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Abstract

Density functional theory calculations for the CeO,(111) surface doped with Au, Ag, and Cu show that the bond between the oxygen atoms
and the oxide is weakened by presence of the dopant. In CO oxidation, doping of CeO, with Au allows the oxide to react readily with CO and
make carbonates. These decompose to release CO; and form an oxygen vacancy on the surface. The vacancy adsorbs oxygen from the gas and
weakens its bond, so that it reacts with CO to form a carbonate, which decomposes to release CO, and heal the oxygen vacancy. To be a good
oxidation catalyst, a doped oxide must achieve a balance between two conflicting requirements: It must make surface oxygen reactive but not so
much that it will hinder the healing of the oxygen vacancies created by the oxidation reaction.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

It is well known that small gold clusters supported on various
oxides catalyze the water—gas shift reaction at low temperature
[1-15]. In a series of remarkable papers Fu, Deng, Salzburg,
and Flytzani-Stephanopoulos [10,13-15] proposed that the cat-
alytic activity in this system is due to gold ions and not to the
neutral gold clusters. To show this, they prepared a Au/CeO»
catalyst containing neutral gold clusters and measured the rate
of the water—gas shift reaction catalyzed by it. Then they dis-
solved the gold clusters in a cyanide solution. After the metallic
gold was removed, the system catalyzed the water—gas shift
reaction as well as the original system did and had the same
effective activation energy. Electron microscopy detected no
gold clusters, and X-ray photoelectron spectroscopy (XPS) in-
dicated the presence of Au’t. The structure of the system,
obtained by X-ray diffraction (XRD) measurements, is that of
ceria with a slightly modified interatomic distance. Subsequent
work [16] concluded that catalysis is performed by neutral gold;
at present, the active site in this system is unclear.

Au supported on a various oxides is a good low-temperature
CO oxidation catalyst [17-33]. Corma’s group [34-36] has
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shown that the activity of Au supported on ceria increases with
increasing Au3T-to-Au® ratio. The presence of Au>* was in-
ferred from the vibrational frequency of CO adsorbed on the
catalyst; that of CO adsorbed on Au>* differs from that of CO
adsorbed on Au®. Venezia et al. [37] have used several meth-
ods for preparing a gold/ceria catalyst and have shown that the
samples with no Au” had the highest activity for CO oxidation;
100% conversion was reached at lower temperatures than those
used for the samples containing Au®.

Recently Zhang et al. [38] prepared a Au/ZrO, catalyst and
dissolved the neutral Au clusters in KCN. XPS measurements
indicated that after dissolution, the sample contained AudT,
This catalyst is very active and selective for partial hydrogena-
tion of butadiene.

In the articles mentioned above, the nature of the active cen-
ter was not established with certainty. We have proposed [39]
that the active Au species is a gold atom that substitutes one
of the cations in the host oxide and suggested that such sub-
stitution is a general method for modifying the reactivity of
oxide-based catalysts. This proposal is consistent with exper-
iments [40-49] that prepared single-phase oxides doped with
different metal atoms to produce compounds with the formula
M;N,,_,0O,,. Here M is the dopant, N is the cation of the host
oxide (N,,O,,) and x is <0.2. The catalytic activity of sev-
eral such compounds has been tested. Cu,Ce;_,O; catalyzes
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[40] NO reduction with NH3; Pt, Ce|_, O, performs the water—
gas shift reaction [41]; Pt,Ce;_, O, [42], Rh,Ce;_, Oy [44],
TiyCe;—xO2 [43] and Ce; -y Ti,PtyO; [43] perform CO ox-
idation; Fe,Ce;_,O, catalyzes N,O decomposition [45]; and
Ce(.9Cuq.1 O catalyzes the steam reforming of methanol [48].
In all of these systems, the doped oxide is a better catalyst than
the pure oxide.

A group in Japan [50-53] has shown that several doped per-
ovskites are good automotive catalysts; in particular, LaPd,-
Fe;_xO3 is a better catalyst than Pd supported on alumina.
XRD measurements show that the system is active only when
the perovskite structure is intact; if the system decomposes into
different oxides, then the activity is lost.

However, doping does not always improve catalytic ac-
tivity. Zhao and Gorte [54] have shown that Smg>CeygO1.9,
Gdp2Ce0.801.9, Lap2Ceps01.9, Nby1Cep902,05, and Tag -
Ce(.902.05 have lower activity for n-butane oxidation than ce-
ria. Similar conclusions were reached by Wilkes et al. [55], who
showed that the rate of CO oxidation by ceria doped with La,
Pr, Gd, or Nb is lower than the rate of oxidation by pure ceria
by a factor of 3-5.

Previously, we used density functional theory (DFT) to study
CO oxidation by Au,Ti;_,O> [39] and found the following:
(1) The gold dopant prefers to substitute a five-coordinated Ti
atom on the surface rather than go into the bulk; (2) the dopant
weakens the bond between the surface oxygen atoms and the
doped oxide, making it more reactive; (3) these oxygen atoms
react with gas-phase CO to form a CO, molecule that read-
ily desorbs; (4) the oxygen vacancy created by CO, removal
adsorbs an oxygen molecule that reacts with CO to form a car-
bonate; (5) the carbonate decomposes easily to produce gaseous
CO; and heal the oxygen vacancy; and (6) doping with Cu, Ag,
Ni, Pd, or Pt weakens the oxygen bond to the surface more than
doping with Au.

We extrapolate our findings and speculate that in most cases,
doping weakens the bond of the oxygen atoms to the oxide,
making them more reactive. This assumption has the following
implications:

1. Oxides that perform oxidation or dehydrogenation reac-
tions by a Mars—van Krevelen mechanism are likely to per-
form the same reactions at lower temperature if the oxide
is doped.

2. Doped oxides require smaller amounts of expensive met-
als; for example, LaPd,Fe;_, O3 uses 70% less Pd than an
ordinary supported Pd catalyst [50-53].

3. Sometimes the doped oxides have higher thermal stabil-
ity than the ordinary supported catalyst. This is true for
LaPd,Fe;_,03 [50-53], but the stability of other doped
oxides under reaction conditions remains a matter of de-
bate [13,14].

4. Doped catalysts are more tunable than pure oxides, because
x can be varied in MyN,,_,O,, and a given oxide can be
paired with different dopants and a given dopant with vari-
ous oxides.

5. The oxidation reaction has two critical steps: (1) removal
of an oxygen atom by the reducing agent to form an oxy-

gen vacancy and (2) reaction of this vacancy with gas-phase
oxygen to annihilate the vacancy and prevent the complete
reduction of the oxides. In a good oxidation catalyst, these
2 steps must be well balanced. If doping overweakens the
bond of the surface—oxygen atom with the oxide, then the
oxidation reaction (of, e.g., CO) is efficient, but the re-
oxidation of the vacancy is slow and the efficiency of the
catalyst suffers.

In this work we use DFT calculations to examine CO oxi-
dation by CeO,(111) surface doped with Au and compare the
activity of the doped oxide with that of the pure oxide surface.
Our focus is on the effect of the gold doping on the reaction
pathway and on the formation and the stability of various car-
bonate intermediates detected spectroscopically. The main ef-
fect of doping is to activate the oxygen atoms on the surface of
the oxide and to facilitate the formation of an oxygen vacancy
during CO oxidation. Because of this, we have examined the
energy of vacancy formation for ceria doped with Au, Ag, and
Cu. Even though the oxides of Ag and Cu are more stable than
those of Au, doping with Ag or Cu has an even greater destabi-
lizing effect on surface oxygen than doping with Au.

2. Computational details

Ceria has been the subject of several DFT calculations
[56-67], which determined the stability of various crystal faces
and the energy of formation of oxygen vacancies at the surface.
Hermansson’s group calculated the adsorption of CO on ceria
[68-70], and Nolan et al. [67] examined the adsorption of CO,
NO,, and NO.

Ceria has narrow f-bands, which is known to cause difficul-
ties with some aspects of the electronic properties calculated
by generalized gradient approximation (GGA) [71-86]. We be-
lieve that although there is cause for concern, there is no hard
evidence that GGA gives unusually large errors when used to
calculate the energy differences of interest to chemists. For ex-
ample, we computed the energy of the reaction CeOzpux =
(1/2)Cer03 puik + (1/4)02 45 and found good agreement be-
tween GGA calculations using soft oxygen pseudopotentials
(2.12 eV), those using hard oxygen pseudopotentials (1.95 eV),
and experiment (1.97 eV) [87]. The value for experiment was
the enthalpy at O K, calculated using available thermodynamic
data [88]. Here we assume that the errors are such that our
qualitative conclusions regarding the effect of the dopant on
the chemistry of the oxide are valid. Exploratory calculations
(V. Shapovalov and H. Metiu, unpublished data), including the
on-site Coulomb repulsion (DFT + U), do not change the con-
clusions reached here.

The surface was modeled by a slab with six atomic layers,
separated by 15 A of vacuum. The atoms in the three bottom
layers were frozen in the positions given by a GGA calculation
of bulk CeO;. We used a hexagonal supercell (Fig. 1) with a
side length of 11.67 A. The positions of all atoms in the top
three layers of the slab and the adsorbate were optimized to
give minimum energy.
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Fig. 1. Side (1) and top (2) views of the unit cell used in the calculations. We dis-
tinguish between the top (light red) and bottom (dark red) layer oxygen atoms.
Corresponding atoms are given index “t” or “b.” Further, if an O atom is bound
to an Au atom, it is given index “Au.” If an O atom is bound only to Ce atoms
it is given index “Ce.” Examples of differently bound oxygen atoms (Ot Ay,
Op, Au» O, Ce> and Oy, ce) With respect to gold (Au) are pointed out.

To test the convergence of the calculations with respect to the
slab thickness, we computed the surface energies for slabs hav-
ing 6, 9, and 12 atomic layers. The surface energies were 1.66,
1.66, and 1.64 eV per CeO; formula unit, respectively. This in-
dicates that the six-layer slab provides converged surface prop-
erties. The composition of the slab used in our calculations was
Ce1303g6 or AujCe7036, corresponding to the approximate sto-
ichiometric formula Aug 06Ce.940> or, equivalently, atomic %
Au = 5.6 (i.e., 1 x 100/18). Many experiments [40-49] have
been performed with M,Ce;_,O, (where M is the dopant)
with x < 0.2. Other experiments [10,11,15,34,35,89] used an
Au concentration of around 0.5-5 atom% and as high [37] as
12 atom% (8 wt%). It was also experimentally observed that the
surface concentration of Au on CeO; crystallites is 10—16 times
higher than the bulk concentration [40,89]. Thus, the concentra-
tion of Au in our model was within the experimental range.

The calculations were performed using the VASP 4.5 pro-
gram [90-93] with PAW pseudopotentials and the rPBE func-
tional. We included in the calculations 11 electrons for Au,
12 electrons for Ce, 6 electrons for O, and 4 electrons for C
atoms. All calculations were spin-polarized, but the spin—orbit
coupling was neglected. The plane-wave cutoff energy was
374.9 eV. The convergence criterion for energy in the electronic
and geometry minimizations was 10™* eV. We used Gaussian
smearing at the Fermi level with width o = 0.05. Due to the
large size of the cell, we calculated the energy at the I"-point
only.

To describe various structures formed by CO adsorption on
Au,Ce;_,Oy, we used the following nomenclature. The top
three atomic layers, starting from the vacuum side, contain oxy-

Fig. 2. Types of carbonates experimentally detected on the CeO; surface:
(a) monodentate; (b) bridging; (c) bidentate.

gen, cerium, and oxygen, respectively. The index “t” indicates
the oxygen atoms in the top layer and “b” indicates those in the
second layer. In addition, the index “Au” identifies the oxygen
atoms bound to both Au and Ce atoms and “Ce” identifies those
bound to Ce atoms only. For example, Op A, 1S an oxygen atom
located in the second O layer and in the first coordination shell
of Au.

The reaction energy differences reported here are the ener-
gies of the products minus the energies of the reactants; a neg-
ative reaction energy corresponds to an exothermic process.

3. Results

We examined the energy changes caused by various process-
es that we consider likely participants in the reaction mecha-
nism. We mention only those that are thermodynamically im-
portant, although we have tried all reasonable possibilities. Be-
cause we do not calculate activation energies, these results are
pertinent to a system in thermodynamic equilibrium.

3.1. CO oxidation involving an oxygen atom nearest to the
gold dopant

A CO molecule can adsorb on an oxide surface in various
ways. It may form a bond with the surface and maintain its
identity, with its bond length and vibrational frequency close
to those of gas-phase CO; it can bind strongly to an oxygen
atom and form a molecule with bond length and vibrational fre-
quency close to those of CO, (this species could be thought
of as a CO, molecule adsorbed at an oxygen-vacancy site); or
it could form a monodentate, bridging, or bidentate carbonate
(see Fig. 2).

In this section we examine the sequence of events that fol-
low the reaction of a CO molecule with an oxygen atom nearest
to Au. On the Au,Ce;_,O3(111) surface, we find that CO re-
acts with two oxygen atoms neighboring the Au dopant to form
the carbonate shown in Fig. 3b. In this figure, the green ball is
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Fig. 3. CO oxidation in the vicinity of a Au atom: (a) clean surface; (b) formation of the spectator carbonate. O vacancy is formed at this step, but it is staggered
with the carbonate O in this view; (c) formation of the second carbonate; (d) CO; desorbed leaving an O vacancy; (e) adsorption of O, at the vacancy; (f) formation

of carbonate with adsorbed O;; (b) CO, desorbed.

the oxygen atom from CO. The carbonate is formed by binding
the carbon atom to the O a, (atom 1) and Op sy (atom 2). The
O¢au (atom 1) is pulled out of its site to create an oxygen va-
cancy, indicated by a dotted circle. The oxygen atom from the
CO binds to the gold dopant. This reaction is very exothermic
(4.43 eV).

The bridging carbonate, formed by adsorbing CO on doped
ceria, is rather stable; it takes 0.91 eV to remove CO;, from the
carbonate into the gas phase and leave behind an oxygen va-
cancy. Because oxygen-vacancy formation near the dopant is
facile, this high exothermicity is due mostly to the stability of
the carbonate. We expect that this carbonate will be present on
the surface during catalysis. If the system is heated to a high
temperature, this carbonate will decompose to produce gaseous
CO; and an oxygen vacancy on the surface. This vacancy ad-
sorbs Oy, which will react with CO to make a carbonate, which
will decompose to form CO; and heal the oxygen vacancy.
This sequence of reactions is catalytic, but it is not an efficient
CO-oxidation pathway because the decomposition of the first
carbonate is highly endothermic. This means that we must look
for an alternative path.

It turns out that a second carbonate can form while the first is
still present (Fig. 3c), by binding CO to Op c. oxygen (atom 4)
and Oy A, (atom 3). The oxygen atom 3 is pulled out of its lattice
site to create an oxygen vacancy, which is shown as a dotted
circle (Fig. 3c). The formation of this carbonate is exothermic

by 0.61 eV. Its decomposition, to produce gaseous CO; and an
oxygen vacancy (Fig. 3d) near the Au atom, is exothermic by
1.11eV.

The vacancy formed by the decomposition of the second
carbonate adsorbs an oxygen molecule from the gas phase
(Fig. 3e), with an exothermicity of 0.91 eV. The bond length
of the adsorbed molecule is longer than that of gas-phase O,
indicating that the 7* orbital of O, is populated and the bond
in O, is weakened. However, the dissociation of the adsorbed
O, molecule is endothermic and is not a factor in the catalytic
process. The adsorbed O; reacts with gas-phase CO to form a
carbonate (Fig. 3f) with an exothermicity of 3.72 eV. It takes
very little energy (0.04 eV) to decompose this carbonate into a
gaseous CO, molecule. This decomposition provides an oxy-
gen atom that heals the oxygen vacancy at which the O, mole-
cule was adsorbed. The system returns to the state shown in
Fig. 3b.

As a result of this catalytic cycle, the surface consumes one
O, molecule and two CO molecules to produce two CO, mole-
cules; the carbonate formed first (Fig. 3b) is a spectator. One
could say that the catalyst is the doped oxide with the first
carbonate on it (Fig. 3b). To determine on which sites a CO
molecule will form a carbonate, we check which two oxygen
atoms on the surface are separated by a distance that is close to
the distance by which they would be separated in a carbonate.
There are three such oxygen-atom pairs: (3, 4), (3, 5), and (3, 6)
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Fig. 4. CO oxidation away from the Au atom: (a) clean surface; (b) formation of carbonate; (c) CO; desorbed leaving an O vacancy; (d) adsorption of O, at the
vacancy; (e) formation of carbonate with adsorbed O»; (f) CO, desorbed, clean surface restored.

(see Fig. 3b). We found that the CO does not form a carbonate
with the last two pairs.

3.2. CO oxidation involving an oxygen atom next-nearest to
the gold dopant

We have also performed calculations to determine the activ-
ity of oxygen atoms located outside the first coordination shell
of the dopant. The steps in the catalytic cycle involving such an
oxygen atom are shown in Fig. 4. The oxygen atoms 1 and 2
(Fig. 4a) react with CO to form a bidentate carbonate (Fig. 4b).
This reaction is exothermic by 2.22 eV and creates an oxy-
gen vacancy by pulling the oxygen atom 2 out of its place; the
location of the vacancy is shown by the dotted line. This carbon-
ate decomposes to form gaseous CO;, and an oxygen vacancy
(Fig. 4c), with an exothermicity of 0.38 eV. Oxygen adsorption
at the vacancy site (Fig. 4d) is downhill by 0.70 eV. The ad-
sorbed O3 does not dissociate easily but reacts with CO to form
a carbonate (Fig. 4e) and produce 3.24 eV of energy. This car-
bonate requires little energy to decompose into gaseous CO»
and heal the oxygen vacancy. This sequence of reactions is also
catalytic.

3.3. CO oxidation by the undoped CeO3(111) surface

Infrared studies [94,95] of polycrystalline CeO, found that
the surface exposed to CO contains weakly bound CO mole-
cules and a variety of carbonates that decompose only at high
temperature. XPS studies of CO adsorption on Ce(111) by
Mullins and Overbury [96] identified carbonates and carboxy-
lates on the surface.

Earlier calculations for CO adsorption provided conflicting
results. The calculations of Yang et al. [69] concluded that car-

bonate forms on the (110) surface but not on (111). Later work
[70] used periodic Hartree—Fock and DFT on small clusters and
found no carbonate formation even on (110). Nolan et al. [67]
calculated the binding energies pertinent to CO oxidation by the
(111), (110), and (100) surfaces, by using LDA + U; however,
that paper is a short communication that gives no information
about the oxidation mechanism. Because we want to compare
CO oxidation by the doped oxide with the oxidation by the pure
oxide, we calculated the interaction of CO with CeO,(111).

Previous computations by Yang et al. [69] did not find a sta-
ble carbonate when CO was adsorbed on CeO;(111) surface.
However, we find that CO reacts with a surface oxygen atom to
form a CO, molecule which does not bind to the surface. The
barrier for this reaction is at least 0.41 eV. (The barrier was ob-
tained using the elastic band method implemented in VASP and
is approximate because of the limited number of points on the
elastic band.)

We also explored the formation of a carbonate on this sur-
face (Fig. 5a), by the reaction of CO with an O ce atom and an
Op,ce atom. We found that a carbonate forms (Fig. 5b), but this
reaction is endothermic by 0.41 eV. This value is comparable to
our estimates of the barrier for the formation of a CO, molecule
by the reaction of CO to Ot ce. When the carbonate is formed,
the oxygen atom from the top layer is pulled out of the surface
to form a vacancy (the dotted line in Fig. 5b). This vacancy for-
mation is the most costly aspect of carbonate formation. Any
surface modification that facilitates vacancy formation is likely
to facilitate formation of the carbonate.

The carbonate decomposes by releasing CO, in the gas
phase and leaving behind an oxygen vacancy (Fig. 5c). An
O, molecule binds strongly to the vacancy (Fig. 5d), with an
exothermicity of 2.73 eV. The adsorbed oxygen molecule is
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Fig. 5. Catalytic CO oxidation on pure CeO, surface: (a) clean surface; (b) formation of carbonate; (c) CO, desorbed leaving an O vacancy; (d) adsorption of Oy at
the vacancy; (e) formation of carbonate with adsorbed O;; (f) CO, desorbed, clean surface restored.

Fig. 6. The labels used in Table 1 to identify the oxygen atoms surrounding a
given metal atom.

weakened by the electron-rich environment at the vacancy site
and reacts with CO to form a bridging carbonate (Fig. 5e) and
release —3.38 eV of energy. The carbonate decomposes to pro-
duce CO; in the gas phase and heal the oxygen vacancy in
the surface. This reaction is slightly exothermic (—0.05 eV).
We conclude that the rate-limiting step in CO oxidation by
CeOy(111) is the initial reaction of CO with the surface to form
either a CO, molecule or a carbonate.

3.4. Doping with Ag and Cu

The disturbance caused by doping is reflected by the distance
between the six oxygen atoms shown in Fig. 6 and the Ce and

Table 1
Distances between the oxygen atoms O1 to O6 (see the labels in Fig. 6) and the
dopant or the cerium atoms they bind to, in A

Auy,Cey;_,Op AgyCe;_1Op CuyCe_, 0y CeO»
O-Au O0-Ce O-Ag O0-Ce O-Cu O0-Ce O-Ce

Ol () 2372 2379 2.409 2.397 2.090 2517 2.386
02 (1) 2.292 2410  2.537 2306 20911 2250  2.376
03 () 2372 2379 2410 2.397  2.039 2464  2.386
04 (1) 2.291 2410  2.536 2.305 2.892 2.236 2.376
O5(b) 2372 2.379 2.409 2397 2.092 2514 2.386
06 (1) 2.292 2410 2535 2.305 3.236 2.178 2.376

Note. Each oxygen atom binds to two cerium atoms and these two bonds
are of equal length. The first two columns of numbers give distances
for Au,Cej_, Oy, the next two for AgyCe;_,Op and the last two for
CuyCeq_, 03, and the last one gives the distances Ce—O distances in CeO;.
In Auy O3 the distances between the oxygen atoms and Au vary between 1.93
and 2.07 A, the O-Ag distance in AgyO is 2.05 A and the O-Cu in the Cu
oxides (CuO and CuO,) vary between 1.82 and 2.00 A. The dopant—oxygen
distance in doped ceria is much larger than the distance between the dopant and
the oxygen in the dopant’s own oxide.

the dopant atoms in their neighborhood. Each of the oxygen
atoms labeled in this figure is close to two cerium atoms, and
the two cerium—oxygen distances are equal. Because of this,
the table contains only one Ce—O distance. The table caption
gives the oxygen—cerium distances in the undoped oxide and
also the range of oxygen—metal distances in Au; O3, Ag>0, and
copper oxides (CuyO and CuO). In all cases, the dopant—oxygen
distances in the doped oxide are substantially greater than those
in the dopant’s own oxide. In the Au and Ag compounds, the
oxygen atoms surrounding the dopant maintain the three-fold
symmetry. In the Cu compound, this symmetry is broken; the
distance between Cu and O(6) is substantially larger that the



V. Shapovalov, H. Metiu / Journal of Catalysis 245 (2007) 205-214 211

distances between Cu and O(4) and Cu and O(2). There is also a
small symmetry breaking among the bottom oxygen atoms. The
oxygen—cerium distances are disturbed substantially only in the
Cu,Cej_O; compound. The Oy atoms (1, 3, and 5 in Fig. 6)
are further from Ce atoms in Cu,Ce;_, O than in CeO;. The
Ce distances to the O; atoms are shorter in Cu,Ce|_,O7 than
in CeO,. We do not have any rationale for this behavior.

The EXAFS results of Bera et al. [40] indicate that Cu has
three or four oxygen atoms in its first coordination shell, located
at a distance of 1.96 A. This is very different from the values
that we obtained for the dopant in the outermost layer of the
(111) face. This discrepancy may have a simple explanation.
Wang et al. [97] found that the Cu atom in the bulk has four
oxygen atoms next to it at a distance of 1.92—1.95 A. Thus, it is
possible that most of the EXAFS signal reported by Bera et al.
[40] came from Cu atoms inside the material, not at the surface.

Previous work on doped titania [39], and recent unpublished
work in our group, has shown that Zr, Hf, Ru, Sn, Mn, Ni,
Pd, Pt, Cu, Ag, and Au dopants weaken the bond between the
surface oxygen atoms and rutile TiO; (Chretien and Metiu, un-
published data) and that Na, K, Rb, Cs, Ni, Cu, Rh, Pd, Ag,
Cd, Ir, Pr, and Au dopants have the same effect on ZnO (Pala
and Metiu, unpublished data). However, Mg, Ca, Sr, Sc, Y, La,
Ti, Zr, Hf, Ce, V, Nb, Ta, Cr, Mo, W, Mn, Re, Ru, Os, Co, Al,
Ga, Sn, and Pb have the opposite effect (Pala and Metiu, un-
published data). An essential step in the Mars—van Krevelen
oxidation mechanism is the reaction of a surface oxygen atom
with a gas-phase reducing agent, to form an oxidation product
and an oxygen vacancy on the surface. The high energy required
for forming an oxygen vacancy is one reason why oxides per-
form oxidation reactions at high temperature. We expect that
the dopant lowers the oxidation temperature by weakening the
bond between the oxygen and the oxide. Thus, we can measure
the oxidizing capacity of an oxide by calculating the energy
needed to form a vacancy. However, it is important to keep in
mind that this is not a measure of catalytic activity, because a
second important step is the ability to heal the vacancy formed
by the oxidation process by adsorbing and activating oxygen
from the gas phase.

Table 2 gives the energy of oxygen-vacancy formation at the
surface of ceria doped with Au, Ag, and Cu. The stability of the
Cu oxide is greater than that of Ag, which in turn is greater than
that of Au. Naively, one would expect that forming a vacancy
in Au-doped ceria would require the least energy and that the
oxygen atoms in the Cu-doped compound would be less willing
to leave the oxide. But instead we find the opposite trend: Re-
moving an oxygen atom from the Cu-doped ceria releases more
energy than the same process on Ag,Ce_, O, or Au,Ce;_,Os.

By comparing the effects of various elements on the energy
of vacancy formation in doped TiO, or CeO;, we have found
that two factors are the most important. A dopant with a lower
valence than the cation that it replaces creates an electron deficit
in its neighborhood. This weakens the bond between the oxide
and the oxygen atoms in the neighborhood of the dopant. In
addition, a dopant disrupts the oxygen—oxide bond if its own
oxide has a different structure than that of the host. The dopant
finds that the number of oxygen atoms in its neighborhood and

a) che1-x02

b) Cu,Ce,_ 0,

O from the top layer

of CeO, surface . ce

O from the bottom 210 vacancy
layer of CeO, surface e
Fig. 7. The structure of the doped oxide after the removal of one Ot atom to form
an oxygen vacancy at the surface (the dotted circle). (a) M xCe|_, Oy, M = Au,
Ag; (b) CuyCeq_, 0. The creation of the vacancy breaks the symmetry and the
oxygen atom marked by a star is different from the other Oy, atoms.

Table 2
The distance between the dopant and various oxygen atoms after the oxygen
vacancy shown in Fig. 7 has been made

Auy,Cej_, Oy Ag,yCei_,Oo Cu,Ce_, Oy
Evyc, eV —0.36 —0.51 —0.83
Distance MOy, A 2.35 2.47 3.17
Distance M—Oy,, A 2.33 2.40 2.07
Distance M—O*, A 2.77 2.60 2.34

Note. The labels of the oxygen atoms were defined in Fig. 5 and in the text.
Eyac is the energy needed to form one oxygen vacancy and half and oxygen
molecule in the gas phase.

their positions are not “right” and has difficulties bonding to
them. We propose that whenever one of these two factors is
present, the dopant makes the surface oxygen more reactive and
lowers the temperature at which the oxide is reduced.

Several observations by Bera et al. [40] are consistent with
our results. They found that the concentration of the Cu atoms
at the surface of Cu,Ce_,0O; is four to six times higher that
what would be derived by assuming that the Cu atoms initially
introduced in the system take surface or bulk sites with equal
probability. We find that the system has lower energy when the
dopant is located in the surface layer. Bera et al. also found
that the doped material has more vacancies than the undoped
one, consistent with the substantial weakening of the oxygen—
oxide bond found in our calculations. Finally, their temperature-
programmed reduction (TPR) measurements indicated that Cu-
doped ceria oxidizes hydrogen at lower temperature than CuO
or ceria. Again, this agrees with our finding that removing oxy-
gen atoms from the doped surface is easier than removing them
from ceria.

4. Discussion

Because we have calculated only the total energy of the re-
actants, products, and intermediates involved in the catalytic
oxidation of CO, we can discuss only the equilibrium behav-
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ior of the system. We have found three important processes: (1)
CO forms several carbonates by reacting with different pairs
of oxygen atoms on the Au,Ce;_,O, surface; some of these
carbonates are fairly stable and will be present on the surface
during the catalytic reaction; (2) other carbonates readily de-
compose to produce CO; and form an oxygen vacancy on the
surface; and (3) the oxygen vacancies adsorb O;, and this re-
acts with CO to form a carbonate that decomposes into CO;
and leaves an oxygen atom behind to heal the vacancy.

We performed these calculations to explore whether doping
an oxide improves its ability to perform oxidation reactions. We
use the oxidation of CO by gold-doped ceria as an example. An
important question is the extent to which the features discov-
ered in our previous work [39] and in the present study can
be extended to other systems. Although extrapolating chemical
behavior is not a safe endeavor, we wish to emphasize several
features that may be general. We find that doped oxides cat-
alyze oxidation through a Mars—van Krevelen mechanism. The
dopant weakens the bond between the oxide and the oxygen
atoms at its surface, making them more reactive. In an oxidation
reaction, the compound being oxidized takes an oxygen atom
from the surface and creates an oxygen vacancy. Gas-phase O»
adsorbs on the vacancy and is activated by the electron-rich
environment that it finds there. One atom in this activated O,
oxidizes a gas-phase molecule, and the other heals the oxy-
gen vacancy in the surface. The oxygen atom activated by the
presence of the dopant also might initiate a dehydrogenation re-
action by taking a hydrogen atom from a gas-phase molecule to
form a hydroxyl.

In this scenario, doping improves the catalytic properties of
the surface if it satisfies two conflicting requirements. On the
one hand, it must weaken the bond of the oxygen atoms to the
oxide surface to allow the oxidation of the gas-phase reactant;
on the other hand, this weakening must not be so pronounced
that the vacancy can not be healed by reaction with gas-phase
oxygen. TPR measurements of the threshold for CO or H; ox-
idation, in the absence of gas-phase oxygen, probe the ability
of surface oxygen to react with the reducing molecules. Our
calculations and several experimental studies have shown that
doping lowers this threshold substantially. But TPR studies of
reduction by hydrogen are not enough; obtaining complete in-
formation on the catalytic properties requires either studying
a specific catalytic reaction or performing reoxidation experi-
ments [98] along with TPR. Unless reoxidation is also effective,
the doped oxide will not be a good oxidation catalyst. This
may explain why some experiments [40-49] found that doping
lowered the threshold temperature for oxide reduction, whereas
others [54,55] found that doping lowered the catalytic activ-
ity in specific oxidation reactions. Note, however, that these
“conflicting” experiments were performed on different doped
oxides, which were obtained by different methods of prepara-
tion and likely had different morphologies.

In the case of ceria doped with Au, the energy to form a
vacancy (half the energy of a gas-phase O, molecule, plus the
energy of doped ceria with an oxygen vacancy, minus the en-
ergy of doped ceria) is —0.36 eV if the Ot a, is removed and
+0.56 eV if O ce is removed. The energy of forming an oxygen

vacancy in undoped CeO; is +3.01 eV. It is clear that thermo-
dynamics favors vacancy formation in doped ceria. However,
the rate of vacancy formation in the absence of a reducing agent
is likely to be very low because the distance between the oxy-
gen atoms in ceria is larger than the O—O bond in O,. This
means that a concerted process by which two O atoms in the
oxide will come together to form an O, molecule (which des-
orbs) and two vacancies will require a large activation energy.
This is also true if an oxygen atom breaks its bonds with the
oxide and moves on the surface to react with another surface-
oxygen atom. Nevertheless, the fact that vacancy formation in
the doped oxide is exothermic suggests that the oxygen atoms
nearest and next-nearest the Au dopant are chemically active
and that in the absence of an oxidizing atmosphere, the surface
of a doped oxide has more oxygen vacancies than the pure host.

At this time, we are not sure which doped compounds can be
synthesized and which are stable under reaction conditions. We
speculate that in many cases M, N,,_,O,, is less stable than the
two separated oxides. In the absence of oxygen in the gas phase,
M;N,,—+O,, may be even less stable than a system consisting
of metal clusters of M on N,,O,,. However, M;N,,_,O,,, might
be prepared if the synthesis is carried out so that the minority
cation M gets trapped in the lattice of the host oxide N,,0,, as
the latter is being formed and substitutes an N atom.

The fate of the dopant at the surface of the material under re-
action conditions is not yet clear. In some experiments, it was
observed that the ionic gold turns into Au® during CO oxidation
or the water—gas shift reaction. We speculate that this occurs be-
cause the reducing agent removes oxygen atoms located near
the dopant and this will make the dopant less positive. This
may shift the XPS spectrum to make it look very similar to
that of metallic M. If after the removal of oxygen atoms in its
neighborhood the dopant is mobile, then it may migrate, meet
other dopants, and form metallic clusters of M. If this happens
it is likely that the process cannot be reversed by heating in
oxygen, because this is likely to create an oxide cluster of M,
with different chemical properties than those of the doped ox-
ide. The process of reduction can be prevented if oxygen is
present in the gas phase in sufficient quantity to replace the oxy-
gen lost through the reduction process at a sufficiently fast rate.
Flytzani-Stephanopoulos et al. [14,15] have shown that reduc-
tion of the Au dopant during the water—gas shift reaction can be
stopped by adding oxygen into the feed stream. Hegde’s [40]
and Rodriguez’s [97] groups have shown that temperature pro-
grammed hydrogen reduction turns Cu, in Cu,Ce|_,0O;, into
Cu” and that subsequent exposure to oxygen at high temper-
ature recovers Cu,Ce;_,O,. Both experiments revealed that
this reoxidation of Cu® did not lead to a copper oxide and that
Cu,Ce;_,O, was recovered. We speculate that this would not
happen if Cu® formed metal clusters, because these would be
oxidized to form a copper oxide. One possibility is that the
reduced Cu atoms do not leave the site where they were lo-
cated in Cu,Ce;_, O, and that removing some of the adjacent
oxygen atoms makes them appear to be Cu® in the XPS sig-
nal. When the reduced surface is exposed to gas-phase oxygen,
the lost oxygen atoms are recovered, and the XPS spectrum is
now that of Cu,Ce;_,0O,. Unfortunately, the XPS experiments
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probe some of the Cu atoms in the bulk. These may lose oxygen
on reduction with hydrogen and not have sufficient mobility to
lose the site in which they are located. On heating under oxygen
pressure, they recover the lost oxygen, and their XPS spectrum
returns to that before reduction.

Doped oxides are of interest for low-temperature oxidation
reactions, and thus their stability may not be a critical issue.
In favorable cases, doping improves the thermal stability of the
catalyst; Pd-doped perovskite is more stable than Pd supported
on an oxide [50-53].

It is often suggested that oxygen vacancies are chemically
active and play an important role in catalysis. We find that the
oxygen vacancies on the surface of doped ceria are chemically
active, adsorb O, and use it to form a carbonate, which decom-
poses to form CO; and annihilate the vacancy. But this chain of
reactions is not catalytic; it starts at a vacancy site and causes
the vacancy to disappear. The reduced oxide is not an oxidation
catalyst unless a vacancy-making reaction is also present.

Our model contains a number of simplifications and uncer-
tainties. DFT may have difficulty providing accurate results for
an oxide with narrow f-bands. Howeyver, to invalidate the trends
predicted here, these errors would have to be very large so that
they would not cancel when we calculated the energy differ-
ences of interest to chemistry. Because of this, we believe that
our qualitative conclusions are correct and that most dopants
will increase the oxidative power of the host oxide.

Many experimental papers have emphasized that the activity
of the doped oxides seems to be enhanced when the oxide has a
higher surface area. The (111) face of ceria has the lowest sur-
face energy, and one could argue that it will be most common
facet in the dispersed oxide. This assumption is supported by
TEM and SEM images of the CeO, powders of various sizes
[99,100]. However, a dispersed oxide has a large number of
kinks and steps and other low-coordination sites. We have not
explored how such sites affect catalytic activity.
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