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ABSTRACT: It is well-known that ceria enhances chemical activity
and catalyst durability in several important catalytic reactions,
including CO oxidation and NO, reduction. Of great practical
value is then having a theoretical model to predict the effect of
doping on the ceria activity before the actual synthesis of its
compounds. Such a model is developed in the present work on

the basis of experimentally observed data, where we verify

our

hypothesis that the energy for oxygen vacancy formation is a
simple yet powerful activity descriptor for this class of materials.
We further benchmark and use our DFT + U computations to
estimate this descriptor and to suggest a few transition metals
that would increase the activity of ceria toward redox reactions.
This new activity descriptor might be an important factor in
similar systems because it does not require any knowledge about the exact chemistry or mechanism of catalysis.
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1. INTRODUCTION

Ceria and ceria-derived materials have found widespread usage
in industrial catalytic reactions both as active participants and as
support for other active materials. Common examples include
the water-gas shift (WGS) reaction’ in fuel cells, preferential
CO oxidation (PROX) reaction,>® and three-way catalysis
(TWC) processes for automotive exhaust gas purification. ™’
Ceria-based materials are also potential candidates for high-
temperature catalytic applications because they remain largely
unaffected by carbon deposition when used as an anode with
hydrocarbon fuels.® These materials are also known to stabilize
precious metal dispersion and prevent their sintering, thus
enhancing the durability of the catalyst.””

The promoting role of ceria in catalytic reactions used to be
attributed to merely causing a better dispersion of known
catalyst elements or alloys on the ceria surface.'® Today it is
well established that ceria itself also participates actively in the
chemistry via a redox process,"" in which it releases or absorbs
an O atom, depending on the reaction conditions, particularly
on the partial pressure of oxygen. For instance, in TWC
processes, where the catalyst is exposed to cyclically varying
stoichiometric composition of reactants in the feed, ceria assists
in the removal of CO by donating oxygen under oxygen lean
conditions according to the reaction

CeO, + xCO — CeO,_, + xCO, (1)

and aids the conversion of NO under oxygen-rich conditions
according to the reaction

CeO,_, + xNO — CeO, + 0.5xN, (2)
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Creation of an O vacancy leads to a defect site in the pure
CeO, crystal or surface while the oxidation state of one Ce
atom changes reversibly, in a formal sense, from a 4+ to 3+.
From an electronic structure point of view, the ground state
electronic structure of CeO,, the occupancy of the 4f electrons
has been a subject of debate for a long time.

Early experimental studies using spectroscopy'” and measure-
ments of optical reflectivities'® suggested that mixed or
intermediate valence states with partially occupied 4f states
could be ruled out for CeO,. Later experimental investigations
of the electronic structure of CeO, surfaces using TPD and
XPS' indicate that in the presence of defects, the 4f state in
Ce* is occupied and accompanied by diffusion of O vacancies
from the bulk to the surface."> More recent studies employing
STM conductance spectroscopy (see ref 16 and references
therein) as well as a combined STM—DFET approach'”"® point
out that the localization of the excess electrons in the 4f states
of Ce is due to the creation of O vacancies. Localization of
excess electrons on Ce 4f orbitals upon O vacancy formation in
turn influences the ordering of energy levels of the occupied 4f
states of reduced Ce ions and their coordination with other
atoms because a higher coordinated Ce®* ion is less stable.'?
These factors ultimately determine the stability and energy of
formation of O vacancies, which is shown in the present work
to play the role of an activity descriptor.
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In the literature, the activity of CeO, is often discussed in
terms of its oxygen storage capacity (OSC), which is directly
related to the energy required to form an oxygen vacancy,
denoted by Ef. The facile uptake and release of O atoms in
doped CeO, enables it to directly participate in catalytically
relevant processes, such as CO oxidation>** and NO,*" reduc-
tion. It has been observed that doping of CeO, with rare-earth
and transition metals enhances its redox properties in addition
to creating a high surface area and active sites for chemical
reactions. Dopants such as Cu,22 Zr,zz’23 Fe,23 Zn,23 Mn,24
Co,** Ruy,*® Rh,25’26 Pt,24_26 and Pd**™® exhibit synergistic
redox behavior when supported on CeO,.

In addition to experimental studies, a great volume of theoretical
work using first principles calculations has been performed on
CeO, in both its doped and undoped forms. Apart from
Hartree—Fock (HF)*” and ionic potential (IP)*® calculations,
density functional theory (DFT) has been extensively used for
studying bulk and low index surfaces of undoped CeO,. Several
computational studies®”>* have shown that the two standard
flavors of DFT calculations, namely, the local density approach
(LDA) and the generalized gradient approach (GGA) in their
original form, fail to predict the correct electronic states of
the reduced Ce atom owing to the lack of cancellation of the
Coulomb self-interaction. The reason for this failure lies in the
occupation of 4f states in Ce®" whose strongly correlated
electrons are not captured by the conventional exchange-
correlation functionals.

Several modeling studies of CeO, doped with metals such as
71,3373 Ry, 3738 Nj, 38740 pg 3842 py 38404243 [ 3844 5\ 38,4546
Rh,*¥* Y374 1La3* Ta*® and Nb*® have been performed
using first principles calculations to examine the promoting effect
of dopants in CeO,. Wang et al.*® used DFT + U calculations
for finding the O vacancy formation energy of Ce Zr, O, solid
solutions for different values of x. They proposed that structural
relaxation determines the overall trends for Ef and strongly
depends on the ionic radius of the dopant element. Scanlon
et al.** performed a DFT analysis of Pd and Pt-doped CeO,
and found a large displacement of the dopant ions from the Ce
lattice site because both Pd(2+) and Pt(2+) prefer to adopt a
square-planar (d®) coordination. This effect was explained as a
result of the crystal field stabilization of dopant ions, which
have a lower coordination number in their own oxide structure
than in the host oxide, thus leading to creation of under-
coordinated O atoms that are readily removable in the host
oxide upon doping.

Nolan used hybrid DFT and DFT + U simulations to study
the (111) and (110) surfaces of CeO, doped with divalent
cations. He proposed that O vacancies form spontaneously to
compensate for the dopant oxidation state such that Pd and Ni
can maintain their square planar coordination environments. In
another study of the trivalent cation-doped (110) CeO,
surface,”” the most stable defect depended on the ionic radius
of the dopant. It was also observed that a large mismatch in the
ionic radius of the dopant and the host oxide atom left the host
oxide structure rather unfavorably distorted. Krcha et al*®
recently made a computational study on periodic trends of
oxygen vacancy formation for surface layer O vacancies by
doping the CeO, (111) surface with various transition metal
elements and found that the C—H bond activation in
dissociative methane adsorption over doped ceria is correlated
with its surface reducibility.

Despite such a large amount of experimental and computa-
tional work on ceria, a clear structure—activity relationship at a
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theoretical and modeling level is missing from the current
literature. Theoretical modeling of doped CeO, also is not
intrinsically a straightforward task because of fundamental
uncertainties regarding the oxidation state, morphology, size,
and distribution of dopant elements on the CeO, substrate.
Such factors obscure the actual contribution of the CeO,
support to the total catalytic activity of the material.*

In this work, we try to clarify the effect of ceria as a cocatalyst
and to fill a part of that theoretical modeling gap. First, we
consider three main scenarios in which ceria might affect
chemistry in a catalytic system. Focusing on the dominant case,
we benchmark our DFT calculations, where a good general
agreement with the literature is reached, in particular in
estimating the Ef values when CeO, is doped with different
transition metals. This agreement ensures our next discussions
and conclusions will remain valid whether the literature values
or the results of our calculations are used for Ef. Next, we verify
our hypothesis with the help of measured data from literature
that the activity of all considered doped CeO, materials, to the
extent of our survey, indeed correlates well with its
corresponding E!, value. Data have been gathered for several
catalytic reactions, such as CO, soot, and N,O conversion.
The presented activity descriptor is based on a consistent set of
calculations, unlike the potentially inconsistent results in the
literature. Finally, we apply this activity descriptor to predict the
effect of various transition metals—Cu, Fe, Zn, Zr, Ru, Rh, Pt,
Pd, Y, and Ir—on the activity of CeO,.

2. THEORY AND COMPUTATIONAL METHOD

2.1. Theoretical Modeling. The meaning of doping in the
current literature is attributed to a broad range of structures and
categorizations in mixing dopant and doped materials. For
instance, dopants can be added to CeO, to form isolated phases
in which they can retain main features of their bulk crystal
having a distinct phase boundary with the host, as shown in
Figure la. Alternately, the dopant atoms can replace Ce atoms
in various configurations, such as in bulk CeO,, on an extended
surface, at some interstitial locations, or otherwise vacant
crystalline sites as pictured in Figure 1b. In yet another setting,
the dopant can be deposited in the form of ordered thin films,
clusters, or monolayers (Figure 1c) with CeO, acting as a
support material. In such cases, the actual chemistry, which
occurs on the deposited doping layers, can be affected through
the interaction of these layers with the substrate; here, CeO,.

We note that the above three scenarios are just simplified
pictures or models of more complex situations that occur in
practice. The dispersion, shape, and size of the dopant in real
catalyst materials depend upon preparation conditions and
synthesis procedures.’ The actual catalyst material can be a
mixture of all such simple cases, or may even contain more
complicated structural topologies. Instead of dealing with
complicated models, our categorization of different scenarios in
Figure 1 enables us to isolate roles of major players of
cocatalysis that are manifested primarily in the topology of a
synthesized catalyst.

Cases a and ¢, as shown in Figure 1, represent schematic
situations of doping CeO, that may or may not be achieved,
depending on the synthesis route. Case b, in contrast, reflects a
more common situation because irrespective of the employed
synthesis method, a few or several of the dopant atoms could
penetrate from the substrate surface to the extent of a few
atomic layers within the CeO, lattice. This case also represents
one of the most widely studied systems owing to its relative
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Figure 1. Simple configurational scenarios in doping CeO,: (a) a mixture of CeO, and dopant crystal acting as an isolated phase, (b) Ce ion replaced

by dopant, and (c) dopant deposited as overlayers on CeO,.

simplicity from the point of view of periodic calculations.
Obviously, there is hardly any escape from the condition in
which a few dopant atoms either replace a Ce ion or could
locate themselves in the interstices or defects of the CeO,
crystalline structure. For these reasons, we choose case b as the
first model system to be studied by replacing a Ce atom with a
dopant element in a slab model CeO,.

At the same time, we understand that one might consider or
be dealing with two or all of the three cases instead of only case
b. More important is then the question of which scenario
dominates the catalytic activity if it does. Our above argument
to focus on case b does not intend to reduce the importance
of the other cases. Rather, we are suggesting a model and a
hypothesis in which using case b can explain and predict
experimental trends. The relation of this model system to the
activity of doped ceria is explored below.

It is our goal here to find a theoretical parameter or measure
for quantifying the activity of ceria as a catalyst or cocatalyst.
We seek a metric that can distinguish various compounds in a
relative sense if not necessarily in an absolute classification.
To this end, one should first look at experimental results,
although experimental studies aimed at measuring activity are
highly application-specific and contingent to variable reaction
conditions.

In our survey of recent literature, it was found that the mea-
sured values for the oxygen storage capacity (OSC) of CeO,
are rather scattered with respect to its chemical activity.
Therefore, we set aside OSC and utilize the energy required for
oxygen vacancy formation (Ef) as the activity descriptor. In
addition, the OSC of a material has a bulk nature, whose
reported value is an average over all possible different local
properties and, therefore, hard to calculate if not impossible at
all. In contrast, vacancy formation is a local phenomenon,
which makes it easy to model and to estimate its energetics.
We show in this work how the choice of E! as a descriptor leads
to a unified picture for the activity of ceria versus doping
elements. It may be argued that the catalytic activity of ceria is
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caused by other factors, such as the structure distorations or the
coordination mismatches. We are not setting aside such factors
but show, instead, that the Ef can capture the major trends.

2.2, Comparison of DFT Calculations for CeO,. We
perform periodic density functional calculations within the
DFT + U framework to describe pure and doped CeO,, as well
as the (111) and (110) surfaces of undoped CeO,. The first
reason to calculate Ef in this work, instead of directly using
available literature data, is to base the conclusions on a set of
fully consistent results. As is discussed below, a few parameters,
such as U and location of vacancy, are known to affect
computations in general and, in particular, those corresponding
to CeO,. Using a set of literature data, which have been
obtained by inconsistent computational settings, would have
rendered the validity of the conclusions questionable. Second,
from a predictive point of view, it was necessary to develop a
uniform computaional plan to study those doping elements not
considered in the literature yet. Thus, both the development of
a consistent computational method and performing the
calculations could have not been skipped in this work.

The quantum mechanical modelings in this paper use the
VASP* code for the DFT + U with generalized gradient approxi-
mation Perdew—Burke—Ernzerhof (GGA-PBE) functionals.>*>"
The cutoff energy is 500 eV unless otherwise mentioned. The
choices for the other parameters, such as K-points sampling, the
U value, and the cell size, are mentioned for each stage separately.

Most computational parameters, such as U and the
superiority of hybrid-DFT versus DFT + U, seem widely
studied in the literature. That is not, however, very true for
cerium compounds. The current literature lacks a well-
established or well-agreed setting to compute E. in doped
ceria. For this material, in particular, one has to choose or
decide on

e the value of U for Ce,
e which crystallographic surface is the most stable or

relevant for chemical activity,
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o if the DFT + U results change the surface preference

compared with more accurate results of hybrid-DFT, and
e the location of the oxygen vacancy when computing E.

This paper tries to address those issues before suggesting the
activity descriptor based on computations.

In general, the DFT + U approach significantly improves the
description of reduced CeQO, with respect to DFT, but it suffers
from the dependence on U, because no single value of U can
correctly reproduce all properties, such as the surface reaction
energy, lattice parameter, and band gap, simultaneously.52
Various authors have used U, values between 2 and 7 eV to
correctly predict physical observables (see refs 30,34, and
53 and references therein). In addition, the t?rpe of projector
functionals affects the exact choice of U,> An acceptable
U, for all computations is still lacking, and at the moment, a
semiempirical value should be used instead.

We compare our results with respect to surface relaxations
and energies calculated using the DFT and hybrid-DFT approach
available in the literature.”” Similar to U in the DFT + U
formalism, hybrid-DFT calculations also depend on parameters
such as screening length and percentage of HF exchange. These
parameters comparatively have more established values, at least
for oxides, particularly in the case of CeO, as used in refs 39,54,
and 55. This justifies using them as a comparison for the DFT +
U calculations presented here.

CeO, has a cubic fluorite structure in the bulk phase with a
unit cell belonging to the space group Fm—3m. The model of
bulk used for the calculations contains 4 units of CeO, initially
arranged in a perfect Fm—3m lattice symmetry. The modeled
crystal consists of 4 face-centered Ce atoms with 8 O atoms
located within the cell in the tetrahedral interstices (Figure 2).

Figure 2. Structure of bulk ceria crystal: (a) the (100) surface and
(b) isomeric view (the smaller spheres represent oxygen atoms, and
the larger ones are cerium atoms).

The coordination number of each O atom is 4, and each Ce
atom, in turn, is coordinated with 8 O atoms. Now we consider
the surface energy of ceria. The (111) CeO, surface is type II,
according to the Tasker classification of surfaces.*® Exper-
imental studies using techniques such as STM,%”*® AFM,* ion
scattering spectroscopy,”’ and low energy electron diffraction,®!
conclude that the (111) CeO, surface is terminated by oxygen
atoms. For the present calculations, the Ce atoms on the layers
are arranged in 2 X 2 configurations, leading to 16 formula
units, that is, 48 atoms in the model. The supercell is isolated
from its periodic images by an ~10 A vacuum space along the z
direction, which points in the [111] direction. Figure 3
illustrates our model for the (111) surface, consisting of four
CeO, trilayers.

The (110) CeO, surface has also been studied by STM and
RHEED techniques,”* in which the terminated layers were
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Figure 3. Theoretical model to compute the (111) surface energy:
(a) side view and (b) top view (the smaller spheres represent oxygen
atoms, and the larger ones are cerium atoms).

found to be stoichiometric. Our model for the (110) surface
in Figure 4 has 6 trilayers, each arranged in a 2 X 1 structure.

Figure 4. Structure of computational model for (110) surface energy:
(a) side view and (b) top view (the smaller spheres represent oxygen
atoms, and the larger ones are cerium atoms).

An empty space of ~14 A separates each surface from its
periodic images in the [110] direction. The supercell thus
contains

36 atoms in 12 formula units of CeQO,. The anion terminated
(100) surface is comparatively the most unstable,*® because
cleaving this surface gives rise to a dipole moment in the
normal direction.”® The same result has been confirmed in
recent DFT calculations (see ref 30 and references therein),
and hence, (100) is left out from the rest of our investigations.

The calculations for surface energy and relaxation values for
undoped CeO, in this work were done by relaxing all atomic
degrees of freedom using the conjugate gradient algorithm to
reach the ground state as implemented in VASP.* The volume
and shape of the unit cell were allowed to vary during
calculations. A fixed 4 X 4 X 4 K-points sampling was applied
for the bulk structures on Monkhorst pack grids in the Brillouin
zone, and the parameter U was varied in the range 2—S eV. The
lattice constant value of 5.402 A for bulk CeO, calculated in
this work is very close to the measured value of 5.41 A%* and
was not relaxed, but kept the same. Ionic relaxations were
allowed for all the atoms belonging to the top two layers.
The cutoff energy was set to 500 eV using the PBE functional
for exchange-correlation effects. The relaxations were stopped if
both the change in the total free energy and in the eigenvalues
energy between two steps were smaller than 107> eV.

We calculated the stability of the (111) and (110) surfaces to
further benchmark our DFT + U settings. In Figure S5, we
compare the surface energy of the (111) and (110) structures
calculated by our DFT + U with those of the HSE06 functional
used by Nolan.*” The HSE06 method has been reported to be

dx.doi.org/10.1021/cs400034c | ACS Catal. 2013, 3, 1253—1262



ACS Catalysis

Research Article

1
(] el il
HSE06, Nolan 2011
0.8F
0.
-
g 0.
~
Lp]
= 0.
W
50.
1]
ca]
0.
---(110) N
0.1f | — (111) ]
0 : \ \
3 3.5 4 4.5 5
U

Figure S. Surface energy of the (111) and (110) structures of CeO,
calculated using models shown in Figures 3 and 4.

more accurate, yet computationally much more expensive than
DEFET + U. It is beneficial, then, to benchmark the less expensive
DFT + U against the more reliable HSE06 method. Figure S
reveals that both methods agree on the stability of the (111)
surface relative to the (110) surface: 0.1 ] m™ in HSE06, and
0.07—0.17 ] m™ in DFT + U, depending on U. The stability
trend does not vary with the exact value of the parameter U,
although the difference in surface energy decreases when U is
increased from 4 toward S eV. At U = § eV, our calculated
difference in surface energy, 0.07 J m~2 equals a similar result
reported in ref 39 using DFT + U.

It must be noted that reliable experimental data for relaxed
surfaces of CeO, are not available in recent literature, whereas
all comparisons for surface energies show only qualitative
trends. In addition, we calculated surface relaxations for the
(111) and (110) surfaces. Our results indicate small surface
relaxations: less than 0.1 A inward and ~0.2 A outward the bulk
for the (111) and (110) surfaces, respectively, which are in
good agreement with the previously reported trends from DFT
+ U calculations by Nolan et al.*°

In the case of CeO, doped with transition metals, we applied
computational settings similar to those used in the case of
undoped CeO,. In each case, four O—Ce—O trilayers of atoms
were considered for calculations, thus consisting of a total of 12
layers of atoms. Each trilayer was arranged in a 2 X 2 structure
using a slab model for the (111) CeO, surface, as shown in
Figure 6. The dopant replaces a Ce atom in the second trilayer,
that is, the fifth atomic layer from the vacuum direction.
The main reason to select the second Ce layer and not the first
or the other two is to keep the electronic perturbation caused
by doping close to the location of the oxygen vacancy.
Although the optimium position may vary depending on the
doping element, it is maintained at the second Ce layer to
preserve the consistency of computations.

To determine the position of the first O vacancy in a slab
model (Figure 7a) for the (111) surface in a 3 X 3 X 4 trilayer
configuration, we calculated the Ef values as a function of the
O layer containing the vacancy. Figure 7b shows that the most
energetically favorable layer to contain an O vacancy is the
second O layer, or the subsurface that is just below the skin.
The third O layer comes out to be as favorable as the second if
a cutoff energy of 300 eV is used. As the cutoff is increased to
500 eV for better accuracy, the second layer is at least S0 meV
more favorable than the third. This outcome is consistent with
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Figure 6. Computational model consists of 2 X 2 X 4 trilayers of ceria
with the dopant metal atom shown in blue (The smaller spheres
represent oxygen atoms, and the larger ones are cerium atoms.).

experimental and computational investigations of isolated O
vacancies on the (111) CeO, surface using DFM experiments65
and DFT + U calculations.'” It is then concluded that the best
position to create a vacancy in a slab model would be on
the second O layer with respect to the vacuum direction.
The location of this vacancy has to be at a site directly above
the dopant atom in doped CeO,.

These results provide neither a reason nor a guarantee for the
second layer to remain the most favorable location for a
vacancy in doped oxides, as well Nonetheless, the target
quantity Ef and, more importantly, the predicted trends are
unlikely to be affected in a fundamental way if the vacancy
moves and is modeled on a different layer.

3. RESULTS AND DISCUSSIONS

3.1. Calculated Vacancy Energies versus Literature.
The energy of O vacancy formation, Ef, is calculated for each
case of the considered dopants (and pure CeO,) by creating an
O vacancy and evaluating the difference in energy before and
after creation of the vacancy using

E! = E[MCeO,_,] + %E[OZ] — E[MCe0,] )

Our hypothesis is to correlate Ef with the chemical activity of
CeO,. Before addressing this hypothesis, we confirm here that
Ef values from our calculations for doped CeO, are in
agreement with the trends of Ef reported in previous
computational studies of doped CeQ,>>*"%** T this
end, we use a slab model for the CeO, (111) surface and
calculate Ef in pure as well as in doped CeO,. Figure 8 shows
the values calculated here versus those from the literature.

Here, the agreement with the literature should not be judged
on the basis of seeking an accumulation around the diagonal
line because estimations are dependent on different computa-
tional methods. The goal of this comparison is to match not the
absolute values of Ef for various dopants but the relative ones.
It is the relative position of the dopants in Figure 8 that
determines the activity of the corresponding compound
according to the proposed descriptor.

dx.doi.org/10.1021/cs400034c | ACS Catal. 2013, 3, 1253—1262
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Figure 8. Calculated values of the energy of O vacancy formation for
several transition metals as doping elements in the second O layer
versus values from the literature 3537384044

The largest discrepancy between the values calculated in this
work exists with the results of Kehoe et al.** The trend of Ef
from Pt and Pd toward Cu and Zn is opposite that of the
present calculations. However, it must also be noted that in the
same reference, the plot for reduction energy versus ionic radii
indicates Zn as an outlier, implying that the Ef for Zn might not
be completely reliable. Cu has a mixed valency, between 1+ and
2+ and not exactly either of them, which makes it a difficult
system to ascertain and the comparison of its values difficult.
On the other hand, the trends in values from the present
calculations compare really well with the calculated values of
Krcha et al,*® which is the only other study we found to have
also compared the relative trends between several transition
metals.

From the comparison of our results with other sources, one
can see that the general trend of variation in Ef upon doping is
the same for all doping elements as well as for undoped CeO,.
This agreement ensures that the model used here to calculate
the energy of vacancy formation is reasonably consistent with a
wide range of already used models in previous publications.
Using either our results or the literature values for Ef would
leave the discussion and conclusions in the next sections on
catalytic activity essentially unaffected if the literature values for
various dopants are taken consistently from a particular data
set.
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Although the above calculations focus on the stoichiometric
models, the main issue with DFT + U computations of ceria-
based materials is with the nonstoichiometric cases, that is, in
cases that the excess electrons localize on the Ce sites. The
target quantity of interest in this paper, Ef, however, is obtained
by subtracting energy values of two systems that are very similar
and, thus, unlikely to be affected in large part by further
benchmarking.

3.2. Correlation of Activity and Oxygen Vacancy
Energy. The term activity is used here to refer to the total
chemical activity of the ceria compounds when used as a
catalyst or cocatalyst. This term, used here to represent the
overall result of a chemical mechanism, is not equivalent to the
reducibility of one system component, at least not in a trivial
way. From a general point of view, the chemistry in catalytic
systems depends on not only the reducibility of the ceria
compounds, or their oxide activity, but also on other factors
whose roles are reflected in the chemical mechanism through
which the catalytic effects occur. Although the reducibility of a
compound is refelected by its ability to release oxygen, there is
no guarantee its quantitative value (E) could undoubtedly be
used as the activity descriptor of the corresponding chemistry.
Assuming a default equivalence between reducibility and
activity implies assuming an equivalence between the whole
chemistry of a system, with a possibly complicated mechanism,
and one single reaction, an assumption that might not be
correct in general and needs to be validated. It is the purpose of
this work to show (1) that representing such an unknown or
complicated chemical mechanism with one single descriptor is
valid for the catalytic activity of CeO, in a few studied
chemistries and (2) the procedure and the corresponding results
of a consistent set of computations to predict that activity.

Instead of dealing with a (probably) complicated or unknown
catalytic mechanism, we verify our hypothesis that the cal-
culated values for Ef for the first O vacancy in doped CeO,
correlate well with the chemical activity of the correspond-
ing compounds. The definition of the activity of CeO, is subject
to its application and, hence, is measured generally in a different
way in each experimental study. Generally, available results in
the literature report activity against variables such as temper-
ature, pressure, composition of catalyst with respect to dopants.
Moreover, there is no well-defined unit for measuring the
activity of CeO,. The experiments for measuring even the same
kind of activity have been performed by various authors under
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different conditions and are thus difficult to compare directly.
In most applications, the physical quantity that is supposed to
be measured is the reducibility of CeO, while playing the role
of a catalyst.

In Figure 9, we plot the measured activity of doped CeO,
from our literature survey toward four reactions: percent CO
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- 140 ~
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@ 8o i‘"
-~ = Pd
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Figure 9. Correlation between the chemical activity of doped ceria in
several reactions®®**?%% with the energy of oxygen vacancy
formation. For the raw data, refer to the Supporting Information.

conversion,” percent soot conversion,66 maximum H, uptake/
mV,”* and percent N,O conversion.*® For a measure of activity,
we choose values in each case by keeping the value of other
variables, such as temperature and compositions, constant while
scaling the data by an arbitrary parameter for the convenience
of plotting. The original raw data are provided as Supporting
Information to this work.

The activity of bulk and doped CeO, for all four surveyed
reactions indicates a clear correlation with the E values for
transition metal dopants. The linear plots reveal that the activity
of CeO, increases as E!, decreases. The existence of this simple
relationship validates the point of this paper in presenting a
mechanism-free descriptor for the activity of ceria.

Because the O vacancy forms more easily in the structure, the
ceria-based material acts as a better catalyst for all considered
processes. The Ef, values shown in Figure 9 are the result of our
calculations, which were shown earlier to be reasonably
consistent with the published results. Using literature values
for Ef does not change the trends of this correlation with the
corresponding doped CeO, activity if the literature values for
various dopants are taken from the same study in a consistent
manner. We can thus conclude that Ef can be used as an
effective computational measure to monitor the activity of
doped CeO,, at least in a relative sense.

The observed linear relationship does not prove a complete
and universally valid behavior, since a more complicated
relationship is generally expected. In fact, the presence of such a
nonlinear relationship has been reported in ref 38, in which a
volcano was found for the optimal M/CeO, dopant in the
methane conversion to CO or CO,. Despite this valid
expectation, the studied experimental results do not reveal
any volcano within the range of their measurements conditions.
Therefore, the presented descriptor may be applied at least to
similar conditions.

Finally, one might argue that other factors (for example, the
presence of different catalyst materials in various config-
urations) can affect the overall activity, as well. We do not rule
out such effects. At the same time, one should take into account
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the diversity of references used in setting up the observed
correlation in Figure 9, which clearly demonstrates a unified
picture for the activity of doped ceria. Furthermore, we use this
descriptor to predict the effect of doping elements.

3.3. Structural Distortions in Doped CeO,. Here, we
discuss computational results corresponding to relaxed states of
the doped CeO, slab and the corresponding distortions in the
structure upon O vacancy formation. When a dopant atom
replaces a Ce ion in the CeQ, lattice, the periodic electrostatic
field distribution changes as a result of a different electro-
negativity, aliovalency, ionic radius, or a different coordination
preference of the dopant with respect to the Ce ion. As a result,
significant lattice distortions may occur as a result of structural
relaxations and charge relocations. The dopant may even form
its own oxide in properly coordinated locations. In several
cases, this results in weakened Ce—O bonds, thus, facilitating O
vacancy formation.

We observed the change in positions of all O and Ce atoms
that are nearest neighbors (NN) to the original location of the
O vacancy and the dopant upon O vacancy formation. In all
cases, the shift of the Ce atoms from their original locations
upon vacancy formation is observed to be less than 0.15 A. O
atoms NN to the vacancy are in the first (surface), third
(subsurface; containing vacancy), and fourth layers, and they
show comparatively much larger displacements upon vacancy
formation; however, the intensity of this distortion varies
largely across different dopant elements.

In the case of some dopants (Y, Zr, Rh, and Ir), the O atoms
that are NN to the vacancy move mostly in the fourth layer and
not so much in the first and third layers (<0.1 A) upon vacancy
formation, but the trend is opposite in others (Pd, Pt). Such
trends of preferential movement of O atoms in either the first
or fourth layer do not emerge for the case of other dopants
studied here, but remarkably, they show much larger distortions
overall. For cases (Cu, Fe, and Zn), the NN O atoms close in
on the vacancy significantly in both the first and fourth layers,
and in addition, there is a discernible movement of O atoms
NN to the dopant atom in the sixth layer upon vacancy
formation. These observations have been tabulated along with
the calculated E! values from our work in Table 1.

Table 1. Average Displacement of O Atoms in Doped CeO,
versus the Oxygen Layer Neighboring the Vacany”

L1(NNto L3(NNto L4(NNto L6(NNto E
dopant vac) vac) vac) M) (ev)
Pt 0.34 1.48
Pd 0.32 1.58
Y 0.27 1.68
Zr 0.34 1.82
Rh 0.38 1.49
Ir 0.43 1.34
Ru 0.73 0.59 1.75
Fe 0.20 0.27 0.77 0.69 1.01
Cu 0.24 0.26 0.24 0.98
Zn 0.27 0.37 0.40 0.62

“All mentioned values except for the last column are average values in
angstroms. Only displacements of more than >0.1 A are reported.

A correlation between structural distortions and energy
values for O vacancy formation for the compared cases can be
seen within the groups, which are separated by horizontal lines
in Table 1, and also, to a certain extent, among the groups.
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The grouping in the Table is based on the dominant distortion
in the position of the oxygen atoms based on their distance to
the vacancy location. Trends within dopant groups (Y, Rh, and
Ir) and (Pt and Pd) can be observed because the dopant with
the lower E has a higher degree of distortion among these, with
Zr appearing as an outlier. Likewise, Cu, Zn, and Fe show much
larger distortions in their structure upon vacancy formation as
compared with the other dopants and have significantly lower
Ef values, whereas Ru comes up as an exception. In principle,
these findings are quite consistent with previous modeling
studies,***** which emphasize that structural relaxations after
vacancy formation are crucial to the energetics in doped CeO,.

3.4. Electronic Effects and Charge Compensation. The
substitution of a Ce atom in a CeQO, system with an aliovalent
dopant, which has a lower formal oxidation state than that of
cerium(4+), creates unoccupied 2p states on the oxygen atoms
neighboring the site of substitution. These partially unfilled O
atoms (O—), in the polaron state®” lack a closed shell as in
O(2—) and are less stable. To compensate for the unoccupied
2p states, an oxygen vacancy forms on the surface (or bulk)
thus leaving excess electrons, which are localized on cerium and
oxygen ions, depending on the oxidation state and the
coordination preference of the dopant cation. This mechanism
of vacancy formation, termed charge compensating oxygen
vacancy formation,”” has also been observed in experimental
studies.®®

Studies of CeO, surfaces with substitutional doping with
divalent® and trivalent*” cations report that for quite a few
cases of dopants, the charge compensation effect is strong
enough to make the formation of the first oxygen vacancy
spontaneous, that is, a negative energy of vacancy formation.
Apart from the charge compensation effect, the lowering in the
vacancy formation energy was explained in terms of the
distortions induced due to the mismatch of the ionic radii or
due to the coordination preference. In another study of Cu-
doped bulk CeO, bulk,” a significant lowering in energy of the
first oxygen formation has been also reported. In addition,
the dopant was observed to reduce the vacancy formation
energy for the second vacancy, which does not occur via charge
compensation. They proposed that electronic effects due to the
charge compensation only partially lower the vacancy formation
energy, and half of the reduction in formation energy can be
attributed to the relaxations introduced by doping. However,
there are no major reports of spontaneous vacancy formation
for the first oxygen vacancy. It must be noted that in ref47, two
dopants instead of one were used on the same supercell
neighboring to each other. That configuration, according to the
above discussions, is potentially unstable and might lead to the
creation of a spontaneous oxygen vacancy.

From a charge point of view, on the basis of a Bader charge
analysis, the cases analyzed in this study do not show any
significant change in the oxidation state of the dopants upon
vacancy formation. The observation is in agreement with the
study by Lu et al.®’ Indeed, the aliovalency of the dopant
cations affects the oxygen vacancy formation energy depending
on two factors: (i) the concentration and (i) the oxidation
state of the dopant atoms (2+ or 3+, for example). If there are
more dopants, then more O— polarons will be created, and if
the oxidation state of the dopant is 2+ instead of 3+, two
polarons from just one dopant will be formed. With a higher
number of O— polarons in neighboring positions, there will be
a higher tendency in the system to form an oxygen vacancy, and
thus, the energy of oxygen vacancy formation will be lower.
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The current results fit this description of the charge
compensation process well because it is seen by correlating
the vacancy formation energies with the oxidation state of the
dopants.

There are contributing factors other than the oxidation state,
such as electronegativity; ionic radii; and in particular, the
structural distortions. The present results, however, show that
the oxidation state plays a major role in determining the
vacancy formation energy. Dopants (such as Cu, Zn, and Fe)
that are generally found in lower oxidation states tend to have a
lower energy for the vacancy formation than dopants (such as
Ru, Rh, Y, Ir, and Zr) with comparatively higher oxidation
states. This can be explained in terms of charge compensation:
when a dopant with oxidation state of 2+ is introduced at a
cerium site, it creates two polaron states (O—) with unfilled 2p
states, but when a dopant with oxidation state 3+ is introduced,
a single polaron state is created. The charge compensation
effect is then much stronger in the case of the lower oxidation
state dopants because of the possibility of more stabilization
upon vacancy formation.

3.5. Prediction of CeO, Activity upon Doping. Finally,
we summarize our current findings for doped ceria by plotting
Ef for several transition metals in Figure 10. On the basis of the
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Figure 10. Calculated values of energy of O vacancy formation for
several transition metals as doping elements in the second O layer.

proposed measure of activity, pure ceria has the lowest activity
because its E' is highest among all doped compounds. Doping
ceria with Zn is suggested to have the highest activity, and the
rest of the candidate-doping elements reside somewhere
between the pure and the Zn-doped ceria. However, Zn may
not be the best dopant because of uncertainties over its doping
effect in ceria.

In a study on the role of lattice distortions in the OSC of
doped CeO, by Kehoe et al,,*’ it was argued that despite having
an ionic radius similar to that of Pt, Zn does not lower the value
of oxygen vacancy formation energy as much as Pt because in
contrast to Pt, it does not cause enough distortions in the host
oxide structure, which results in a lower Ef. Another study on
the crystal field stabilization of dopant ions in CeO, by Scanlon
et al.”* reports that Zn is not a suitable dopant because it
cannot take a square planar configuration, but actually distorts
to form four long and four short Zn—O bonds in a tetrahedral
coordination environment.

Our observations on the structural distortions are consistent
with the work of Scanlon et al.** and in agreement with the
hypothesis of Kehoe et al.* that larger structural distortions
result in lower E!. In addition, a very low value of energy for the
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vacancy formation in the case of Zn-doped ceria has been
reported recently by a comparative study of the doping effect of
several transition metals on the CeO, (111) surface.*® In the
literature, a clear understanding of or agreement on why Zn is
not a suitable dopant is still missing. Owing to the lack of
experimental evidence and conceptual disagreements between
various studies, we conclude that the effect of Zn as a dopant in
CeO, is yet unclear.

In summary, our computations in Figure 10 point to Cu and
Fe among the set of considered dopants as the most promising
elements to increase the activity of ceria in catalytic reactions.
Further theoretical and experimental results are necessary to
monitor the activity of specific combinations of doping
elements and the overall activities toward specific applications.

4. CONCLUSIONS

We performed a comprehensive literature survey on the
structure, surfaces, and the activity properties of ceria and its
doped compounds. Our calculations for several characteristics
of bulk, surface energies, and computational parameters were
benchmarked against both computational and experimental
literature results. We presented the basic structural scenarios
that may emerge in the distribution of a dopant on ceria
surfaces and for further analysis, we chose the case in which the
dopant atoms replace a Ce atom in the ceria lattice.

Our estimations for the formation energy of an O vacancy
predict relative values for various dopants that are in good
general agreement with results published previously using
different computational models. Hence, our conclusions about
the activity of ceria, which are based on this energy quantity,
will not be affected if literature values pertaining to a consistent
data set are used instead of ours.

Most importantly, we tested and verified our hypothesis that
oxygen vacancy formation in doped ceria correlates clearly with
the chemical activity of this oxide. It was shown that this
hypothesis is, indeed, valid: because the vacancy forms more
easily, the ceria-based compounds become more active toward
CO, H,, soot, and N,O reactions and perhaps toward other
reactions, as well.

We applied the presented activity descriptor to predict
activity of doped ceria. On the basis of the calculated values of
energy for O vacancy formation and structural relaxations, we
propose that doping CeO, with Cu or Fe can significantly
enhance the activity of ceria. This new activity descriptor might
play a similar role in other chemical catalytic systems. Another
feature of the presented descriptor is to establish a mechanism-
free approach to predict activity, which accelerates the
optimization of ceria-based compounds, at least in the studied
scenario.
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