both
CO: electro-reduction and CO electro-oxidation at an information depth of ~0.6 nm. In
the O 1s spectra (Fig. 3a), three peaks have been fitted by constraining equal full-width-
half-maximum. The primary peak in blue (~529.1 eV) is assigned to the lattice oxygen of

Sm-doped ceria, consistent with previous observations®. The minor peak in grey at

10
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Fig. 3 The response of carbonate reaction intermediate to the electrochemical

polarization in 250 mTorr CO2 and 20 mTorr CO at 500 °C. (a) O 1s spectra under CO>

electro-reduction (top) and CO electro-oxidation (bottom) conditions; (b) C 1s spectra

under CO electro-reduction (top) and CO electro-oxidation (bottom) conditions. (c)

Integrated peak areas of C* and O* as a function of the overpotential. The inset shows
the linear relationship between the integrated area of C* and O* under polarization. The
O 1s and C 1s spectra were taken at a photon energy of 690 eV and 490 eV, respectively.
The information depth of XPS is about 0.6 nm. The intensities of the O 1s spectra were
normalized to the same background intensity (averaged between 524 and 526 eV) while

11
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those of the C 1s spectra were normalized by the gas phase CO: peak. Binding energy
calibration method is described in the experimental section.

~1.4 eV to the left of the lattice O peak (denoted as O’) is attributed to Si impurity®. The
photoemission feature in red (denoted as O*) with a binding energy ~2.6 eV greater than
that of the lattice O disappears when the chamber is pumped out to high vacuum at 500
°C (see Fig. S3), and therefore must be due to the surface adsorbates from the gas phase.
Compared with previously reported values, the binding energy of this red peak relative to
the lattice O suggests that it corresponds to carbonate-related adsorbates®’ ¢, Lastly, we
did not observe peaks corresponding to adsorbed OH (with binding energy ~2.2 eV
relative to the lattice oxygen), as expected for the hydrogen and water-free environment
of our experiment. The silicon impurity peak remains invariant with overpotential (Fig.

3a).

Turning to the C1s spectra (Fig. 3b), a total of three peaks were observed. The
pronounced peak in green is attributed to the gas-phase CO., consistent with the peak
assignment in the literature®l. The remaining C1s peaks are assigned to carbon-containing
adsorbates because of their disappearance under high vacuum conditions at 500 "C
(Fig. S3). It is generally agreed that the peak in red at ~289.7 ¢V (labeled as “C*” in
Fig. 3a), originates from adsorbed carbonate species®’° €, although the precise
molecular structure is still under debate?® 2’. Plotting the integrated area of C* peak
against that of the O* peak gives a straight line through the origin (Fig. 3c, inset). This
confirms that they arise from the same carbonate adsorbate. The adsorbate’s binding

energy is known to depend on the oxidation state of the ceria surface, as shown by

12
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Albrecht et al.?” Whereas we calibrated our binding energies to a gold foil, Albrecht et al.
calibrated the binding energies relative to the Ce 4d X’’’ peak. This resulted ina 1 eV
difference in the observed binding energies between the two experiments. We accounted
for this difference and compared the C1s binding energy of the carbonate adsorbate. The
adjusted binding energy is 290.7 eV. Based on the report by Albrecht et al., this value
suggests that the carbonate adsorbed in the vicinity of Ce®* cations. We note, however,
that the O1s binding energy of the carbonate adsorbate does not agree with that reported

by Albrecht. This could be attributed to the presence of Sm dopant in our electrode.

The assignment of the minority peak at ~288.1 eV (labeled it as “C*’), however,
is less definitive. Some researchers have assigned it to carboxylate species (a CO*
adsorbed atop a Ce cation) based on infrared reflection absorption spectroscopy and X-
ray photoelectron spectroscopy measurements® 37, Others have argued that carboxylate is
unstable on the surface of ceria and assigned it to other forms of carbonate species?®.
Because this peak remains a minor component of the C1s spectra under all conditions

examined, we do not consider it further.

Fig. 3c shows the quantified O* and C* peak area as a function of applied
overpotential. Interestingly, these peaks exhibit a non-linear dependence. Under CO
electro-oxidation conditions, the carbonate peak decreases with increasing anodic
overpotential. In contrast, under CO- electro-reduction conditions, the intensity of the

carbonate peaks remains essentially constant with cathodic overpotential.

13



Physical Chemistry Chemical Physics

Ce 4d
Ce™* Ce* & Ce¥* Valence Band  Ce 4f

—
(a]
'

50—

40

30

0.07V 0.07

|

Concentration of surface Ce3* (%)

-0.4 -0.2 0.0 0.2 0.4

80.35V
|

125 120 115 110 105 10 8 6 4 2 0
Binding Energy (eV)

Overpotential (V)

Fig. 4 The response of Ce oxidation state to the electrochemical polarization. (a) Ce 4d
core-level spectra. The peaks highlighted in yellow are due to the Ce** oxidation state,
whereas the peaks highlighted in green are due to both Ce3* and Ce** states. (b) Valence-
band spectra. The peak at a binding energy of ~ 1.5 eV corresponds to the Ce 4f
electronic state occupied by the Ce®* localized electrons. (c) The quantified Ce3*
concentration as a function of overpotential. The Ce 4d and valence band spectra were
taken at photon energy of 370 eV and 250 eV, respectively. The information depth is
about 0.6 nm. The intensity of the spectra is normalized by the total intensity arising from
all Ce cations. Therefore, the intensity of the Ce 4f state in the valence band spectra
directly corresponds to the Ce®* concentration. The error bars in (c) are due to the finite
resolution of the XPS electron analyzer and truncated at 0% to be physically meaningful.

In addition to the adsorbed carbonate species, the localized electrons resulting
from the reduction of Ce** to Ce3* also play a critical role in the surface reactions®? 3,
The photoemission signature of the Ce®* localized electrons is well characterized by the
present and other authors®? %3 %4, To briefly summarize, final state effects in the Ce 4d
photoelectron spectrum lead to the splitting of the peaks, with the two highest binding

energy components arising purely from the Ce** state; in the valence band spectra, the

14
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peak at ~ 1.5 eV binding energy corresponds to the occupied Ce 4f electronic state, which
directly represents the Ce®* oxidation state. Fig. 4 shows the systematic variation of both
Ce 4d and the valence-band spectra with the overpotential, measured at an information
depth of ~ 0.6 nm. Even in the absence of quantitative analysis, the valence band spectra
(Fig. 4b) clearly shows that the occupied Ce 4f states decreases upon CO oxidation and
increases upon CO- reduction, consistent with the expected bulk behavior (Equation 7).
Using a previously validated quantification procedure (Fig. S4)%, we determined the
concentration of Ce®** on the surface from the Ce 4d and the Ce 4f (valence band)
photoemission spectra (Fig. 4c). Under the most anodic overpotential of 0.35 V, the
surface Ce is essentially fully oxidized in the 4+ oxidation state, while at the most
cathodic overpotential —0.35 V, the surface is enriched with 45% of Ce®*, meaning that
almost half of the Ce cations in the near-surface region are in the 3+ oxidation state. As
shown earlier, under cathodic overpotentials, the equilibration of the Fermi level in the
metal current collector and the ceria working electrode directly results in an increase in
the chemical potential of electrons (i.e., of Ce®*), and vice versa upon anodic
overpotential (Fig. 2c). We have recently demonstrated that the strong coupling between
the Ce®*" and the overpotential is due to the fast transport of localized electrons between
the surface and the bulk®®. We note that the surface electron concentration is higher than
that predicted by the bulk thermodynamics due to defect segregation (i.e., lower

formation energy at the surface than in the bulk).

As can be seen in Fig. 3 and 4, the carbonates and the Ce®* localized electrons
exhibit different scaling with overpotential. We plot the intensity of the carbonate peak

versus the Ce®*" concentration at various overpotentials (Fig. 5a). Two distinctive regimes

15
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are revealed. Under anodic overpotentials (CO electro-oxidation), the coverage of
carbonate is low and increases sharply and linearly with the Ce®** concentration. Under
cathodic overpotentials (CO- electro-reduction), in contrast, the carbonate coverage
remains relatively constant while the Ce®* concentration increases. The asymmetric

behavior suggests a reaction pathway that is coverage-dependent.
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Fig. 5 Proposed reaction mechanism. (a) The correlation between the carbonate coverage
and the concentration of surface Ce3* localized electrons. (b) The reaction pathway
divided schematically into four steps. In the CO; electro-reduction direction (on the
right), step (1) and (2) are the electron transfer from the Pt current collectors to the

surface Ce cations, depicted in green. Step (3) is the CO» adsorption and the first electron

transfer. Step (4) is the second electron transfer and oxygen ion incorporation resulting in
decomposition of carbonate into CO. The dotted lines represent the rate-determining
steps.

Discussion

To understand the correlation between the Ce®* concentration and the carbonate
coverage, we propose a simplified reaction pathway (Fig. 5b). The global reaction
Equation (2) consists of a sequence of bulk and surface processes (written in the CO>

electro-reduction direction):

2(Ce;, , +€, = Ce,,
Step 1 { ( S cer) ©)
VO, YSzZ Y~ VO, b
2(Cec, , = Cec, s
Step 2 { ( b e ) 9
VO, b \i VO, S
Step 3 CO, ¢ + 05, +Ce, , =(CO;), , +Cel, , (10)
Step 4 (CO;)y o +Cegy s + V5, = CO +20} , +Cey, , (11)

where the subscripts b’, ‘s’, ‘M’ and ‘YSZ’ denote the bulk and surface species of the
ceria electrode, the metal current collector, and the YSZ electrolyte, respectively. We
note that these reactions are unlikely the true elementary steps. In the CO; electro-
reduction direction, the reaction begins with the electron transfer from the current

17
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collector to the bulk of the ceria electrode, and the oxygen vacancy transfer from the solid
electrolyte to the ceria electrode (step 1). Next, these mobile species migrate to the
surface (step 2). We then divide the surface reaction conceptually into two single-electron
transfer steps. In step 3, a physisorbed CO2 molecule (likely a linear structure) is

activated by the localized electron (Ce®*") from the ceria electrode, generating a carbonate
adsorbate (COG,)'o . (likely bent). This step is then followed by a second electron transfer

and the ion incorporation reaction, which decomposes the carbonate and generates an
adsorbed CO, which finally desorbs from the surface (step 4)%. Step 1 and 2, the solid-
solid charge-transfer reactions, are not rate-determining, as shown recently by Chueh et
al. on the basis of electrochemical impedance spectroscopy*®, and more recently by Feng
et al. using photoemission spectroscopy®®. Therein, it was also shown that the bulk and
near-surface migration of localized electrons and oxygen vacancies are not rate-
determining. Thus, the rate-determining steps are those occurring at the ceria-gas

interface (step 3 and 4).

Electron transfer between Ce®* and the carbonate is crucial for the activation and
reduction of CO2 molecule and likewise the oxidation of CO. Two electrons are
transferred between ceria and the carbonate adsorbate. This contrasts with one electron
transferred per hydroxyl adsorbate in the case of H>O dissociation and H oxidation. The
correlation between surface Ce3* concentration and carbonate coverage, determined
experimentally in this work, reflects the relative rate constants of the reaction steps
proposed above. Under CO electro-oxidation conditions, we observed that the carbonate
coverage exhibits a strong and linear-like relationship to the surface Ce3* concentration.

We propose that the behavior arises from the high rate constant of the electron transfer in

18
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step 3 relative to other steps. In other words, the reactant and products (Ce®*, carbonate
adsorbate, etc.) are quasi-equilibrated. As a direct result, the surface carbonate coverage
is tuned electrochemically by the overpotential. Because the surface Ce3* concentration
decreases with anodic overpotential due to the oxidation of ceria (Fig. 2c), the quasi-
equilibrium leads to the decreasing carbonate coverage with increasing anodic

overpotential.

Based on the observation that electron transfer in step 3 is fast, we speculate the
ion/electron transfer reaction in step 4 is likely rate-determining. Our proposal contrasts
with the work by Yu et al., which attributed the correlation between Ce** and carbonate
to slow reaction kinetics. As discussed here and in an earlier work®, in oxide electrodes
with variable stoichiometry, such as ceria, the change in the concentration of reaction
intermediates does not necessarily indicate that they are participating in the rate-

determining step.

Next we turn to CO; electro-reduction, under which the surface Ce®*
concentration increases due to the electro-reduction of the electrode (Fig. 4). Unlike CO
electro-oxidation, the carbonate coverage does not vary significantly with the surface
Ce®*" concentration (Fig. 5). At the same time, the carbonate coverage is consistently
higher than that under CO electro-oxidation conditions. This saturation of the carbonate
adsorbates takes place at a cathodic overpotential of ~ 0.1 V. The precise coverage is
difficult to quantify due to the lack of a standard, but is approximately 20 % (neglecting
attenuation effects). We attribute the switchover of the correlation shown in Fig. 5 to the
carbonate coverage effect. As the coverage increases, adsorbate-adsorbate interaction is

expected to increase, especially given the relatively large molecular dimension of the

19
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carbonate species, compared to adsorbates such as hydroxyl and atomic oxygen. This
saturation behavior was not observed in a similar experiment under H2/H>O atmosphere,
despite the hydroxyl coverage being similar to the adsorbate coverage observed here®,
Indeed, a recent density functional calculation reported that the carbonate adsorption
enthalpy depends strongly on its coverage of the CeO2 (111) surface®®. The authors
showed that as the coverage of surface carbonate increases to about 1/3, the adsorption
enthalpy begins rising dramatically, making CO> adsorption more difficult. Our
experimental observation of the saturation under CO> dissociation condition lends

support to this theory.

The saturation of carbonate intermediate under increasingly cathodic
overpotential has direct implication on the kinetics of the CO- reduction reaction. In step
3 of the simplified reaction pathway, an electron is transferred from the surface to the
adsorbed CO.. As carbonate-carbonate interaction increases, the chemical potential of the
adsorbate increases at a given coverage. In turn, this lowers the driving force of the
reaction step. Specifically, while the electrochemical potential of the Ce3* (Fermi level)
increases and drives the step 3 in the forward direction, the increase in the chemical
potential of the carbonate (a product species) opposes this change. In other words, the
surface of ceria is less capable of supplying electrons to the CO, molecules. While we do
not have direct experimental evidence, we speculate that at a critically high coverage,
step 3, rather than step 4, could become rate-determining at sufficiently large cathodic

overpotentials.
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Conclusion

Using operando APXPS, we tracked the evolution of the stable carbonate reaction
intermediate and surface Ce3* localized electrons under CO electro-oxidation and CO;
electro-reduction conditions on doped ceria surface. Two electrons are transferred per
carbonate formation during the electrochemical reaction, and the relative rates of these
electron-transfer processes determine the reaction pathway. Under CO oxidation
polarization, the surface becomes more oxidized, and the carbonate coverage vanishes.
This observation suggests that the electron transfer between ceria and the adsorbed
carbonate is likely rate limiting. Under CO. reduction polarization, on the other hand, the
surface becomes more reduced. At the same time, the carbonate coverage saturates. This
is likely due to strong adsorbate-adsorbate interaction, which in turn lowers the driving
force for the reduction of CO: to carbonate. This observation contrasts with
measurements under Hz/H>O gas mixture, where comparably smaller molecular size of
the OH intermediate relative to the carbonate intermediate do not give rise to adsorbate-
adsorbate interaction. In a practical solid-oxide electrochemical cell, the partial pressure
of CO/CO:z is two to three orders magnitude higher than that employed in this work,
meaning the adsorbate coverage and adsorbate-adsorbate interaction is likely larger than
that observed here, and plays an even more significant role in determining the reaction

pathway.
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