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To investigate the effects of chlorine on the Au/ceria catalysts, the adsorption of gold or chlorine and their coadsorpiton
on the stoichiometric and partially reduced CeO, (111) surfaces are studied from the first principles. It is found that the
adsorption of Au is significantly enhanced by the chlorine preadsorption on the stoichiometric CeO, (111) surface; while
on the partially reduced CeO; (111) surface, the preadsorbed chlorine inhabits the oxygen vacancy (which is the preferred
adsorption site for gold), leading to a CeOCl phase and the dramatical weakening of the Au adsorption. Therefore, chlorine
on the CeO; (111) surface can affect the Au adsorption thus the activity of the Au/CeQO, catalyst.
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1. Introduction

CeO;-supported Au catalysts have attracted much at-
tention both from the experimental and theoretical re-
searchers, owing to their super-catalytic activities for the
low-temperature CO oxidation!!?! and water-gas-shift (WGS)
reactions, ! as well as preferential CO oxidation (PROX).[4>!
To figure out these unusual properties, detailed knowledge of
Au structures on ceria is undoubtedly of great importance. A
lot of efforts have been made to find the plausible Au structures
on ceria,!* !l aiming to elucidate the microscopic origin of
high catalytic activities found in experiments. The most stud-
ied ceria supports are the CeO, (111) surfaces with and with-
out (O or Ce) vacancies. According to these studies, the Au
atoms adsorbed at the O or Ce vacancies present high catalytic
activities toward the CO oxidation or WGS reactions. [%7-12:13]
However, based on the first-principles thermodynamic analy-
sis, Zhang et al. concluded that under the realistic reaction
conditions (such as WGS reaction) the O vacancy is energeti-
cally much more preferable than the Ce vacancy.!'¥ Thus it is
possible that Au atoms around the O vacancies are responsi-
ble for the high catalytic activities for CO oxidation and WGS
reactions, as suggested by relevant experimental studies.[!>-17]

In realistic experimental environments, the oxide sur-
faces will be covered with certain radicals, which can change
the oxidation conditions of the support, and thus the activ-
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ity turns towards metal adsorption.| I Compared with the

Au-nanoparticle catalysts, one of such radicals is hydroxyl,
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which can be envisaged to originate from the Au precursors

20.22.231 Both experimental

or the air at moderate temperature. !
and theoretical studies have indicated the strong binding and
positive charging of the interfacial Au atoms due to the dec-
orated hydroxyl on the surfaces of the most studied oxides,
such as TiO, and MgO.!"82%1 Another electron—acceptor rad-
ical is chlorine, whose presence can also be ascribed to the
Au precursors (HAuCly), especially in the conventional im-

(24,25 1.12%1 pointed out that

pregnation (IM) route. | Haruta, et a
due to the residual chlorine, the mean diameter of Au parti-
cles by IM is 10 times larger than that prepared by deposition
precipitation (DP) and one of the most acceptable operations
to produce highly active nano-gold catalyst is to completely
remove chlorine.!?’! Studies have found that residual chlo-
rine displays negative effects on the Pt/CeQ,,?8! Au/Ce0,,!>!
and Ir/Ce0,?°! catalysts, respectively. The effects of Na and
Cl coadsorption on CO oxidation over MgO-supported Au
nanoparticles have been studied by Broqvist e al.?% It is
found that CI has a long-ranged characteristic effect as a poi-
son, making both the adsorption of O, and the formation of
the CO-0; intermediate complexes that mediate the formation
of CO, more difficult. However, Zhang et al.*!) have shown
that the controllable preparation of active Au/Fe,O3 catalyst
can be achieved by using chlorine as an indicator, and that
the active catalysts were prepared from solutions containing
2-ppm chlorine. Thus, up to now, the effect of chlorine on the

Au/ceria catalyst is still unclear and theoretical investigations
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are scarce. In the present work, the coadsorption of gold with
chlorine on CeO; (111) surfaces is investigated to understand
the effect of chlorine on the Au/ceria catalyst.

The rest of this paper is organized as follows. The com-
putational details are presented in Section 2. The adsorptions
of the Au atom, chlorine atom, and the coadsorption of Au
and chlorine on the stoichiometric and partially reduced CeO,
(111) surfaces are given in Section 3. Finally, some conclu-
sions are drawn from the present study in Section 4.

2. Computational details

Spin-polarized Kohn—Sham density functional theory cal-
culations are performed using the Vienna ab initio simula-
tion package (VASP).[3>35] The electron exchange and cor-
relation are treated within the generalized gradient approx-
imation (GGA), using the Perdew—Burke—Ernzerhof (PBE)
functional.’®! Since the conventional density function theory
(DFT) based method is unable to describe the localization of
the cerium 4f states of the partially reduced CeO,, the Hubbard
U parameter is introduced for the Ce 4f electrons to describe
the on-site Coulomb interaction (the DFT + U method),37-381
which helps to remove the self-interaction error and improves
the description of correlation effects. In this work, the U pa-
rameter is set to be 5.0 eV, which is in agreement with many
CeQO, calculations in the literature and close to the value rec-
ommended by Castleton et al.l*! in their systematic explo-
ration of the effect of the U value on the electron localiza-
tion and structure of the partially reduced CeO,. The Kohn—
Sham orbitals are expanded by using plane waves with the
well converged cut-off energy of 408 eV. The cerium 5s, 5p,
5d, 4f, 6s, the oxygen 2s, 2p, and the gold 5d, 6s electrons
are treated as valence electrons. Brillouin-zone integrations
are performed by using a 2x2x1 Monkhost—Pack grid and a
Gaussion smearing parameter of SIGMA =0.2 eV.

Ceria is an insulating rare-earth oxide. It has a cubic flu-
orite structure with four cerium and eight oxygen atoms per
unit cell, and our calculations give an equilibrium lattice pa-
rameter of 5.480 A. The optimized surface structure for the
clean stoichiometric CeO, (111)-(3x3) supercell is shown in
Figs. 1(a) and 1(b). The partially reduced CeO, (111) surface
is represented by removing an oxygen atom from the top layer
of the surface. Shapovalov and Metiu!'3! have tested the con-
vergence of the calculations with respect to the slab thickness
and found that the six-layer slab provides converged surface
(and adsorption) properties. Here we choose a slab thickness
of six atomic layers for all calculations (two O—Ce-O stacks)
with an in-plane periodicity of 3x3. During the optimization,
three bottom atomic layers are fixed at their bulk positions to
mimic the bulk, while the remaining ions are allowed to fully
relax with a fixed cell based on the optimized lattice parameter
for ceria bulk of 5.48 A with the PBE functional.

: atop-O
A2: atop-Ogup
A3: atop-Ce
B1: bri-Ce
B2: bri-O
B3: bri-Ogyp,

(b)
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Fig. 1. (color online) Optimized surface structures: (a) top view and
(b) side view for clean stoichiometric CeO; (111) with a 3x3 supercell.
Here and in the following the “x” indicates the adsorption sites for Au
or Cl, and red, light yellow, golden yellow, and green balls represent the
O, Ce, Au, and CI atoms, respectively. The abbreviation “bri” means
bridge.

The adsorption energy of a gold or chlorine atom is eval-
uated on the p(3x3) supercells. The same supercells are used
to study the coadsorption of a gold atom and a chlorine atom.
The adsorption energy for an Au or a Cl atom is calculated as
follows:

ads __ r-tot tot tot
E™ = Egpatrate T EAu(Cl) - EAu(Cl)fsubstrate' (M

The coadsorption of a gold atom and a chlorine atom is
defined as

coad __ prtot tot tot tot
E - Esubs[rate + EAu + ECI — &~ Au—Cl—substrate> (2)
where EGi, e and Eig ) are the total energies of the sub-
strate atom and the isolated atom (Au or Cl), respectively;
Ett and EXY ) cubstrate A€ the total energies of the

Au(Cl)—substrate
substrate with an Au atom or a Cl atom and both the Au and

ClI atoms.

3. Results and discussion

3.1. Au adsorption on the stoichiometric and partially re-
duced CeO; (111) surface
Although much attention has been paid to the Au/CeO,
(111) system, the energetically favorable adsorption configu-
ration for the Au atom on the stoichiometric CeO, (111) sur-
face is still controversial. Liu er al,[® Castellani et al.,*"!
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and Chen et al.l®! pointed out that the favorable site for Au
on stoichiometric CeO, (111) surface is the O-top site. How-
ever, Hernandez et al.,'*!! Camellone and Fabris,[!?] Zhang et
al.,'*?! and Tang et al. [43] showed that the structure with Au
on the O-bridge site has the largest adsorption energy. The
disagreement may lie in the choice of the ultrasoft pseudopo-
tentials and the method used to describe the valence electrons.
Branda et al.**! obtained two different stable adsorption sites
at the Ce—O bridge and the O-O bridge from different meth-
ods. In our present work, adsorption of a single Au atom on
the stoichiometric CeO, (111) surface is investigated at differ-
ent trial adsorption sites, including atop-O, atop-Ce, atop-Ogyp

(subsurface oxygen), O-bridge and Ce-bridge sites, shown in
Fig. 1(a). The adsorption data, including the optimized ge-
ometries, adsorption energies, spin moments, and the number
of electrons transferred from the Au adatom on the stoichio-
metric surface are shown in Table 1. It is found that the Au
atom prefers to bind with a surface oxygen atom with an ad-
sorption energy of 1.14 eV and an Au-O distance of 2.01 A.
In terms of Bader charge analysis,*! there is found a charge
transfer of about 0.26e from Au to the substrate, thus Au loses
a charge of 0.26e. The excess electrons are localized mainly
on a nearest-neighboring (NN) surface Ce ion (denoted with a
“#” as shown in Fig. 2(a)) with a spin moment of 0.83 .

Table 1. Optimized geometries, values of adsorption energy E,gs, (in V), spin moment m (in pg), and the number of electrons ¢ (in e)
transferred from the Au adatom on the stoichiometric and partially reduced CeO, (111) surface. Positive and negative values of ¢ mean
losing and getting electrons, respectively. The same notations are adopted in Table 3.

Adsorption geometries E,gs/eV m/ug q(e)
Au on the stoichiometric CeO; (111) surface
atop-Ce 0.67 (Au) 0.61 (NNCe) 0.02 3(NNO) 0.05 (Au) -0.04
atop-Ogyp 0.88 (Au) 0.32 3(NNO) 0.05 (Au) -0.07
bri-Ogyp 1.04 (Au) 0.65 (NNCe) 0.05 (NNO) 0.15 (Au) —-0.08 (NNO) +0.08
atop-O 1.14 (Au) 0.13 (Ce#) 0.83 (Au) +0.26 (Ce#) —0.20

Au on the partially reduced CeO, (111) surface

O-vacancy (NNN Ce reduced) 2.73

(Ce#) 1.00

(Au) —0.58 (Ce#) -0.23

NN: nearest neighbor; 3(NNO): one of the three O atoms which are the nearest neighbors of the Au adatom.

315 '31
-@31}

° 0@ aQauPceQceo 0.,

Fig. 2. (color online) The most stable optimized surface structures for an Au atom on the stoichiometric (a) and partially reduced (b)
CeO; (111), and a Cl atom on the stoichiometric (c), and partially reduced (d) CeO; (111).

On the partially reduced CeO, (111) surface, we try dif-
ferent initial sites for the adsorption of an Au atom near the
oxygen vacancy and the most stable geometry for the Au

adatom is at the vacancy site as shown in Fig. 2(b) with the ad-

sorption data shown in Table 1. In this structure, the Au atom
is located at about 1.32 A above the surface with respect to the
surface O atoms and the adsorption energy is 2.73 eV. The ad-

sorbed Au atom gains 0.58 e, and a next nearest-neighboring
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(NNN) Ce ion is reduced to Ce’* with a spin moment of
1.00 pp.

3.2. Cl adsorption on the stoichiometric and partially re-
duced CeO, (111) surface

The formation of a CeOCl phase under reaction condi-
tions or during sample preparation treatments is experimen-
tally verified in various catalytic systems, such as the reduction
of the Rh(C1)/Ce0,*%! and Pd(C1)/Ce0,*7! catalysts, and the
oxidation of HC1.[*84% Experimentally, Vogtenhuber et al.!>°!
investigated chlorine adsorption on the rutile TiO; (110) sur-
face, in combination with the ab initio method, and found that
the O vacancy is the most active adsorption site. Ménétrey
et al.®! performed the DFT-GGA periodic calculations for
CI/MgO(110) and their results showed that the reduction of
the surface allows a much stronger adsorption of Cl. Hu and
Metiul>?! used the density functional theory to examine the
dissociation of halogen molecules on CeO, (111), and showed
that the Cl adatom in the stable structure on the stoichiometric
CeO, (111) surface obtains 0.33 e from the substrate.

The investigated adsorption sites for a single Cl atom on
the stoichiometric CeO, (111) surface are the same as those
for the Au atom. The most stable optimized structure is shown
in Fig. 2(c), which has an adsorption energy of 1.57 eV. The
Cl adatom is adsorbed above the intersection of a surface O—
Ce bridge and a subsurface O-bridge. The nearest neighboring
distances of C1-O and C1-Ce are 2.36 A and 2.87 A, respec-
tively. According to the calculated Bader charges,*! Cl ob-
tains about 0.36 e from the surface, while the NN O loses about
0.20 e. Our result is in good agreement with those in Ref. [52].

The most stable adsorption site for CI on the partially re-
duced CeO, (111) surface is at the vacancy position, the same
as that for Cl on the reduced TiO, (110)1° or MgO(110).53!
The adsorption energy is 4.51 eV, with a CeOCl phase
formed.[%#7 The optimized structure is shown in Fig. 2(d),
where the Cl is located about 1 A above the surface oxygen
plane with the nearest neighboring Cl-Ce and Cl-Oygy, dis-
tances of 2.99 A and 3.26 A~3.31 A, respectively. It is known
that on the reduced CeO, (111) surface, corresponding to each
oxygen vacancy, there are about 1.2 e excess electrons (left by
the departed oxygen) localized on two Ce ions (Ce**). Upon
the adsorption of the CI on the oxygen vacancy, one of the
Ce3* is re-oxidized into Ce**. Bader analysis/**! shows that
the Cl adatom on the vacancy obtains about 0.72 electrons
(forming the C1™) from the surface and leaves the rest of the
excess electrons localized mainly on an NNN Ce ion.

3.3. Coadsorption of Au with Cl on the stoichiometric
CeO, (111)

To study the effects of the Cl species on the adsorption
of Au, we try different adsorption sites for Au near the pread-

sorbed Cl adatom on the stoichiometric CeO, (111) surface.

Fig. 3. (color online) The most stable optimized surface structures for Au
and Cl coadsorption on the stoichiometric CeO; (111) (a), and its valence
electron densities in the (110) plane (b). The electron-density contours start
from 0.01 e/a.u’ (au. is the abbreviation for atomic unit), and increase
successively by a factor of 10175,
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Fig. 4. (color online) The total density of states (TDOS) and local den-
sity of states (LDOS) for Au and CI coadsorption on the stoichiometric
CeO; (111) surface. The inserted figures are the corresponding figures
for the two new peaks. The isosurface value is 0.02 e/a.u.?
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It is found that the CI atom climbs up to the top of the Au
atom with the bond lengths of 2.24 A (Au—Cl) and 2.05 A
(Au—0), shown in Fig. 3(a). Au loses 0.26 ¢, and CI gains
0.45e. The system converges to a nonmagnetic state with an
enhanced adsorption energy of Au (3.73 eV) as compared with
that on the pure stoichiometric surface (1.14 eV). The valence
electron densities in the (110) plane, shown in Fig. 3(b), in-
dicate that the Au atom bonds strongly with the Cl and O
atoms. While, the charge transfer from Au to the substrate
is independent of the presence of Cl. In order to find out the
reason for the significant enhancement of the Au atom on the
Cl preadsorbed CeO, (111) surface, we compare the structure
and vibrational frequency of the adsorbed AuCl with those for
the AuCl and AuCl™ in a vacuum as shown in Table 2. Vi-
brational frequency calculations are performed for the AuCl
through the numerical differencing of the atomic forces to gen-
erate a Hessian matrix. Diagonalization of the mass-weighted
matrix gives rise to vibrational frequencies and atomic dis-
placement vectors for the various modes. Only the atoms in
the AuCl species are included in the vibrational analysis. The
bond length (2.24 A) and vibrational frequency (306 cm ™) of
the adsorbed AuCl structure are similar to those of the AuCl
in a vacuum, i.e., a bond length of 2.22 A and vibrational fre-
quency of 366 cm™!, which is in agreement with the experi-
mental results>3! and previous calculated results.>*! From the
total density of states (TDOS) curve (Fig. 4), we can see that
two small peaks appear in energy ranges of —6.0 eV-5.3 eV
and —1.0 eV-0 eV, respectively. The analysis from the local
DOS (LDOS) shows that the new peaks are mainly due to CI
2p, O 2p, and Au 5d, and the corresponding partial charge
states are shown in the inserted figures in Fig. 4.

Table 2. Values of bond length da,_c; (in A) and frequency @ (in
cm’l) of the AuCl and AuCl™ in a vacuum, as well as the adsorbed
AuCl on the CeO, (111) surface.

This work
Neutral Anion Neutral Anion Neutral Anion Adsorbed
day—c1 220 235 222 243 222 242 2.24
o 384 210 334 211 366 232 306

Experment® Calculation®

aRef. [53]. PRef. [54].

We also study the adsorption of a second Au atom on the
CeO, (111) surface with and without CI preadsorbed to in-
vestigate the effect of CI on the Au congregation. The stable
structure of two Au atoms on the CeO; (111) surface is shown
in Fig. 5(a), with the bond lengths of 2.52 A (Au-Au) and
2.09 A (Au-0), respectively. There are about 0.1 e transferred
from the surface O to the Au atoms.>> The stable structure
for the two Au on the CeO, (111) surface with Cl is shown in
Fig. 5(b). The bond lengths are 2.03 A (Au-0), 2.52 A (Au—
Cl), and 2.83 A (Au—Au), respectively. The two Au atoms lose
0.60 e, CI atom gains 0.33 e, and the excess electrons are lo-
calized on one of the NN Ce atoms. The adsorption energies

of the second Au atom on the surface with and without Cl are
2.65 eV and 2.64 eV, respectively. Thus, although the pread-
sorbed Cl changes the adsorption site of the second Au atom,
the effect on the adsorption energy is only about 0.01 eV. Ow-
ing to the significant enhancement of the first Au atom on the
Cl preadsorbed CeO, (111) surface, the Cl adatom on the sto-
ichiometric CeO, (111) may act as a nucleation site for the
growth of the Au nanoparticles.

Fig. 5. (color online) The most stable optimized structures for two Au
atoms on the stoichiometric CeO; (111) surface without (a) and with
(b) Cl preadsorbed.

3.4. Coadsorption of Au with Cl on the partially reduced
CeO, (111)

Our calculation results in Subsection 3.2 show that for
Cl1 on the partially reduced CeO, (111) surface, the most sta-
ble adsorption site is on the oxygen vacancy and the CeOCl
phase is formed. Here we investigate the adsorption of Au
on the CeOCl. Different sites for Au (shown in Fig. 6) are
considered, including the atop sites of Cl, O, Ogyp, and Ce, as
well as the bridge sites of O—O and Ogyp—Ogyp. The adsorption
energies, spin moments, and the number of electrons trans-
ferred from the Au adatom on the CeOCI surface are shown
in Table 3. It is found that the adsorption energies (0.22 eV—
1.07 eV) of Au decrease dramatically compared with those on
the stoichiometric CeO, (111) surface. The farther from the
CeOCl site the Au atom is, the smaller influence it feels. In the
optimized structure of Au on the Cl top as shown in Fig. 7(a),
the adsorption energy is 0.22 eV with an Au-Cl distance of
2.56 A, and Cl-Ce distances of 3.01 A-3.04 A, respectively.
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From Bader charge analysis,* Cl and Au obtain 0.63 e and
0.06 e, respectively. The excess electron is still localized on
an NNN Ce ion. The valence electron densities in the (110)
plane are shown in Fig. 7(c), which indicates that the Au and
Cl have a weak bonding. The most preferred adsorption site
for Au on the CeOCl surface is still at the top site of a sur-
face oxygen which is, at the same time, farthest from the CI
adsorption site (shown in Fig. 7(b)), where the Au is located
about 2.00 A above the surface oxygen atom. The adsorption
energy is 1.07 eV with the Au losing 0.22¢ and the transferred
electrons being localized on one NN Ce atom. Thus there are
two Ce*" atoms in this structure shown in Fig. 7(b). These
results are close to those for Au on the stoichiometric CeO»
(111). The three NN CI-Ce bond lengths are 2.99, 2.99, and

3.00 A, respectively, which are similar to those for CI on the

partially reduced CeO; (111).

: atop-O
A2: atop-Ogyp
A3: atop-Ce
B1: bri-Ce
B2: bri-O

B3: bri-Ogyp,

°o ° cl o Au @ CetH) Ce @ Oy

Fig. 6. (color online) Different trial adsorption sites for an Au adatom
on the partially reduced CeO, (111) surface with CI adsorbed.

Fig. 7. (color online) Optimized surface structures of Au on the top of ClI (a) and surface oxygen (b) of the CeOCl (111) surface, as
well as the valence electron densities in the (110) plane of (c) Au on Cl top and (d) Au on surface O top. The electron-density contours
start from 0.01 e/a.u.3, and increase successively by a factor of 10175,

Table 3. Optimized geometries, values of adsorption energy E,gs (in eV), spin moment m (in pg), and the number of electrons ¢ (in
e) transferred from the Au adatom on the partially reduced CeO, (111) surface with Cl adsorbed.

Adsorption geometries E,gs/eV m/ug qle)

atop-Cl 0.22 (Au) =0.76 (C1) =0.10 (Ce#) 1.01 (Au) =0.06 (C1) —0.63 (Ce#) —0.23
atop-Ogyp 0.49 (Au) 0.53 (CeNNAu) -0.90 (Au) —0.1 (Cl) —0.66 (CeNNAu) -0.22
bri-O 0.46 (Au) —-0.52 (CeNNAu) 0.75 (Au) -0.20 (Cl1) -0.71 (CeNNAu) -0.17
atop-Ce# 0.47 (Au) 0.53 (CeNNAu) -0.72 (Au) -0.22 (C1) -0.71 (CeNNAu) -0.17
bri-Ogyp unstable

atop-O 1.07 (Au) —0.14 2(Ce#) —0.90 (Au) +0.22 (C1) -0.72 2(Ce#) —0.20

NN: nearest neighbor; 2(Ce#): one of the two Ce# atoms; CeNNAu: the Ce atom which is the nearest neighbor of the Au adatom.
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The total energies of the two systems: a Cl atom adsorbed
on the top of the preadsorbed Au on the O vacancy and, in-
versely, an Au atom adsorbed on the top of the preadsorbed ClI
on the O vacancy, show that the former is less stable (higher
in energy by 0.13 eV) than the latter. Therefore, the CI atoms
prefer to occupy the oxygen vacancy sites. In Subsection 3.1,
we have discussed that the most stable adsorption site for Au
on the partially reduced CeO; (111) surface is on the oxygen
vacancy. Thus Cl may occupy the O vacancy site, which will
change the adsorption of Au.

4. Conclusions

The adsorptions of gold on the stoichiometric and par-
tially reduced CeO, (111) surfaces with and without Cl pread-
sorption are studied by using the DFT + U method. It is found
that the top of the surface oxygen atom and the oxygen va-
cancy are the preferred adsorption sites for Au on the stoi-
chiometric and partially reduced CeO, (111) surface, respec-
tively. The binding of Au to the partially reduced CeO, (111)
is much stronger than that to the stoichiometric CeO, (111)
surface. With the preadsorption of Cl on the stoichiometric
CeO, (111) surface, the adsorption of Au is significantly en-
hanced by forming a structure of AuCl with Au on the surface
and O and Cl above the Au adatom. On the partially reduced
CeO; (111), the preadsorbed Cl inhabits the oxygen vacancy
which is the preferred adsorption site for Au and leads to the
formation of a CeOCl phase. The adsorption of Au on the CI
preadsorbed partially reduced CeO; (111) is much weaker as
compared with that on the bare partially reduced CeO, (111).
Our results indicate that the preadsorbed Cl adatom on the sto-
ichiometric CeO, (111) may act as a nucleation site for the
growth of the Au nanoparticles. However, Cl prefers to oc-
cupy the O vacancy sites on the partially reduced CeO; (111),
which will affect the Au adsorption thus the activity of the
Au/CeO; catalyst.
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