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ABSTRACT: DFT+U calculations of CO oxidation by Au,; nanoclusters (NCs)
supported on either CeO, or doped (X—Ce)O, (X = Au, Pt, Pd, Ti, Ru, Zr) show
that doping the CeO, support accelerates CO oxidation by the Mars-van Krevelen
mechanism at the Au—(X—Ce)O, interface. We find that Au, Pd, Pt, and Ti
dopants significantly lower the vacancy formation energy of the CeO, support and
that electron donation from the supported Au;; NC shifts the vacancy formation
energy of (X—Ce)O, and determines the final vacancy formation energy of
Auy;@(X—Ce)O,. The vacancy formation energy of Au;;@(X—Ce)O, is a good

reactivity descriptor for CO oxidation at the Au—(X—Ce)O, interface and a

screening factor for dopant selection. Our results confirm that the catalytic activity of oxide-supported Au catalysts can be
modified by the chemical composition of the support and suggest that chemical modification of the oxide support is promising
for the optimization of oxidation catalysis by supported Au NCs/nanoparticles.

SECTION: Surfaces, Interfaces, Porous Materials, and Catalysis

xide-supported Au nanoparticles (NPs) are now a

feasible form of Au catalysts." The reaction mechanism
of CO oxidation catalyzed by supported Au NPs has been
studied on small Au NPs and arrays supported on various
oxides such as MgO,”* TiO,,*” and Ce0,.*” Many previous
studies have focused on either the electronic or structural
interaction between the oxides and Au NPs with regard to the
effect on the catalytic activity of Au NPs.>>*~'! The catalytic
activity of isolated gas-phase Au NPs or nanoclusters (NCs) has
been investigated in order to study the role of morphology,
coordination number, excess charge, and size on catalytic
properties.”> ™7

The interface between Au NPs and the supporting oxide has
been regarded as an active site for catalysis.”'®>° Rodriguez et
al. showed that a Au-supported CeO, inverse catalyst is highly
reactive for the water—gas shift reaction and, thus, confirmed
the critical role of the interface.'® The Neurock and Yates
groups have reported that the Au—TiO, interface binds O, and
oxidizes CO.® In our previous report, we studied CO oxidation
catalyzed by CeO,-supported small Au NCs and reported two
types of CO oxidation mechanisms at the Au—CeO, interface,
the Mars-van Krevelen (M-vK) mechanism and reactive O,
bound to a Au—Ce*" bridge site.'” Reduced Ce® ions,
originating from oxygen vacancies in the CeO, surface, bind
an O, molecule at the Au—Ce*" interface and were found to
create a new reaction pathway for CO oxidation.'”

CO oxidation, which proceeds mechanistically by combining
lattice oxygen from the CeO, surface with CO molecules
bound to supported Au, has been reported for Au monomers
and trimers.” We found, however, that in the case of Auy,
supported on CeO,, CO oxidation by a lattice oxygen (the M-
vK mechanism of CO oxidation) was unfavorable due to a high
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CO, formation energy associated with the high vacancy
formation energy (E,,.) of Ce0,."?

E,,. of oxides has been suggested as a reactivity descriptor for
oxidation catalysis by the M-vK mechanism.”’ Modification of
oxide catalysts by doping has also been suggested by Metiu and
co-workers”’™>* and experimentally confirmed.*>*® Dopant
atoms can lower the vacancy formation energy of the oxide
support and lead to shifts in the energy of reaction
intermediates that directly affect the catalytic activity.

In this Letter, we study the effect of doping on CO oxidation
catalyzed by CeO,-supported Au;; NCs and, especially, CO
oxidation by the M-vK mechanism at the Au—CeO, interface.
We substituted one of the surface Ce** ions with a Au,“**?*
Pt,22 Ti,27 Pd,28 Ru,25 or Zr** atom. These species were
selected because they have an equal or lower valence in their
stable oxide as compared to the Ce*" of CeO,. Low-valence
dopants have a more prominent effect on E,,. of stoichiometric
CeO, (CeO,-STO) than that of their high-valence counter-
parts.”> We find that the dopant species that lowers E,,. of the
CeO, support accelerates CO oxidation by the M-vK
mechanism at the Au—CeO, interface.

A 4 X 4 CeO,(111) slab model with six atomic layers and 20
A of vacuum was used to describe the CeO, support (refer to
the Supporting Information and Table S1 for slab model
selection). In order to prevent structural evolution in the Au
NC during the CO oxidation process, we chose the previously
reported Au;; geometry supported on CeO,-STO (Au;;@
Ce0,-STO),"”” which is one of the smallest experimentally
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reported Au NPs (see Figure 1ab).*”*° Detailed information
on the initial optimization of Au;; NCs and their relative
stability can be found in our previous report."

@)@ ® ©/@ d

Figure 1. The 4 X 4 CeO,(111) based slab models are used
throughout the study. (a) Undoped CeO,, (b) Au,3; NC supported on
undoped CeO,, Au;;@CeO,, (c) Pt-doped (Pt—Ce)O,, and (d) Auy,
NC supported on (Pt—Ce)O,, Au;;@(Pt—Ce)O,. Blue spheres in (c)
and (d) indicate the location of the Pt dopant. Yellow, ivory, and red
spheres represent Au, Ce, and O atoms, respectively.

One of the neighboring Ce*" ions to the Au;; NC was
replaced with a doping element: Au, Pd, Pt, Ti, Ru, or Zr
(Figure 1c,d). The single dopant atom corresponds to a surface
concentration of 6.25%. In order to directly compare the
energetics of CO oxidation by Au,; supported on doped CeO,
and undoped CeO,, we used the same structure of the cluster
in both cases (Figure 1b,d). CO oxidation by the M-vK
mechanism was then tested at the Au—CeO, interface.

We performed spin-polarized DFT calculations in a plane
wave basis with the VASP code®" and the PBE* functional. In
order to treat the highly localized Ce 4f orbital, the DFT+U>?
scheme with U, = S eV was applied. The plane wave energy
cutoff was 400 eV, and ionic cores were described by the PAW
method implemented in VASP.>* The Brillouin zone was
sampled at the I" point only. The convergence criteria for the
electronic structure and the geometry were 107* eV and 0.01
eV/A, respectively. We used the Gaussian smearing method
with a finite temperature width of 0.1 eV in order to improve
convergence of states near the Fermi level. The location and
energy of the transition states (TSs) were calculated with the
climbing image nudged elastic band method.>>**

There are several mechanisms by which dopants can affect
E,,. of CeO,; the formation enthalpy of the dopant oxide can
differ from that of CeO,, and there can be differences in
oxygen—metal ion bond lengths, charge transfer between the
dopant and the host oxide, and multiple oxidation states of the
doping element.”>*”~* Metiu and co-workers have identified
relationships for the interaction between various dopants and
host oxides.*"*****”* In our case, the supported Au;; NC
donates electrons to the (X—Ce)O, support; therefore, an
additional factor, electron donation from the Au,;; NC, needs to
be considered as well.

Table 1 shows that all of the dopants considered lower the
vacancy formation energy of CeO, as compared to the undoped

the host oxide is still sketchy. However, in our cases, it can be
roughly explained by the electronic effect of the dopant and the
Ce—O bond length.

A Bader charge analysis of the (Au—Ce)O, system, presented
in Table 2, shows that the Au dopant, whose oxide formation

Table 2. Bader Charge Analysis on (X—Ce)O,
undoped
dopant CeO, Au Pd Pt Ti Ru Zr

Bader charge 2.387 1.29 1.31 1.50 222 1.82 3.35
of dopant

# of reduced n/a 0 0 0 1 1 0
Ce ions

# of electron n/a 7 7 4 1 4 sb
depleted O

ions
“Average Bader charge of surface Ce ions. “Number of electron-rich
oxygen atoms.

energy is positive (refer to Table S2 (Supporting Information)
for the formation enthalpy of dopant oxides) and is highly
electrophilic, shares less electron density with surrounding
oxygen ions than the Ce*" ion in the CeO, host. The effect of
electron depletion on E,,. in CeO, and MgO has been reported
by Hu and Metiu; low-valence dopants lower the E,,. because
the electron depletion in the CeO, slab weakens the bond of
the electrophilic oxygen atom to the surface.”” This effect
occurs in Au-, Pd-, Pt, Ti-, and Ru-doped (X—Ce)O,.
Introducing these dopants causes electron depletion in nearby
oxygen ions and leads to a decrease in E,,. (Tables 1 and 2).
Despite the relative instability of bulk TiO, and PtO, as
compared to CeO, (see Table S2 (Supporting Information) for
details), the vacancy formation on the surface of (Ti—Ce)O,
and (Pt—Ce)O, causes a local surface rearrangement that
results in a local PtO, or TiO, cluster embedded in the CeO,
host. This local reconstruction stabilizes the surface with a
vacancy and thereby decreases E,. (refer to Figure Sl
(Supporting Information) for detailed figures).

In the case of (Zr—Ce)O,, where the Zr dopant donates
more electron density to nearby oxygen ions when compared to
Ce (see Table 2), it might be expected that Zr would show the
opposite electronic effect on E,,. Nevertheless, Zr dopant
lowers E,,. of the host CeO, (Table 1). Likely, this anomalous
result is due to an extension of the nearby Ce—O bonds (refer
to Table S3 (Supporting Information) for details), as suggested
by Hu and Metiu.”* Hu and Metiu have reported the close
relationship between the E,,. and the Ce—O bond length and
the Bader charge of the dopant.”* We found that the Ce—O
bond length rather than the Bader charge of the dopant is a
better indicator of the E,. of doped CeO, (Figure S2,
Supporting Information).

If the E,,. of doped CeO, is lower than (half of) the Gibbs
free energy of O, desorption, (—0.32 €V at 1 atm of pressure
and 298 K; the standard entropy of O, at 298 K is 205.14 J

value of 2.66 eV. The exact role of a dopant atom on the E,,_ of mol™" K™'; see the Supporting Information for detail),*** a
Table 1. Effect of Dopant and Supporting Au,; NC on the E . of CeO,”
dopant CeO,” Au Pt Ti Ru Zr
E,,. of (X—Ce)O, (V) 2.66 0.41 0.40 045 (1.22) 0.07 1.65 1.99
E,y. of Aujs@(X—Ce)O, (eV) 2.40 0.90 127 142 n/a 1.66 1.80
AE,, —026 049 0.87 097 (0.20) n/a 0.01 —0.19

“Values in parentheses were calculated with fixed geometry, preventing surface disordering upon vacancy formation. bAdapted from ref 19.
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Table 3. Bader Charge Analysis on Au,;@(X—Ce)O,

dopant undoped CeO,” Au
Bader charge of Auy; NC? 0.22 1.04
Bader charge of dopant (AC)“ 2374 (-0.01) 0.87 (—0.42)
# of reduced Ce ions 1 1
# of electron depleted O ions 0 3

Pd Pt Ru Zr
1.03 0.69 0.23 0.61
0.80 (—0.51) 122 (~0.28) 1.64 (=0.18) 327 (~0.08)
1 1 1 2
4 4 3 4¢

“Adopted from ref 19. “Equal to the number of electrons that the Au;; NC donates to the support. “Values in parentheses represents the charge that
the dopant acquired. 4Calculated with the Ce ion at the location of the dopant. “Number of electron-rich oxygen atoms.

: 28,37,43 . :
charge-compensating oxygen vacancy is thermodynami-

cally favored and could form spontaneously, leading to an
oxygen-depleted (X—Ce)O, surface. Table 1 shows that this is
the case for the Ti-doped CeO, with E,,. = 0.07 eV. The (Ti—
Ce)O, was therefore excluded from further catalysis studies due
to its low oxygen storage capacity for oxidation catalysis. We
suggest the minimum E,. of 0.32 eV; dopants which lower the
E,,. below 0.32 eV could spontaneously release surface oxygen,
leading to an oxygen-depleted surface that does not favor CO
oxidation by the M-vK mechanism.

Shifts in E,,. upon supporting the Au;; NC, presented in
Table 1, demonstrate the central role of the electronic effect
upon supporting of the Auj; NC. Table 3 shows that the Au
NC donates electrons to the support and that these electrons
are redistributed over the dopant atom and nearby Ce and
oxygen ions (compare data in Tables 2 and 3). Some nearby
Ce*" ions are, therefore, reduced to Ce®"; neighboring oxygen
ions also gain electrons. Electron donation from the Au;; NC
increases E,,, but this effect is somewhat counteracted by the
lower energy of formation of Ce,O; due to some of the Ce*"
ions being reduced to Ce** (refer to Table S2 (Supporting
Information) for the formation enthalpy of CeO,, Ce,05, and
dopant oxides).

Figure 2 shows that the AE,. (the shift in E,. upon
deposition of Au;; NC) is a linear function of the AC, the
charge transferred to the dopant from the supported Au,; NC,
and confirms that the electronic effect originating from Au,,
determines the E,,. of Au,;@(X—Ce)O,. AE,,. of the Pt-doped
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1.0 | Pta .

| =
0.8 |- Pd -
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0.4 - -
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Figure 2. Linear relation between AE,,. and AC of the dopant atom
over a Au;; NP supported on a (X—Ce)O, support, where X is one of
the dopants indicated. Refer to Tables 1 and 3 for AE,. and AC
values. Pt* represents the AE,, calculated with a fixed geometry
without surface disordering upon vacancy formation. The AE,,. of the
undoped CeO, was calculated on the basis of charge transfer to the Ce

atom at the location of the dopant.

2196

system, calculated with a fixed geometry in order to prevent
surface distortion upon vacancy formation, also falls on the
trend line.

Oxidation of CO bound to the Au;; (Au—CO*) by a lattice
oxygen atom of the CeO, support, the M-vK mechanism,
essentially corresponds to vacancy formation in the CeO,
surface and subsequent oxidation of gas-phase CO. Figure 3a
shows the mechanism and energetics of CO oxidation by the
M-vK mechanism on Au;;@Ce0,-STO. The first CO,
formation passes through the triangular reaction intermediate
(TRI) from the Au—CO* and a lattice oxygen atom (stage 2).
Subsequent desorption of CO, from the TRI leaves an oxygen
vacancy in the CeO, surface (stage 3). This first CO,
desorption from the TRI requires high energy, 1.27 eV; thus,
direct participation of lattice oxygen of CeO, in CO oxidation
by supported Au NCs would be prevented.” As in the usual
case of CO oxidation by the M-vK mechanism, the newly
formed oxygen vacancy binds a gas-phase O, molecule (V—
0,*, stage 4). The protruding oxygen atom of the V—0O,* then
oxidizes another Au—CO* to complete the catalytic cycle.

Figure 4 shows that dopants lower E,,. and, thus, the energy
of CO, production from the first TRI, Ej,, as well. E4, generally
increases as a function of the E,,, presenting that the dopant
minimizing E,,. would maximize the CO, production. The
entropic contribution to the Gibbs free energy of CO,
desorption is —0.66 eV at 1 atm of pressure and 298 K (the
standard entropy of CO, at 298 K is 213.79 J mol ™ K™!);*' Ay,
Pd, and Pt show tolerable E,,, lower than 0.66 eV, which would
allow a further CO oxidation process by the M-vK mechanism.
The E; of 0.66 eV corresponds to 1.58 eV of E,, the
maximum E,,_ for the activation of the M-vK mechanism of CO
oxidation. Au NCs supported on Au-, Pd-, or Pt-doped CeO,
should exhibit relatively higher CO oxidation activity than the
undoped Au;;@CeO, catalyst.

In the case of Au;;@(Au—Ce)O,, in which a Au dopant
significantly lowers the E,,. and Eg, the reaction pathway is
consistent with that of undoped Au;;@CeO,-STO, except for
the morphology of the TRI (see Figure 3a,b, stage 2). Likely,
Auy;@(Au—Ce)O, is less able to strongly hold an oxygen of
the TRI due to its relatively low E,,. and E4.. An oxygen from
the TRI of Au,;@(Au—Ce)O, was bound to only one Ce ion
(see Figure 3b, stage 2), and this bonding geometry was the
case for Pd- or Pt-doped Au;;@(Au—Ce)O,, as well In
contrast, the corresponding oxygen atom of the TRI was bound
to three adjacent Ce ions of undoped Au,;@CeO,. The lack of
two Ce—O bonds in Au;;@(Au—Ce)O, leads to shorter C—O
bonds in the TRI. Even though two Au—O bonds were lost in
Au;;@(Au—Ce)O,, the relatively stronger C—O bonds in
Au;@(Au—Ce)O, contribute to the high energy of TRI
formation (AE2, Figure 3b).

The increased stability of the TRI in Au,;@(X—Ce)O,
lowers the AErg, (Figure 3ab). The low AErg accelerates
the TRI formation. The calculated rate of the TRI formation in
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Figure 3. Energetics and the morphology of reaction intermediates of CO oxidation by the (a) Au;;@CeO, and (b) Au;;@(Au—Ce)O,. Data in (a)
are adapted from ref 19. AE g, is the energy of the xth transition state relative to the previous stage (energy barrier of TRI formation). AEx is the
energy of the xth state relative to that of the previous stage; for example, AE2 is the energy difference between state 2 and stage 1. Yellow, ivory, and
gray spheres represent Au, Ce, and C atoms, respectively. Red, blue, and green spheres represent oxygen atoms of CeO,, O,, and CO, respectively.
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Figure 4. A linear relation is found between E,,. and E4, over a Au,;
NC supported on a (X—Ce)O, support, where X is one of the dopants
indicated. The blue dashed line represents the boundary where the Eg4,
can be wholly supplied by the entropic contribution to the Gibbs free
energy of CO, desorption, which is —0.66 eV at 298 K. The red
dashed line represents the maximum E,,. (1.58 V) for the activation
of the M-vK mechanism of CO oxidation.

Auy;@(Au—Ce)O, within the harmonic approximation to
transition-state theory (using a prefactor of v = 10" s7') is
six orders larger at 300 K than that of Au;;@CeO,-STO (Table
S4, Supporting Information). A high AE2 and low AEqg in
Au;;@(X—Ce)O0, increases the activity of CO oxidation by the
M-vK mechanism in Au;; NC supported on doped CeO,. The
AEq, calculated for Au-, Pd-, or Pt-doped Au;;@(X—Ce)O,
was generally lower than the E,, (see Table S4, Supporting
Information), confirming that the E,, and E,,. determine the
activity of CO oxidation by the M-vK mechanism.

Another CO oxidation mechanism at the Au—CeQ, interface
is mediated by an O, molecule bound at a Au—Ce®" site. Some
of the reduced Ce* ions of Au;;@(X—Ce)O, were able to bind
an O, molecule, but the binding was weaker than the case of
Au;;@Ce0,-3VAC reported in our previous study.'” Note that
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a Au;; NC supported on (X—Ce)O, generally donates
electrons to the support. We speculate that positively charged
adjacent Au atoms weaken the binding energy of the O,
molecule at the Au—Ce®* interface of Au,;@(X—Ce)O,.

We also examined oxygen spillover from the CeO, surface to
the supported Au NC as suggested by Neyman et al.*° for a Pt
NC on ceria NPs but found that the oxygen spillover was not
energetically favorable. Even in the case of Au;;@(Au—Ce)O,,
which shows the lowest E, ., oxygen spillover is endothermic by
0.71 eV. CO oxidation by the oxygen spillover would be
dependent upon the dimension of the support’® rather than the
chemical composition of the support.

Herein, we show that doping the supporting CeO, oxide can
promote CO oxidation by the supported Au NCs and suggests
the E,,. of the supporting CeO, as a reactivity descriptor and a
screening factor for dopant selection.

Charge redistribution, a relaxed Ce—O bond, local reduction
of the CeO, matrix upon doping, and a relative difference
between the formation energy of the dopant oxide and CeO,
systematically contribute to the E,,. of doped CeQ,. Electron
donation from the supported Au;; NC to the dopant governs
the E,,. of the Au,;@(X—Ce)O,.

The low E,,. of the Au;;@(X—Ce)O, lowers the
corresponding energy of CO, formation (E,) and leads to
increased CO oxidation activity by the M-vK mechanism at the
Au—(X—Ce)O, interface. Our findings show that doping the
CeO, support opens the CO oxidation pathway by the M-vK
mechanism, which is not accessibly by the Au NC supported on
stoichiometric and reduced undoped CeO, supports due to
their high Eg..

The role of supporting oxide materials, their chemical
composition, as well as their dimension and shape on the
catalytic activity of supported Au NCs/NPs needs to be
extensively considered in catalyst design. We suggest that
chemical modification of the oxide support is a promising route
for the optimization of oxidation catalysis by supported Au
catalysts.
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