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ABSTRACT: Ceria (CeQ,) is an attractive catalyst because of
its unique properties, such as facile redoxability and high
stability. Thus, many researchers have examined a wide range
of catalytic reactions on ceria nanoparticles (NPs). Among
those contributions are the reports of the dopant-dependent
catalytic activity of ceria. On the other hand, there have been
few mechanistic studies of the effects of a range of dopants on
the chemical reactivity of ceria NPs. In this study, we examined
the catalytic activities of pure and Pr, Nd, and Sm-doped CeO,
(PDC, NDC, and SDC, respectively) NPs on carbon
monoxide (CO) oxidation. Density functional theory (DFT)
calculations were also performed to elucidate the reaction
mechanism on rare-earth (RE)-doped CeO,(111). The
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experimental results showed that the catalytic activities of CO oxidation were in the order of CeO, > PDC > NDC > SDC.
This is consistent with the DFT results, where the reaction is explained by the Mars-van Krevelen mechanism. On the basis of the
theoretical interpretation of the experimental results, the ionic radius of the RE dopant can be used as a simple descriptor to
predict the energy barrier at the rate-determining step, thereby predicting the entire reaction activity. Using the descriptor, a wide
range of RE dopants on CeO,(111) were screened for CO oxidation. These results provide useful insights to unravel the CO

oxidation activity on various oxide catalysts.
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1. INTRODUCTION

Ceria (Ce0O,) has been intensively studied in the field of
heterogeneous catalysis with a variety of applications, such as
automotive emission control, catalytic combustion, hydro-
carbon reforming, and electrocatalytic reactions.'”” The
remarkable features of ceria make it a suitable catalyst,
including the intriguing ability of facile redox between Ce*'/
Ce*, high oxygen storage capacity (OSC) coupled with the
formation of oxygen vacancies, and exceptional stability over a
wide range of temperatures and gas atmospheres.”

Despite the extensive research on CeO,-based catalysts, most
focused on tailoring the nanoscale architectures of ceria to
improve its chemical reactivity. Previous studies have shown
that the catalytic properties of ceria can be tuned by changing
its size, shape, and/or morphology, particularly when it is on
the nanoscale.'”'® On the other hand, few studies have
examined the influence of dopants on the chemical reactivity of
ceria nanoparticles (NPs). With the exception of Cu, which
facilitates the rate of carbon monoxide (CO) oxidation,'”"®
many transition metals (TMs) and noble metals are unsuitable
as a choice of dopant because of their limited solubility in the
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ceria host lattice and/or thermal stability.lg_22 In contrast, ceria

can accommodate a wide range of rare-earth (RE) elements.
For example, when doped with trivalent elements, such as Sm
or Gd, ceria is used widely as a promising solid electrolyte with
excellent oxygen ion conductivity at intermediate temperatures
(400—600 °C).>>"* The introduction of tetravalent elements
(e.g, Zr*" and Hf") enhances the OSC and thermal
stability.>*°

Only a few studies have reported the dopant-dependent
chemical reactivity of RE-doped ceria nanocatalysts, whose
conclusions still remain controversial. Reddy’s group”’~*°
examined the catalytic activity toward CO oxidation with a
series of RE dopants, in which the reactivity was in the
following order, Hf > Sm > Eu > Gd > Ce > La > Pr > Zr.
Prasad et al.” and Harshini et al.”” investigated the impact of
dopants (Y, La, Pr, Sm, Eu, Gd, Tb, and Yb) on the Ce—Zr—
RE and Ce—Hf—RE systems for CO and soot oxidation,
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respectively, and reported that in contrast to Reddy’s results, Pr
was most active and even better than Sm. In contrast to the
abovementioned reports, Gorte’s group reported the detri-
mental effects of acceptor dopants (Y, La, Sm, Gd, and Yb) on
propane and n-butane oxidation.*** This inconsistency
between different experiments comes partly from the fact that
most studies used ill-defined particle structures in terms of the
size and specific surface area, which may strongly affect the
catalytic performance of ceria NPs. Therefore, it is essential to
carry out reliable and quantitative experiments to clearly
distinguish the chemical effect of the dopant from the particle’s
geometric one.

Computational approaches have played an important role in
elucidating the CO oxidation mechanism on ceria-based
catalysts and providing a promising dopant element.’>”*
Most studies, however, focused on the TMs and noble metals,
such as Mn,*” Ru,*' Fe,*” Pd,** and Zr,** as dopant candidates
for CeO,(111), showing that the TM or noble metal dopants
facilitate the formation of surface oxygen vacancies, which may
promote CO oxidation. Recently, the Mars-van Krevelen
(MvK) mechanism has been used widely to describe the
oxidation reactions on metal oxide catalysts. Kim et al. applied
the mechanism to explain CO oxidation at the interface
between the Au nanocluster and pure*’ or X-doped CeO,(111)
(X = Au, Pt, Ti, Ry, and Zr),”” demonstrating that doped CeO,
can be a good support material to accelerate CO oxidation.

In this contribution, to understand the true effects of RE
dopants on the CO oxidation activity upon CeO, catalysis and
resolve the previous controversy, ceria particles were
synthesized with similar geometries with a varying choice of
RE dopants, followed by the quantitative reactivity tests in
combination with DFT analysis for elucidating the reaction
mechanism. A series of Cey4RE,0,_s (RE = Pr, Sm, and Nd)
and undoped ceria NPs were carefully synthesized, using an
ethylenediamenetetraacetate (EDTA)—citrate complexing
method,* to keep the size and surface area of ceria particles
constant regardless of the dopant type. The physical and
chemical attributes of each catalyst were characterized using a
broad range of analytical tools, such as thermogravimetric
analysis (TGA), X-ray diffraction (XRD), transmission electron
microscopy (TEM), Brunauer—Emmett—Teller (BET) surface
area measurements, and inductively coupled plasma-mass
spectrometry (ICP-MS). The catalytic reactivity of RE-doped
CeO, was tested for the CO oxidation reaction in a fixed-bed
reactor with a gas mixture of CO and O, in Ar. In addition,
DFT calculations were used to describe the reaction
mechanism via MvK, and a key descriptor on molecular
adsorption and desorption to rapidly predict the oxidation
activity of RE-doped CeO,(111) was found.

2. METHODS

2.1. Catalyst Preparation. CeysRE,,0,_s (RE = Ce, Pr, Sm, and
Nd) NPs with a diameter of 12.8 + 0.1 nm were synthesized by an
EDTA~citrate complexing method.*® Figure S8 describes the overall
synthetic process in this study. Stoichiometric amounts of nitrate-
based, cation precursors were dissolved in deionized water, and a
mixture of EDTA and citric acid, serving as a chelating agent and fuel
for combustion, was added. Subsequently, the pH values of the mixed
solution were adjusted in the range of 4—10, using NH;-H,O. The
EDTA/citric acid/total cation ion molar ratios were fixed at 1:2:1. The
solution was then evaporated on a hot-plate at 80 °C and then heated
further to 260 °C to form a crispy solid precursor. The combustion of
the solid precursor was conducted in a heating mantle at 450 °C for 1
h, followed by calcination in a box furnace at 750 °C for 3 h.

2.2. Characterization Techniques. The temperature-dependent
weight losses of the predried precursors were measured by TGA (TGA
92-18; Setaram) at a heating rate of 7 °C/min in air (Figure S9). XRD
(D/MAX 2500; Rigaku) with Cu Ka radiation (4 = 1.5418 A) at 40
kV and 200 mA at a scan rate of 4 °C/min from 25 to 90° was used to
identify the crystal structures and extract the crystallite sizes and lattice
parameters of the ceria powders. The elemental compositions of the
powders were analyzed by ICP-MS (7700S IPC-MS; Agilent). BET
measurements (Quantachrom, Autosorb-1, N, at 77.3 K) were
conducted to evaluate the specific surface area. The powder
morphologies were examined further by TEM (Philips Tecnai F20,
JEOL JEM-3010).

2.3. Catalytic Tests. All of the experiments were conducted at
atmospheric pressure in a fixed-bed flow quartz reactor. To build a
catalytic bed, 100 mg of the catalyst mixed with 200 mg of the silica
beads was loaded between 30 mg of the silica beads for each side. For
CO oxidation, the reactant gas mixture consisted of 0.5 vol % CO, 20
vol % O,, and 79.5 vol % Ar and was fed at 40 mL min~". The reactant
and product gases were monitored using a quadrupole mass
spectrometer (GSD320; PFEIFFER Vacuum) in real time. The
conversion ratio was detected by the m/e = 44 peak (the major peak of
CO,) instead of the 28 peak (the major peak of CO) to avoid
interference caused by the fragmented CO, (m/e = 28, 11.4%). Gas
chromatography (6890N; Agilent) was also used to calibrate the gas
compositions precisely.

2.4. Computational Details. To analyze the mechanism of CO
oxidation on RE metal-doped CeO,, density functional theory (DFT)
calculations were performed using the Vienna ab initio simulation
package.*”** A (2 x 2) surface unit cell of CeO,(111) with a vacuum
thickness of 16 A was used (Figure S10). The (111) surface is the
most stable among the low Miller index surfaces®>*****° and shows
the largest fraction of surface exposure on the polycrystalline ceria
powders.”' Theoretically, the (100) surface of CeQ, is the most active
toward CO oxidation; and thus, many studies have been conducted
using the cube-shaped ceria particles, which are presumed to be mainly
exposed to the (100) surface. However, since these particles are not
stable at high temperatures, they are not suitable for the studies which
require high temperatures, as in this study. Moreover, the actual
surfaces of shape-controlled particles are known to exhibit a much
higher degree of nonuniformity at the atomistic level than generally
expected. For example, Wang and Woll et al. recently demonstrated
that rod-shaped ceria NPs, which had been previously assumed to
expose a (110)-terminated surface, undergo extensive restructuring,
and consequently, {111}-type faceting becomes an intrinsic property
of the ceria(110) surface.’* Therefore, CeO,(111) has been the best
representative of the catalyst phenomena used in many apglications,
showing good agreement with the experimental results.***

The exchange-correlation energies were treated using the Perdew—
Burke—Ernzerhof functional on the basis of a generalized gradient
approximation (GGA).>” A plane wave expansion, with a cutoff of 400
eV, was used with a 2 X 2 X 1 Monkhorst—Pack k-point** sampling of
the Brillouin zone. Gaussian smearing was used with a width of 0.1 eV
to determine the partial occupancies. The geometries were relaxed
using a conjugate gradient algorithm until the forces on all
unconstrained atoms were less than 0.03 eV/A. To take the on-site
Coulomb and exchange interaction of localized electrons into account,
the GGA + U scheme, with the effective U value of 5.0, was used to
describe the localized nature of the 4f electrons of Ce.””** The details
for calculating the energetics are described comprehensively in the
Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Physical and Chemical Characterization of Ceria
Particles. To clearly investigate the dopant-dependent catalytic
properties of ceria NPs, it is important to eliminate their
morphological complexities. In this regard, ceria particles with a
similar size and surface area were synthesized, but only with
different types of dopants. The pH of the precursor solution
had a strong effect on the crystallite size of the samples (Figure
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S1), which is related directly to the specific surface area and
possibly catalytic activity. In this sense, different pH values need
to be set depending on the dopant to secure a well-defined
particle structure between samples.

XRD of the RE-doped CeO, samples used in this study
showed that all samples have a cubic fluorite structure without
secondary phases (Figure S2). Furthermore, according to the
Scherrer equation, the mean crystallite sizes of all of the
samples were also estimated, confirming that they are similar
(12.8 + 0.1 nm) to each other. Figure 1 presents TEM images

Figure 1. TEM images and particle size distributions of doped ceria
NPs.

of ceria particles. The histograms of the size distribution are
presented (insert), which were obtained by counting 200
particles for each sample. The mean particle sizes obtained
from the image analysis were in the range of 11.7—12.9 nm,
which concur with the values from XRD. The particles in this
study did not show any specific shapes with a preferred
terminated surface. In fact, cube and rhombic dodecahedron
particles, which are the most stable in the {100} and {110}
surfaces, respectively, were not noticeably observed and the
shape of the ceria particles used was almost constant regardless
of the type of dopant. Instead, the ideal morphology of CeO,
derived from the Wulff construction typically exhibits an
octahedral shape exposing the {111} facets.”*° Therefore, this
study assumes that the {111} surface, which is known to be the
most thermodynamically stable,”"*” is dominant in our ceria
powders and performs the related DFT calculations. Additional
BET measurements were also undertaken to compare the
specific surface area of each particle. All samples maintained
similar specific surface areas in the range of 46.1—56.7 m*/g.
The corresponding particle sizes, on the basis of the assumption
of an ideal spherical shape, were calculated to be between 14.7
and 18.3 nm, which are slightly larger, but still similar to the
values from both XRD and TEM. Table 1 lists the geometric
information of the synthesized ceria particles.

Furthermore, the chemical compositions of all samples were
also analyzed by ICP-MS, which showed that the RE dopant
concentrations of all samples were approximately 20% within
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Table 1. Doping Concentration (RE), Lattice Constant,
XRD Crystallite Size (Dygpp), TEM Particle Size (D1gy),
BET Particle Size (Dygr), and BET Surface Area (Sypr) of
Doped Ceria NPs

lattice

RE“ constant Dyrp  Dggr SgeT Dogy
sample  (mol %) (A) (om) (om) (m’/g) (nm)
CeO, 54135 12.9 14.7 56.7 11.7
NDC 198 +0.1 54554 12.6 17.7 48.4 12.9
PDC 19.7 £ 0.1 5.4192 12.7 16.5 50.5 11.7
SDC 19.8 + 0.1 5.4430 12.8 18.3 46.1 13.0
average 12.8 16.8 504 12.3
standard deviation 0.1 14 4.0 0.6

“From ICP-MS, the errors were determined by measuring three times
for each sample. YFrom XRD analysis.

an error of only 0.1%. Overall, the particles obtained in this
study show highly controlled morphologies and compositions.
Consequently, they serve as an appropriate model system to
quantitatively analyze the effects of the dopants on the catalytic
properties of ceria NPs.

3.2. CO Oxidation Reactivity of Doped Ceria NPs. The
catalytic properties of doped ceria NPs were tested for the CO
oxidation reaction in the temperature range of 150—480 °C.
Figure 2a shows the typical CO conversion ratio as a function
of the reaction temperature over the four samples, with
different dopants. Figure 2a also presents the CO conversion
behaviors without ceria catalysts for comparison. As an
indicator of the reactivity for CO oxidation, the Ty, value
(corresponding temperature at 50% conversion of CO to CO,)
was used. Pure CeO, showed the highest activity for CO
oxidation with the lowest T, value, whereas it was suppressed
when RE was added. The corresponding T, values for CeO,,
PDC, NDC, and SDC were 304, 312, 324, and 328 °C,
respectively. Given that the standard deviation in T, of ceria
NPs, which were calculated from four different measurements,
was within +1.5 °C (see Figure S3), the catalytic activities of
doped ceria NPs increase in the following order: CeO, > PDC
> NDC > SDC. Interestingly, as the atomic number of the
dopants increased and the ionic radius decreased, the ceria
catalysts became more active toward the CO oxidation reaction.

The kinetic rate data revealed a difference in the intrinsic
activity among the catalysts used in this work. To observe the
intrinsic surface kinetics, the point was set below the 12%
conversion ratio region. As shown in Figure 2b, pure CeO,
exhibited a 4.3 times higher reaction rate at 240 °C compared
to that of SDC. More importantly, the apparent activation
energies of the ceria NPs tended to increase with increasing T
value. For example, the activation energy of the pure CeO, NP,
that is the most reactive one, was 83.8 kJ/mol, whereas the least
reactive SDC showed a value of 103.9 kJ/mol. This correlation
between the dopant and apparent activation energy will be
discussed further in detail.

3.3. Theoretical Interpretation of CO Oxidation on
Doped CeO,(111): MvK Mechanism. MvK mechanism has
been widely used to explain CO oxidation reaction on bare and
doped CeO, surfaces.””*”** The experimental results were
interpreted on the basis of the mechanism. To examine the
detailed oxidation process on RE-doped CeO,(111), the
relative reaction energy profile via the MvK mechanism was
plotted, as shown in Figure 3, which is on the basis of the
energetic state of each elementary step labeled EO to ES and
IS1 to IS2, respectively. Here, the reaction energy, which is the
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Figure 2. (a) Light-off plots for CO oxidation over doped ceria NPs. (b) Arrhenius plots for CO oxidation over doped ceria NPs. The activation

energies are indicated above each line.

energy difference between the initial and final states, is believed
to describe the energy barrier between the reaction steps under
the assumption of a Brensted—Evans—Polanyi (BEP) relation-
ship. The BEP model is an efficient way to estimate the
activation energy (E,) from the reaction energy on
Ce0,(111).°* To confirm that the BEP relationship is valid
in this system, climbing image-nudged elastic band calcu-
lations® were performed to estimate the rigorous reaction
barriers between E4 and IS2 (barrier 3), as an example (Figure
S4). E, showed a linear relationship with the reaction energy,
implying that the BEP relationship holds for the step between
E4 and IS2 (Figure SS). Therefore, it is reasonably presumed
that the reaction energies at the other elementary steps in
Figure 3 can also successfully predict the reaction barriers; thus,
it is possible to determine the rate-determining step (RDS) by
comparing the reaction energies of each elementary step.

Although the conventional MvK mechanism®*” has not
often considered the adsorbed carbonate species during the CO
oxidation process, two additional carbonate formation steps
should be included in the reaction mechanism to obtain the
precise reaction barriers on doped*’™** or nondoped
Ce0,(111).”* Using DFT + U calculations, Chen et al. showed
that the CO that exists as carbonate species on pure CeO,(111)
is 0.1 eV more stable than that of adsorbed CO, at the first
oxidation process*® (in this study, EO to E1 in Figure 3). This is
because the orbital hybridization of the surface Ce 4f and O 2p
orbitals with the 2p orbital of CO, stabilizes the adsorbed CO,
on the surface by forming a carbonate species with significant
charge transfer from carbonate to Ce0,(111).>*° Chen et al.
calculated the frequencies of molecular adsorption to
demonstrate that carbonite (CO*7) and carbonate (CO;>")
species could be formed during the oxidation reaction on M-
doped CeO,(111) (M = Mn, Ru, and Fe).**”* In particular,
the formation of surface carbonate species was calculated to be
more stable than that of CO, species adsorbed on Fe-doped
Ce0," Recently, Xie et al. explored the CO adsorption and
desorption on Sm-doped CeO,(111) using DFT calculations.
In their study, Sm-doped CeO,(111) had a lower E,; than pure
CeO,(111), which may enhance CO oxidation due to the
modified geometric and electronic structure of Sm-doped
Ce0,(111).%" On the other hand, their results are contradictory
to the current experimental and theoretical results. One main
difference from the present study is that they did not consider
carbonate formation during the oxidation process.
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Carbonate-like (CO;*") species has also been observed
experimentally during the oxidation reaction on doped CeO,.
Wu et al. examined CO oxidation over various surface planes,
such as rods ({110} + {111}), cubes ({100}), and octahedra
({111}). Their IR spectra showed that a variety of carbonate
species are formed by the strong interaction between the
surface oxygen and CO molecules at room temperature.''
These theoretical and experimental results show that carbonate
species formed on the surfaces is closely related to the
oxidation process. Therefore, in this study, we considered the
adsorbed carbonate species (E1 and E4) in the reaction
mechanism.

As shown in Figure 3a, the first oxidation is initiated by CO
adsorption onto RE-doped CeO,(111). The CO molecule
adsorbs strongly at the bridge site between the two adjacent
lattice oxygen atoms on the surface with the formation of
carbonate species (E1). The molecule is then transformed to
the adsorbed CO, (IS1), followed by desorption from the
surface, leaving an oxygen vacancy (E2). Because the CO,-like
species adsorbed vertically on the surface exists as an
intermediate step (IS1) from carbonate species to the gas
phase CO,, it is regarded as a metastable state for the CO,
desorption. This is consistent with previous theoretical reports
in that the vertically linear configuration of chemisorbed CO, is
observed during the CO oxidation process on M-doped CeO,
(M = Mn, Ru, and Fe).40_42

Although the first oxidation cycle does not restore RE-doped
CeO,_,(111) to its initial state, the consecutive reactions of a
second oxidation cycle recover the surfaces, making further
continuous reactions possible. O, adsorption onto the oxygen
vacancy site initiates a second oxidation process, with healing of
the defected surfaces. After the adsorption of O,, excess lattice
oxygen remains on the surface (E3), where a CO molecule can
bind easily. Upon the second CO adsorption, another
carbonate species is formed on the surface (E4). The speices
is then transformed to adsorbed CO, (IS2), which would be
desorbed as CO, gas from the RE-doped CeO,(111), with a
regeneration of the clean surface (ES).

From the reaction profile in Figure 3a, the key reaction
barriers of CO oxidation are the endothermic elementary steps
of the transformation from carbonate-like species to adsorbed
CO, (E1 — IS1 and E4 — 1S2) or CO, desorption (IS1 — E2
and IS2 — ES). Owing to the endothermicity, the four
elementary steps (E1 — 1S1, IS1 — E2, E4 — 1S2, and IS2 —
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Figure 3. (a) Relative energy diagram of CO oxidation on RE-doped CeO,(111). IS1 and IS2 represent the intermediate states of CO, desorption,
respectively. The bottom insets in (a) represent the optimized structures of the oxidation process at each step on undoped CeO,. The bottom two
figures show a linear relationship between (b) the reaction energy of each elementary step or (c) Epyn_max and the formation energy of oxygen

vacancy on RE-doped CeO,(111).

ES) are denoted as barriers 1, 2, 3, and 4, respectively (Figure 3
and Table S1). To compare the activity of CO oxidation for
each dopant, an elementary step with the highest reaction
energy was selected among the four elementary steps (barriers
1—4), considering the step as an RDS. Table S1 lists the
energetics of oxygen vacancy formation and the reaction
barrier. All dopants, except for Ce, have the highest reaction
energy (Epg ma) at barrier 3, where the geometry of the
adsorbate was changed from the carbonate-like to CO,-like
species (Figures 3 and S9), suggesting that barrier 3 is an RDS.
A comparison of Epy, m. at the RDS on each RE-doped
CeO,(111) successfully explained the experimental results in
that the activity of CO oxidation is in the order of CeO, > PDC
> NDC > SDC. Therefore, investigating the elementary steps,
including the carbonate species step through the MvK
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mechanism, is appropriate for predicting the dopant effect on
the activity of CO oxidation on RE-doged CeO,(111).

Similar to previous reports,”**°~* the reaction profile
showed that the carbonate species as an adsorbate (E1 and
E4) is more stable than the CO,-like species (IS1 and 1S2) at
both the first and second oxidation processes, respectively.
Although the optimized geometries are slightly different in
terms of the tilt angles of the carbonate species formed on RE-
doped CeO,(111) depending on the dopants (Figure S6),
doping RE-metals enhances the strength of molecular
adsorption for all cases. Unlike the first intermediate species
of CO, chemisorbed vertically at the surface (IS1) (—0.38 to
—0.94 eV), the second intermediate species of CO, have
weaker binding strengths (~—0.12 eV), with adsorption
configurations parallel to the surfaces for all dopants (IS2).
This implies the independence of the adsorption strength on
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Figure 4. Linear relationships between (a) oxygen vacancy formation energies or (b) Egg mex and the ionic radius of dopants on RE-doped
CeO,(111). (c) Charge density distribution of RE dopants with the smallest (Lu) and the largest (La) ionic radius bonded with the NN oxygen
atoms in RE-doped CeO,(111).

the types of dopants (Figure S6), which is evidence of
physisorption.®” The adsorption strength of CO, is sensitive to
the defects on the surface because the main difference between
IS1 and IS2 is the existence of oxygen vacancies near the
adsorption site. This may be due to the accumulation of surface
charge near the oxygen vacancy;”’ the formation of oxygen
vacancies during the first oxidation process leaves excess
charges on the surfaces, inducing a strong chemisorption of
CO0,.** This is also supported by a previous report that CO,
adsorption on O-defective CeO,(111) is stronger than that on
a clean surface.” Therefore, more energy is required to proceed
from the carbonate species formed on the surface (E4 or E1) to
the CO,-physisorbed state (IS2) at barrier 3 than that required
to proceed to the CO,-chemisorbed state (IS1) at barrier 1.
From these different reaction characteristics, barrier 3 is
determined to be an RDS for the CO oxidation reaction on
RE-doped CeO,(111).

3.4. Linear Relationship between Oxygen Vacancy
Formation and CO Oxidation Activity on RE-Doped
CeO0,(111). In the MvK mechanism, the atomic oxygen
supplied by the lattice oxygen of CeO, oxidizes the CO
reactant. The capturing process of lattice oxygen to the CO
molecule is accompanied by the formation of a surface oxygen
vacancy (IS1 and E2) or the removal of excess oxygen (IS2 and

15454

ES). Therefore, the oxygen vacancy formation energy (E,y),
which is a measure of how easily oxygen vacancies are formed,
is a key descriptive factor for analyzing the CO oxidation on
doped CeO,.'"*07*>** Aryanpour et al. previously explored
the relationship between the oxygen vacancy formation
energies from DFT calculations and the experimentally
measured catalytic activity for various TM or noble metal-
doped CeO, in several reactions, such as the preferential
oxidation of CO (Fe and Zr-doped CeO,), soot conversion
(Cu, Fe, and Y doped Ce0,), and N,O conversion (Rh, Pt, and
Pd-doped Ce0,).** They reported that the oxygen vacancy
formation energies on TM- or noble metal-doped CeO, are
inversely proportional to the catalytic activities, suggesting that
the easier formation of oxygen vacancies is closely related to the
higher activity of surface reactions.

The relationships between E and the reaction energies
(linearly correlated with the reaction barriers via BEP, as
described in Figure S5) for all elementary steps were also
explored. Because all reaction energies in these results show
linear relationships with E, (Figure 4a), oxygen vacancy
formation is closely related to the activity of CO oxidation on
RE-doped CeO,(111). Unlike the cases of TM or noble metal-
doped CeO,, however, there was a linear (an inverse)
relationship between E,; and the activity (Egy, ma), indicating
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that the easier formation of oxygen vacancies deteriorates the
activity of CO oxidation on RE-doped CeO,(111) (Figure 4b).
To determine how this relationship is established, the RDS,
that is, barrier 3 (E4 — IS2), was examined. In the second
oxidation process, one O atom (Oy,) of the adsorbed oxygen
molecule (E3) recovers the surface vacancy while the other O
atom (O,_) binds to the adsorbing CO molecules by forming
the surface carbonate (E4) (Figure S7). At barrier 3, the
carbonate species transforms to physisorbed CO,, leaving a
clean surface. This process can be much easier if Oy, binds
weakly to the CO, part of the carbonate species, which will be
desorbed as gas phase CO, via the CO,-physisorbed state
(IS2). The weaker binding of Oy, to CO, is, in turn, connected
directly to the stronger bonding of Oy, to the surface cations.
The bond length between the C atom and Oy, atom in the
carbonate species (dc_o) (Figure S7a) and the average bond
lengths between Oy, and three nearest neighbor (NN) cations
on the carbonate-formed surface relative to those on the clean
surface (don-0) Were measured (Figure S7b). As shown in
Figure S7, the results show that dc_o (degion—o0) is (inversely)
proportional to E.; This suggests that higher E.; indicates the
higher affinity of lattice oxygen to the cations (contracted
deson—0) in CeO,(111), leading to stretched dc_q. Therefore, a
higher E,; accelerates the easier transformation of the carbonate
species to the physisorbed CO, due to the weaker binding of
Oy, to CO,, which lowers the energy barrier in an RDS. E,¢ has
a linear (an inverse) relationship to activity (Egy, me) because
all RE-doped CeO, have RDS at barrier 3. -

3.5. Simple Descriptor to Predict the Activity of CO
Oxidation Reaction on RE-Doped CeO,(111). Doping
CeO, with RE metals with different ionic radii (R,,,) results in
different structural and chemical properties compared to those
of CeO,. Although there have been several studies that showed
the relationship between R, and various properties of RE-
doped CeO,, such as oxygen migration, oxygen vacancy
formation, and catalytic activity,”* most studies were conducted
on bulk ceria.

Recently, Ke et al. examined the activity of CO oxidation on
RE-doped CeO, (RE = La—Lu) nanowires.”® Except for La-,
Pr-doped, and pure CeO,, their experimental results also
showed a linear relationship between R,,, and the catalytic
activity. Unlike this study, however, their results had some
limitations. The catalysts they prepared showed a relatively
wide distribution of particle sizes, compositions, and surface
areas, which is difficult to compare entirely with the theoretical
results. In addition, they did not explore thoroughly the overall
mechanism of the oxidation reaction for all lanthanide dopants
by theoretical analysis. Indeed, here we demonstrated that the
catalytic activities on La-, Pr-doped, and pure CeO, that did not
show a linear trend from Ke et al.’s results also showed a linear
relationship with R . Therefore, it might be difficult for them
to elucidate the factors governing the activity of CO oxidation
even though they tried to examine the relationship between E ¢
or R, and the catalytic activity on RE-doped CeO,.

In this study, we precisely examined the overall surface
reaction of CO oxidation on RE-doped CeO,(111), where all
molecular reactions occur next to the dopants (Figure S6). In
Figure 3, E.¢ can act as a descriptor to predict the catalytic
activity of CO oxidation as reported elsewhere.’"~*>°° Because
E, is governed by the interaction between the cation and
oxygen ion, it is necessary to explore the interactions between
RE and lattice oxygen to determine the origin of different E,;
over various RE-doped CeO,. Andersson et al. reported a linear

relationship between the atomic number and E in RE-doped
bulk ceria by performing DFT calculations.”” To investigate the
contribution of the dopant to the formation of oxygen
vacancies, they divided the vacancy—dopant interactions into
elastic and electronic parts. Although both contributions are
directly/inversely proportional to the atomic number of the RE
metal dopants, overall, the elastic interaction energy describes
well the general trend of the total dopant—oxygen interaction
energy, when oxygen vacancies are formed at the nearest
neighbor of the dopant. In addition, RE dopants are in a
constant charge state, which is in contrast to TM or noble
metal dopants, indicating that the electronic contribution of RE
dopants is not critical. Gupta et al. investigated OSC in TM
(Mn, Fe, Co, Ni, and Cu), noble metal (Pd, Pt, and Ru), and
RE metal (Y and La)-doped CeO,. They found from both
experiments and DFT calculations that after reduction, the
TMs altered the charge state from 3+ to 2+ and noble metals
often changed from 2+ to 0 while RE metals still held 3+ charge
states. Therefore, it is expected that the elastic property is
related much more closely to the activity of CO oxidation than
to the electronic one.”®

To carefully examine the elastic contribution from the
different sizes of dopant (R,,,) to the RE—O interaction that
would be associated directly with E¢ (Table $2),>>% the RE—O
bond strengths were calculated as the charge density
distribution between RE and O. Note that Ce*" satisfies the
charge stoichiometry of pure CeO,, but for defective CeO,, Ce
often has facile changeability between Ce*"/Ce®". The charge
state of Ce on pure CeO,(111) can thus be 3+, which has an
ionic radius of 114.3 pm, while other RE metals that have 3+
charge states in CeO, have relatively smaller ionic radii than
Ce* except for La. Therefore, structural stress, such as
microtensile strain, is induced between RE and O. Figure 4c
shows that the microstrain induced by the smaller dopant size
weakens the cation—oxygen bond strength.”””° For this reason,
dopants with a lower ionic radius result in a lower E.; (Figure
4a), demonstrating that R, is closely related to E.z.

Summarizing all relationships of the terms discussed so far
(Riow Ev5 Epwy and Ep), a series of linear relationships was
found between R;;, & E & Ep,, o Ey. Therefore, the catalytic
activity of CO oxidation on RE-doped CeO,(111) can be
predicted by simply using R;,,, as shown in Figure 4b. In Figure
3¢, however, there were some discrepancies for the linear
relationships on Yb- or Gd-doped CeO,(111), which might be
due to the relatively strong magnetic properties. Previous
experiments showed that Gd-doped CeO, has much weaker
magnetic properties than pure CeO, ' Therefore, Aparicio-
Angles previously performed DFT calculations by artificially
treating the spin state as null to explore the mobility of oxygen
vacancies on Gd-doped CeO,(111).”” On the other hand, the
current spin-polarized DFT calculations for Yb- and Gd-doped
CeO,(111) obtained a more stable energy state at a higher spin
state than in the case of null total spin, which may result in
unique characteristics due to doping RE®' ions with the
stronger magnetic properties.”" For this reason, the data points
for Yb- and Gd-doped CeO,(111) in Figure 4 were excluded to
emphasize the general relationship between the ionic radius of
the RE dopant and the catalytic activity of RE-doped
CeO,(111).

In contrast to RE-doped CeO,, many studies of TM-doped
CeO, reported that a lower E, indicates higher catalytic
activity. Until now, there has been a lack of comprehensive
research for a mechanistic study of CO oxidation through a
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wide range of TM-doped CeO,(111). Therefore, it is difficult
to identify precisely why an opposite relationship between E.¢
and the catalytic activity of CO oxidation was observed. For
TM-doped CeO,, there might be complicated reasons for the
general trend, such as charge changeability and the ionic size of
the dopant, charge transfer between the adsorbate and catalyst,
and catalyst morphology. Among them, the difference in the
position of the RDS and the distinct elastic/electronic
characteristics of the dopant elements between RE- and TM-
doped CeO,(111) may provide some clue to the different
dependence of the catalytic activity on E, For example, Chen
et al. performed DFT calculations to examine the CO oxidation
on Fe-doped CeO,, showing that a phase transition step from
carbonate (CO5>7) species to CO,-like species in the first
oxidation process is the RDS of CO oxidation on Fe-doped
Ce0,(111).* Our previous result also showed that Fe-doped
CeO,(111) has the RDS at the first oxidation process (E1 —
IS1).” In addition, the oxidation state of the TM dopants in
TM-doped CeO, can be changed from 3+ to 2+.°° Because a
higher oxidation state often leads to a smaller ionic radius, such
charge changeability makes it much more complicated to
identify the fundamental reason for the overall relationship
between E,; and the catalytic activity on TM-doped CeO,(111)
than that on the RE-doped one. To clearly distinguish the
dependence of the catalytic activity on E, between TM and RE
dopants, more detailed studies of various TM-doped CeO, are
required.

In summary, Ry, can act as a simple descriptor to rapidly
predict the activity of CO oxidation on RE-doped CeO,. On
the basis of these results, Figure 4b suggests that among the
RE-doped CeO,, La-doped CeO, may be promising for CO
oxidation. Experimental verification of the CO oxidation
activity on La-doped CeO, is currently underway.

4. CONCLUSIONS

In this study, the effects of dopants on the catalytic properties
of CeO, were analyzed precisely by examining the activities of
CO oxidation on CeO,, PDC, NDC, and SDC NPs with well
controlled morphologies and compositions. The experimental
results showed that the catalytic activities of doped ceria NPs
were in the order of CeO, > PDC > NDC > SDC. In addition,
the reaction mechanism of CO oxidation on RE-doped
CeO,(111) was investigated using first-principles calculations
via the MvK mechanism.

On the basis of a careful mechanistic study, a strong linear
relationship was found between R, and the catalytic activity
represented by Eg,, . at @ RDS, which was derived as follows:

(1) Microstrain from localized lattice expansion or contrac-
tion induced by doping the different size (R,,) of RE
metals alters the E.

(2) Because Epy, ma of CO oxidation has a linear relation-
ship with Ey it can also be estimated by R,,, of RE
metals.

(3) Consequently, R, can act as a simple descriptor to
predict the activity of CO oxidation on RE-doped
CeO,(111).

From these results, La-doped CeO, is a promising catalyst
for CO oxidation among RE-doped CeO,, which will be
validated in a future study. These results will play an important
role in elucidating the effects of dopants on the catalytic activity
of ceria and developing high performance CeO,-based catalysts.
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