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Abstract

Using precipitated cerium hydroxide dried at 100◦C as the support, highly dispersed ceria-supported gold catalyst was prepared. Co
with similarly prepared catalysts supported on low-surface area ceria, gold on the high-surface area support showed more resistance
and was more active toward the oxidation of CO and benzene. The oxidation of benzene was very dependent on the structure of ceria. T
programmed reduction showed that the reducibility of surface oxygen was higher for high-surface area ceria. It is proposed that the
surface oxygen vacancies by ceria surface reduction promoted oxygen adsorption. Active oxygen formed by dissociation of the adsorb
is the active species for benzene oxidation, and the dissociation is promoted by gold nanoparticles. When present together in the react
benzene inhibited the oxidation of CO, but CO enhanced the oxidation of benzene. Moisture had a promoting effect on both CO an
oxidation.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Gold has long been accepted as a chemically inert met
little significance in catalysis. However, since the discovery
the excellent activity of highly dispersed gold for CO oxid
tion by Haruta et al.[1], studies on the catalytic properties
nanogold materials have proliferated. Gold shows other in
esting catalytic properties besides CO oxidation[2–4]. Properly
prepared gold catalysts on suitable support exhibit unique p
erties for hydrogenation reactions[5,6], selective oxidation o
CO in hydrogen[7,8], formation of hydrogen peroxide from
oxygen and hydrogen[9], epoxidation of olefins with hydroge
and oxygen[10,11], the water–gas shift reaction[12,13] and
reactions for the abatement of automobile pollution[14,15].

In addition to carbon monoxide, volatile organic compoun
(VOCs), of which benzene is one, constitute an impor
source of urban air pollution. Catalytic oxidation is one meth
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used to remove VOCs. Because of its favorable redox pro
ties, ceria has been used as an oxidation catalyst[16–18]. It is
also an important component of three-way catalysts for auto
biles. The ability of CeO2 to catalyze oxidation reactions h
prompted studies on its use in gold-based catalysts. Au/C2
was found to have high activity and stability for selective C
oxidation in hydrogen[8]. Adding ceria was found to promot
oxidation reactions on gold supported on alumina[15,19]. Gold
supported on ceria was found to be quite active for the oxida
of VOCs[20]. Gold/CeO2 prepared by deposition–precipitatio
was slightly more active than gold/Fe2O3 prepared by copre
cipitation for toluene oxidation[21]. Likewise, gold–ceria cat
alysts promoted by vanadia was more active than gold–tit
or gold–zirconia promoted by vanadia[22,23]. These results
demonstrate that ceria-supported gold can be a useful ca
for the oxidation of volatile organic compounds.

The activity of ceria-based catalyst is known to depe
greatly on its structure. Nanosized ceria shows higher a
ity than bulk-phase ceria, because of the easier reductio
the surface oxygen species on ceria nanoparticles[18,24]. Gold
supported on nanocrystalline ceria was recently found to ex

http://www.elsevier.com/locate/jcat
mailto:laisy@hkbu.edu.hk
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excellent activity for CO oxidation[25]. In this paper we repor
the result of our investigation into the activity of gold suppor
on two ceria samples with very different specific surface a
for CO and benzene oxidation with the objective of determ
ing the influence of the structure of ceria on the structure of
supported gold particles and the catalytic activity for both re
tions and on their susceptibility to deactivation by sintering.
evaluate the potential application of the catalyst in ambient
the catalytic activity when both CO and benzene were pre
together, with or without moisture, was also examined.

2. Experimental

2.1. Catalyst preparation

The low-surface area ceria (denoted as CeO2-LS) was ob-
tained from Shanghai Chemical Corporation. To produce h
surface area ceria-supported catalysts, cerium hydroxide
precipitated from a solution of 0.22 M cerium (III) nitra
hexahydrate solution by adding 28% aqueous ammonia.
precipitate was washed three times with deionized water
then dried at 100◦C for 20 h. Portions of the dried precurs
and the commercial ceria were calcined to 300, 500, or 70◦C
for 6 h. These were denoted as CeO2-HS-T and CeO2-LS-T ,
where T is the temperature of calcination (◦C). Gold was
loaded onto the as-received commercial ceria and the dried
cipitated ceria precursor by deposition–precipitation. The
of a suspension of the support and the pH of a solution
chloroauric acid in deionized water were separately adju
to 10 with sodium hydroxide. The two were then combined
stirred for 5 h at room temperature. (Using ammonia for pH
justment should be avoided, due to the hazard of the forma
of explosive fulminating gold[26].) The suspensions were the
filtered and dried at 100◦C for 12 h. Separate portions we
then calcined at 300, 500, or 700◦C for 6 h. The catalysts wer
denoted as Au/CeO2-HS-T or Au/CeO2-LS-T .

2.2. Catalyst characterization

The specific surface area of the catalysts was determine
nitrogen adsorption at 77 K with a NOVA 1200 automatic a
sorption apparatus. The gold content in the catalysts were d
mined by dissolving the gold from the catalysts with aqua re
and then analyzing the catalysts by ICP-AES using a Per
Elmer Optima 3000 spectrometer. The crystal phases pre
in the catalysts were determined by powder X-ray diffract
(XRD) using a Rigaku D-max X-ray diffractometer with N
filtered Cu-Kα radiation. The catalyst surface compositio
were determined by X-ray photoelectron spectroscopy u
a Leybold Heraeus-Shengyang SKL-12 electron spectrom
equipped with a VG CLAM 4 MCD electron energy analyz
with Al-K α as the excitation source. The morphology of
catalysts was studied by transmission electron microscopy
a FEI TECNAI field emission high-resolution electron micr
scope at an electron beam energy of 300 kV.
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2.3. Temperature-programmed reduction

Temperature-programmed reduction (TPR) was perfor
in a flow reaction system. For each run, 0.3 g of catalyst
first oxidized in a flow of synthetic air for 30 min at 300◦C
for the gold-containing samples and at 500◦C for the oxide
supports. The sample was then cooled to 100◦C, flushed with
nitrogen at 100◦C for 30 min, and cooled to room temperatu
in nitrogen. The flow was then switched to a 10% H2 in N2 mix-
ture. A gas flow rate of 50 mL min−1 was established, and th
temperature of the catalyst bed was raised to 900◦C at a rate
of 10◦C min−1. The effluent gas was first passed through a
uid nitrogen cold trap to remove water vapor and then analy
with a Gow-Mac thermal conductivity detector.

2.4. Fourier transform infrared spectroscopy

The Fourier transform infrared (FTIR) spectra of adsor
CO on the catalysts were studied using a flow-through infra
cell with a CaF2 window. The catalysts were pressed into se
supporting wafers, pretreated in flowing synthetic air at 300◦C
for 2 h, then cooled to−140◦C in nitrogen. For CO adsorption
the wafers were allowed to contact a flowing stream of 5%
in nitrogen for 10 min. The cell was then flushed with flowi
nitrogen for 10 min to remove gaseous CO. The spectra w
measured in the transmission mode with a Nicolet Magna
500 spectrometer with a MCT detector at a resolution of 4 cm−1

with 128 scans.

2.5. Catalytic activities

The catalytic activities of the catalysts for CO oxidati
and benzene oxidation were studied using a laboratory-s
flow reactor system. (Note: Both CO and benzene are hi
toxic, and benzene is highly carcinogenic; precautions m
be taken while handling them.) In each run, 0.2 g of the
alyst diluted with 0.2 g of silica gel was first activated in sy
thetic air at 300◦C for 2 h. Then 1% CO in air at a total flow
rate of 50 mL min−1 or 0.5% benzene in air at a flow rate
200 mL min−1 was passed over the catalyst at different te
peratures, and the products were analyzed using two Shim
8A gas chromatographs. One of these devices, equipped
a thermal conductivity detector, a 13X molecular sieve, an
Porapak Q column, was used to determine CO, N2, O2, and
CO2. The other, equipped with a flame ionization detector
a Porapak Q column, was used to analyze benzene. In
tion to measuring the activity of the catalyst for the individu
reactions, one of the most active catalysts was tested fo
oxidation of CO and benzene (1% CO, 0.5% benzene,
ance synthetic air; total flow, 200 mL min−1) in the presence
or absence of 3% water. For comparison, a World Gold Cou
reference catalyst (type A, Au/TiO2, 1.5 wt% gold), was also
studied under similar conditions.
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Table 1
Gold loading and specific surface area of the catalysts

Sample Gold loading
(wt%)

SBET after calcination at different
temperature (m2 g−1)

300◦C 500◦C 700◦C

CeO2-LS – 6.7 6.7 5.5
Au/CeO2-LS 0.7 7.0 6.3 6.4
CeO2-HS – 65.5 60.7 29.1
Au/CeO2-HS 1.5 84.6 78.7 43.0

3. Results and discussion

3.1. Catalyst characterization

All of the samples showed the same powder XRD p
tern, which matched that of CeO2 with cubic fluorite structure
The width of the diffraction peaks of the HS series was m
broader than that of the LS series, demonstrating that the C2
particles from the precipitated precursors were much sm
than those from the commercial source. Diffraction peaks f
gold could hardly be detected because of the low gold lo
ing.

The specific surface areas of the supports, as well as the
catalysts after calcination at different temperatures and the
loading as determined from ICP-AES, are given inTable 1.
For the LS catalyst series, the specific surface area of C2
was rather low and showed only small changes after calc
tion even at 700◦C. The addition of gold also had only sma
effect on the catalyst surface area, indicating that the com
cial ceria is already well calcined. The specific surface are
CeO2-HS calcined to 300◦C was nearly 10 times that of CeO2-
LS. It decreased slightly (by 7%) with increasing calcinat
temperature from 300 to 500◦C. Raising the calcination tem
perature to 700◦C led to a much greater decrease in spec
surface area. Adding gold to the precipitated ceria before c
nation inhibited sintering, causing the gold-loaded catalyst
have a higher specific surface area than the support calcin
the same temperature. This effect is particularly noticeabl
the sample calcined at 700◦C. The high-surface area suppo
was able to take up more gold from solution, resulting in hig
gold loading in the catalysts.

Representative transmission electron micrographs for
CeO2-HS-300, Au/CeO2-HS-300, and Au/CeO2-LS-300 sam-
ples are shown inFig. 1. The low-resolution electron micro
graph shows that the ceria is composed of small (7–14
overlapping particles. Similar ceria particles were also obse
with the Au/CeO2-HS-300 catalyst. Although slightly darke
particles of about 4 nm could be discerned, whether they w
gold or smaller ceria particles from the contrast only was
ficult to determine. A high-resolution study, using the spac
of the lattice fringes for identification, was tried. A 4.5-nm go
particle on the Au/CeO2-HS-300 is marked inFig. 1e; however,
such particles were difficult to find and likely are not really re
resentative. Most of the gold particles could be much sma
and not detectable. The dimensions of the low-surface area
particles are much larger. The polygonal-shaped particles
�23 nm in diameter. Gold particles 5–7 nm in diameter
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be readily distinguished from the support. The high-resolu
electron micrograph inFig. 1f shows gold particles topped wit
the (111) lattice plane attached to the (111) face of a large
ria particle. The identification of the marked particle inFig. 1d
and e as CeO2 and metallic gold, respectively, was supported
measurement of the lattice spacing and by the digital elec
diffraction pattern shown in the insets.

XPS revealed the presence of oxygen, cerium, and gol
all of the catalysts. Sodium was not detected on any of the s
ples, and a small amount of chlorine was found only on
Au/CeO2-HS-300 catalyst. With this catalyst, the chlorine pe
disappeared after the catalyst was used for the CO oxidatio
action. The surface concentrations of gold, cerium, and oxy
measured from the area of the Au 4f, Ce 3d, and O 1s peak
given inTable 2. Because the concentration of adventitious c
bon was rather variable, it was excluded from the calculatio
composition. For both catalyst series, the ratio of surface
centration of gold to cerium decreased on increasing calcina
temperature, showing a decrease of gold dispersion with c
nation temperature. This gold sintering effect was more se
for the LS series.

The cerium 3d peak showed the typical multiplet struct
found for cerium dioxide[27]. To correct for charging effec
the binding energies of the XPS peaks were calculated with
Ce u′′′ peak set at 917.0 eV, as described previously[28]; the
results are given inTable 3. The main O 1s peak at 529.3
529.4 eV (OL) was assigned to lattice oxygen of CeO2. A
higher binding energy shoulder was found for all sample
about 532 eV; this was assigned to a mixture of surface
droxyl and carbonate groups. Whereas the binding energie
Ce 3d and O 1s peaks were nearly identical, the peaks
broader for the HS series samples than for the LS series
ples. This again reflects the smaller CeO2 particle size of the
HS samples. The surfaces of small particles were more he
geneous, with more surface atoms at corner and edge site
are in slightly different chemical environments than those
the well-developed crystal surfaces that dominate for the l
CeO2 crystals.

A larger variation of the Au 4f spectra with the nature of t
support and the temperature of calcination was observed. A
from a main Au 4f doublet, a higher binding energy peak
shoulder could be found for the HS series catalyst but no
the LS series. The binding energy of the main Au 4f doub
shifted to lower values with increasing calcination tempe
ture, gradually separating itself from the higher-binding ene
component. In resolving the gold peaks by curve fitting, it w
assumed that the higher-binding energy species was a ca
species with a fixed binding energy of 86.0 eV, a value clos
that reported for Au2O3 [29]. The results are shown inFig. 2.
Note that the binding energy for Au 4f obtained for the m
peak was lower than the value of 84 eV for bulk metal. The lo
est binding energy was found with Au/CeO2-LS-700, the sam
ple that should have the largest gold particle size. The low g
binding energy found should be attributed to a charge tran
from support to gold, similar to the case of Au/TiO2 discussed
by Arrii et al. [30]. The shift toward higher binding energy wi
decreasing particle size, especially for the HS series, pos
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), (d),
(a) (d)

(b) (e)

(c) (f)

Fig. 1. Transmission electron micrographs of the 300◦C calcined catalysts. (a)–(c), low resolution micrographs; (d)–(f), high resolution micrographs. (a
CeO2-HS-300; (b), (e), Au/CeO2-HS-300; (c), (f), Au/CeO2-LS-300. Insets: digital electron diffraction patterns of the marked particles.
co
rgy
m-
in
resulted from a final state effect of reduced screening of the
hole for small metal particles. The higher Au 4f binding ene
for the fresh Au/CeO2-HS-300 sample compared with the sa
ple after reaction may be caused by an electron-withdraw
effect of residual Cl.
re

g

3.2. TPR

The TPR profiles of the samples CeO2-LS-300, CeO2-
HS-300, Au/CeO2-LS-300, and Au/CeO2-HS-300 are shown
in Fig. 3. The TPR profile of CeO2-LS-300 is similar to those
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Fig. 2. Au 4f XPS spectra of the catalysts. (a) Au/CeO2-HS-300, (b)
Au/CeO2-HS-500, (c) Au/CeO2-HS-700, (d) Au/CeO2-LS-300, (e) Au/CeO2-
LS-500, (f) Au/CeO2-LS-700, (a′) Au/CeO2-HS-300 after CO oxidation reac-
tion.

Fig. 3. TPR profiles of the catalysts. (a) CeO2-LS-300, (b) Au/CeO2-LS-300,
(c) CeO2-HS-300, (d) Au/CeO2-HS-300.

Table 2
Surface composition of the catalysts

Catalyst Ce
(mol%)

O
(mol%)

Aua

(mol%)
Cl
(mol%)

Au/Ce
(mole ratio)

Au/CeO2-LS-300 25.7 73.0 1.3 (0.04) 0 0.051
Au/CeO2-LS-500 25.8 73.4 0.8 (0.01) 0 0.031
Au/CeO2-LS-700 29.5 70.2 0.3 (0) 0 0.010
Au/CeO2-HS-300 32.3 65.3 0.7 (0.08) 1.6 0.021
Au/CeO2-HS-500 28.6 70.9 0.5 (0.08) 0 0.017
Au/CeO2-HS-700 28.9 70.8 0.3 (0.05) 0 0.010
Au/CeO2-HS-300-AR 28.8 70.5 0.6 (0.07) 0 0.023

a Total surface concentration, the concentration of the higher binding en
component is given in the parenthesis.

Table 3
Binding energy of different elements on the catalyst surface

Catalyst Ce u′′′ O 1s (OL) Au 4f7/2

BE
(eV)

FWHM
(eV)

BE
(eV)

FWHM
(eV)

BE
(eV)

FWHM
(eV)

Au/CeO2-LS-300 916.7 2.2 529.3 1.7 83.1 1.5
Au/CeO2-LS-500 916.7 2.2 529.4 1.7 83.2 1.6
Au/CeO2-LS-700 916.7 2.3 529.4 1.8 83.0 1.7
Au/CeO2-HS-300 916.7 2.7 529.3 2.0 83.6 2.2
Au/CeO2-HS-500 916.7 2.6 529.3 2.0 83.3 2.1
Au/CeO2-HS-700 916.7 2.3 529.3 2.0 83.2 1.9
Au/CeO2-HS-300-AR 916.7 2.6 529.4 2.0 83.4 2.0

reported in the literature. The low-temperature reduction p
at 570◦C and the high temperature peak at 830◦C were typ-
ically interpreted as the reduction of surface-capping oxy
and bulk-phase lattice oxygen, respectively[31]. With CeO2-
HS, the position of the bulk lattice oxygen reduction pe
remained the same, but the surface reduction showed a d
ward shift of 165 to 405◦C, similar to that reported by Venez
et al. for ceria of similar surface area[32] and in agreemen
with the prediction of the enhancement in reducibility for na
sized ceria obtained by theoretical computation methods[33,
34]. When gold was added, the lower temperature reduc
peak shifted further to the low value of 130◦C for Au/CeO2-
LS-300 and 83◦C for Au/CeO2-HS-300. Scirè et al. suggeste
that gold weakens the adjacent surface Ce–O bond[20]. On the
other hand, Gluhoi et al. reported that nanogold supporte
alumina facilitates the H2/D2 exchange reaction even at roo
temperature[35]. We believe that the effect of gold observ
here should be due to hydrogen activation on gold and su
quent spillover of the reactive atomic hydrogen onto the c
surface at low temperature. Because most of the gold wa
the metallic state and the surface coverage of gold was
low (only 1.3% for Au/CeO2-LS and 0.7% for Au/CeO2-HS),
surface oxygen in close proximity to the gold particles sho
account only for a small fraction of the total, and a reduct
peak at the regular reduction temperature for CeO2 distant from
the gold particle should still be found if surface oxygen-bo
weakening was the major effect.

3.3. FTIR

We found that the adsorption of CO on the catalysts
very weak; no CO bands were found when adsorption was
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Fig. 4. FTIR spectra of adsorbed CO at−140◦C on the HS series
catalysts. (a) CeO2-HS-500, (b) CeO2-HS-300, (c) Au/CeO2-HS-300, (d)
Au/CeO2-HS-500.

ried out at room temperature. The FTIR spectra of adso
CO on selected samples of the HS series at−140◦C are shown
in Fig. 4. Ceria calcined to 300◦C showed only a very wea
CO absorption band at 2154 cm−1, whereas on the samp
calcined to 500◦C, the band at 2154 cm−1 was much more in
tense and another band at 2175 cm−1 appeared. Bands aroun
2154 cm−1 had been assigned to weakly adsorbed CO,
ther through van der Waal’s force or by hydrogen bonding
surface OH species[36]. The higher-frequency band was a
signed to CO bound to Lewis acid sites of coordinatively
saturated Ce4+ [36]. The FTIR spectra of the regions abo
3000 cm−1 and below 1600 cm−1 (not shown here for brevity
indicated that much higher amounts of water and carbo
species were present on the 300◦C calcined sample, blockin
the sites for CO adsorption. On Au/CeO2-HS-300, CO adsorp
tion bands were found at 2156, 2165, and 2184 cm−1. We at-
tributed the 2156 cm−1 peak to weakly adsorbing CO simila
to the one producing the 2154 cm−1 band on CeO2-500. Be-
cause a small amount of chloride was detected on this samp
XPS, the bands at 2165 and 2184 were tentatively assign
CO adsorbed on ceria sites adjacent to chloride ions[37] rather
than to adsorbed CO associated with cationic gold, bec
XPS revealed cationic gold in similar surface concentration
Au/CeO2-HS-300 and Au/CeO2-HS-500 but we did not de
tect these bands on Au/CeO2-HS-500. Compared with the pur
support calcined at the same temperature, much less ads
water and carbonate were detected on the Au/CeO2-HS-300,
showing that gold facilitates their desorption from ceria, allo
ing absorption of CO.
d

i-

te

by
to

se
r

ed

Fig. 5. CO oxidation activity of the catalysts. Full line, filled symbols—t
HS series; dotted line, open symbols—the LS series.1, CeO2-LS-300;
E, Au/CeO2-LS-300; P, Au/CeO2-LS-500; !, Au/CeO2-LS-700;
2, CeO2-HS-300; F, Au/CeO2-HS-300; Q, Au/CeO2-HS-500; ",
Au/CeO2-HS-700.

Au/CeO2-HS-500 had only a band at 2154 cm−1 and a broad
feature at 2130 cm−1. The 2130 cm−1 band, also found with
CeO2-HS-300, was probably due to a physically adsorbed
uid like CO. The absence of the 2175 cm−1 band suggested tha
the Ce4+ sites were blocked when the gold-containing cata
was calcined to 500◦C. Liu et al. predicted that gold atoms a
sorb most strongly on Ce4+ ion at oxygen vacancy sites[38].
We suggest that the CO adsorbed at this type of site gave
to the CO band at 2175 cm−1. On calcination at 500◦C, gold
atoms became mobile, and those migrating from particle
less energetically favored sites became trapped at these
hence inhibiting the adsorption of CO on these sites. The t
ping of gold clusters at these sites might be responsible fo
lower sintering suffered by gold supported on the high-surf
area ceria.

Absorption bands due to chemisorbed CO on metallic g
could not be found on either gold catalyst. Weak adsorptio
CO on oxidized gold/ceria catalysts was reported by Tabak
et al., who attributed this to the presence of adsorbed oxyge
small gold particles[39].

3.4. Catalytic activities

3.4.1. CO oxidation
The activity of the catalysts for CO oxidation as a function

the reaction temperature is shown inFig. 5. The temperature a
which the CO conversion reached 50% (T50) is taken as a mea
sure of the catalytic activity.Table 4gives theT50 values, along
with the rate of the reaction at 30◦C for some of the gold cata
lysts and at 300◦C for the gold-free ceria samples for comp
ison. Compared with titania-supported gold catalysts repo
in the literature[40], the activity of the ceria-supported go
catalysts in this work is much lower for CO oxidation. Hen
whereas theT50 for the reference Au/TiO2 catalyst should be
at a subambient temperature of−45◦C, Au/CeO2-HS-500, the
most active catalyst in this investigation, required a tempera
of 10◦C for 50% conversion. The data show that the CO o
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Table 4
Catalytic activity for CO oxidation

Catalyst T50
(◦C)

Rate of reaction at 30◦C
(mol s−1 g−1)

Rate of reaction at 300◦C
(mol s−1 g−1)

CeO2-LS-300 430 – 1.6× 10−7

Au/CeO2-LS-300 40 3.4× 10−7 –
Au/CeO2-LS-500 97 5.4× 10−8 –
Au/CeO2-LS-700 195 – –
CeO2-HS-300 274 – 1.7× 10−6

Au/CeO2-HS-300 27 1.2× 10−6 –
Au/CeO2-HS-500 10 1.7× 10−6 –
Au/CeO2-HS-700 74 – –
Au/TiO2 −45a – –

Reaction conditions: 0.2 g catalyst, 1% CO in synthetic air at a total flow
of 50 mL min−1.

a Data from the catalyst supplier.

Fig. 6. Benzene oxidation activity of the catalysts. Full line, filled symbol—
HS series; dotted line, open symbol—the LS series.1, CeO2-LS-300;
E, Au/CeO2-LS-300; P, Au/CeO2-LS-500; !, Au/CeO2-LS-700;
2, CeO2-HS-300; F, Au/CeO2-HS-300; Q, Au/CeO2-HS-500; ",
Au/CeO2-HS-700.

dation activity of ceria depends greatly on the catalyst sur
area. At 300◦C, the rate of CO oxidation over CeO2-HS-300
was 1.7×10−6 mol s−1 g−1, about 10 times the value for CeO2-
LS-300. A large promotional effect of gold was found. TheT50
value for Au/CeO2-HS-300 was reduced to 27◦C from that of
274◦C for CeO2-HS-300, and that for Au/CeO2-LS-300 was
reduced to 40◦C from that of 430◦C for CeO2-LS-300. With
the Au/CeO2-LS catalyst series, the activity decreased with
creasing calcination temperature. In contrast, maximum act
was found for the catalyst calcined at 500◦C for the Au/CeO2-
HS catalyst series.

3.4.2. Benzene oxidation
Carbon dioxide and water were the only products obse

in the reaction. Carbon mass balance was very close to 1
under all conditions. The activity of the catalysts for benz
oxidation as a function of reaction temperature is shown
Fig. 6. Again, the activity of CeO2-LS-300 was found to be
much lower than that for CeO2-HS-300. CeO2-HS-300 showed
a peculiar variation of activity with reaction temperature.
low temperature, benzene conversion increased with increa
reaction temperature up to 280◦C. Between 280 and 350◦C,
e

y

d
%

ng

Fig. 7. Effect of calcination temperature on benzene oxidation activity of
precipitated ceria.F, CeO2-HS-300;Q, CeO2-HS-500;", CeO2-HS-700.

activity declined with increasing reaction temperature. Ab
350◦C, the activity again increased with increasing tempe
ture. The reaction was run with decreasing temperature im
diately after the initial test with increasing temperature. T
low-temperature conversion peak was again found, demons
ing that irreversible deactivation of the catalyst between
and 350◦C was not the cause of the peculiar behavior. T
catalyst was also analyzed by in situ XRD while the cata
was gradually heated from room temperature to 500◦C in a
benzene–air mixture identical to that used for the oxidation
action. No changes in the XRD pattern were detected, sho
that reversible change in the bulk ceria sample did not o
under the reaction condition either.

Adding gold led to enhanced catalyst activity. Increas
calcination temperature led to decreased activity, so muc
that the Au/CeO2-HS-700 catalyst was less active than
pure support calcined at 300◦C (CeO2-HS-300) in the temper
ature range 250–300◦C. The effect of sintering of the suppo
alone is shown inFig. 7. The activity of CeO2-HS in both the
low-temperature and high-temperature regimes was reduce
calcination at progressively higher temperature. TheT50 val-
ues and rates of the benzene oxidation reaction at 250◦C are
given inTable 5. TheT50 value for CeO2-HS-300 was that see
at low temperature.T50 values for CeO2-HS-500 and CeO2-
HS-700 are not given, because the maximum conversio
these two samples did not exceed 50% in the low-tempera
regime.

3.5. The effect the nature of the support on the structure and
activity of gold

Although it is well documented that finely dispersed gold
reducible oxide support is important in producing highly act
gold catalysts, the nature of the active gold species, whe
ionic or metallic, has been disputed. On the basis of the
crease in activity concomitant with the reduction of oxidiz
gold, Park and Lee concluded that oxidized gold is more ac
on gold supported on Fe2O3, TiO2, and Al2O3 [41]. Similarly,
Guzman and Gate maintained that Au(I) is more active t
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Table 5
Catalytic activity for benzene oxidation

Catalyst T50
(◦C)

Rate of reaction at 250◦C
(mol s−1 g−1)

CeO2-LS-300 450 7.9× 10−8

Au/CeO2-LS-300 292 6.0× 10−7

Au/CeO2-LS-500 299 5.6× 10−7

Au/CeO2-LS-700 400 1.2× 10−7

CeO2-HS-300 256 1.7× 10−6

CeO2-HS-500 – 1.1× 10−6

CeO2-HS-700 – 4.2× 10−7

Au/CeO2-HS-300 207 3.1× 10−6

Au/CeO2-HS-500 225 2.4× 10−6

Au/CeO2-HS-700 280 1.5× 10−6

Au/TiO2 363 –

Reaction conditions: 0.2 g catalyst, 0.5% benzene in synthetic air at a tota
rate of 200 mL min−1.

Au(0) for CO oxidation[42,43]. Based on XPS results and th
retention of catalytic activity after metallic gold was stripp
from the Au/CeO2 catalysts, Fu et al. maintained that Au+ was
the active species for the water–gas shift gas reaction[44]. On
the basis of the much higher activity for ceria-supported g
prepared by deposition–precipitation compared with that
pared by solvated metal atom dispersion, Venezia et al. ar
that ionic gold substituted into the lattice of ceria should
much more active than metallic gold[32]. But Haruta et al. dis
puted the role of oxidic gold[45], on the grounds that mos
XPS results showed the presence of metallic gold in the m
active gold catalysts[46,47]. These authors also asserted t
oxidic gold should be reduced under the CO oxidation co
tions. Instead of considering either metallic or ionic gold as
only active species, Bond and Thompson proposed a sch
in which both Au0, which adsorbs CO, and Au(III), which ce
ments the metallic particles on the support and activates su
hydroxy groups for reaction with the adsorbed CO to form
sorbed carboxylate, are required for high activity. Accord
to this mechanism, carbon dioxide is formed from the re
tion of the carboxylate by superoxide ions adsorbed on oxy
vacancy sites on the support oxide[48]. Kung et al. proposed
that an ensemble of Au(I)–OH and metallic gold is the
tive species for CO oxidation of Au/γ -Al2O3 [49,50]. In the
present study we have observed that the structure of the
particle depends strongly on the nature of the ceria suppor
XPS, we observed that oxidic gold comprised about 10% of
total gold in the Au/CeO2-HS samples but only a negligible pe
centage in the Au/CeO2-LS samples. The fraction of oxidic t
metallic gold hardly changed when the Au/CeO2-HS-300 was
used for the CO oxidation reaction. The high-surface area
ria was able to stabilize small gold particles and also main
a fraction of the deposited gold in the oxidic state. Based
the FTIR results for adsorbed CO, it is reasonable to ass
that low-coordination ceria sites in association with an oxy
vacancy sites are responsible for the strong binding of s
gold particles. The weaker surface Ce–O bonding reveale
TPR can account for the easier generation of these sites o
high-surface area ceria. However, the activity data do no
low us to draw any conclusions about the nature of the ac
w

-
d

st
t
-

e

ce
-

-
n

ld
y
e

-
n
n
e

ll
y
he
l-
e

gold species. Both gold catalyst series are quite active for
oxidation. Because cationic gold was found on the HS c
lyst series but not on the LS catalyst series, it may be arg
that the comparatively higher activity of the HS catalyst se
was due to the higher activity of the cationic gold. But the g
particle size on the Au/CeO2-LS series is larger, as evidenc
by TEM. Hence the lower activity of the AuCeO2-LS catalysts
may also be interpreted as resulting from particle size ef
For CO oxidation, the optimum activity found for the HS ser
gold catalyst calcined at 500◦C probably reflects the fact tha
CO activation depends critically on the structure of the g
nanoparticles. The gold particle size in Au/CeO2-HS-300 was
probably too small. An optimum structure was reached a
calcination of the catalyst at 500◦C. With the LS catalyst se
ries, the gold particle sizes were larger, greatly exceeding
optimum size, and so calcination of the catalysts at increa
temperature could only lead to decreased activity.

For benzene oxidation, the effect of the support is more
found. The low-temperature benzene oxidation activity fo
for CeO2-HS-300 below 300◦C was absent for CeO2-LS-
300. Zhao and Gorte reported on the presence of both a
temperature process and a high-temperature process fo
oxidation of propane andn-butane on ceria prepared by deco
position of Ce(NO3)3 · H2O, which gave CeO2 with a specific
surface area of 61 m2 g−1 [51]. Based on the dependence of t
rate of the reaction to oxygen partial pressure, these au
proposed that dissociatively adsorbed oxygen is involve
the low-temperature reaction ofn-butane. The low-temperatur
benzene oxidation reaction observed here could be interp
as the reaction of adsorbed benzene with an adsorbed ox
species. Between 200 and 300◦C, thermal activation of the ad
sorbed species was rate-limiting, and the reaction rate incre
with increasing temperature. Between 300 and 400◦C, desorp-
tion of the adsorbed species caused the decrease in rea
with temperature. Above 400◦C, benzene oxidation proceed
with the lattice oxygen in accordance with the Mars van Kre
lan mechanism. The difference in the behavior of the CeO2-LS
and CeO2-HS samples suggested that the surface reaction
fective only over ceria of small particle size. This differen
is related to the higher reducibility of the surface oxygen
has often been postulated that oxygen vacancy sites, gene
along with the reduction of Ce4+ to Ce3+, are sites for oxygen
adsorption, forming reactive oxygen species. Li et al. propo
that surface peroxo were responsible for the oxidation of hy
carbons on ceria below 300◦C [16]. Pushkarev et al. detecte
superoxo and peroxo species only on nanocrystalline ceria
reduced by exposure to hydrogen or carbon monoxide[52].
Guzman et al. found that on gold/ceria samples, superoxo
peroxo species were detected when nanocrystalline ceria
used as a support, but not when large-sized ceria was used[53].
We postulate that oxygen vacancy sites were generated a
catalyst is heated in the benzene air mixture. Once gener
these acted as sites for the adsorption of superoxo and pe
species, which were thermally decomposed to form reac
oxygen responsible for the low-temperature oxidation of b
zene. On the low-surface area ceria, these processes oc
much higher temperatures, at which the lattice oxygen bec
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Fig. 8. Conversion of CO over the reactivated Au/CeO2-HS-500 catalyst (full
line, filled symbol) and the reference Au/TiO2 catalysts (dotted line, open sym
bol) with different reactant composition.2,1, 1% CO in air, total gas flow
rate at 50 mL min−1; F, 1% CO and 0.5% C6H6 in air, total gas flow rate a
200 mL min−1; Q,P, 1% CO, 0.5% C6H6 and 3% H2O in air, total flow rate at
200 mL min−1.

appreciably mobile. For benzene oxidation, the activation
benzene probably occurs on the ceria surface. The functio
gold is secondary, aiding the dissociation of the surface oxy
species. The presence of high-surface area nanocrystalline
is most important for low-temperature benzene oxidation ac
ity. This then accounts for the observation that below 300◦C, all
of the LS series catalysts, even after the addition of gold, w
less active than the gold-free high-surface area sample C2-
300. Even with the HS catalyst series, Au/CeO2-HS-700 was
less reactive than CeO2-HS-300 in the temperature range 25
300◦C. Sintering of the ceria, evident by the lower surface a
of the catalyst calcined at 700◦C, had a significant effect on ac
tivity. In contrast, even the least active gold-containing cata
was more active than both ceria samples for CO oxidation.
activation of carbon monoxide on nanogold particles is es
tial for low-temperature CO oxidation.

3.6. Catalyst stability

All of the catalysts showed negligible change in activity o
a time on stream of 6 h. But when the catalysts were sto
under ambient conditions for 3 months, the activity for CO o
dation decreased. TheT50 for Au/CeO2-HS-500 increased from
10 to 56◦C. The activity was restored to a certain extent by c
cination in air at 500◦C for 2 h. TheT50 for the reactivated
catalyst was 41◦C, still lower than that of the fresh catalyst.

3.7. Activity of the catalysts in a mixture of CO, benzene and
moisture

The activities of the reactivated Au/CeO2-HS-500 and the
reference Au/TiO2 catalyst, in a reaction mixture of 0.5% be
zene and 1% CO, with or without 3% water vapor, are sho
in Figs. 8 and 9. For comparison, the activities of the cataly
for CO oxidation and benzene oxidation when the reactant
f
of
n
ria
-

e

a

t
e
-

d

s

Fig. 9. Conversion of C6H6 over the reactivated Au/CeO2-HS-500 catalyst (full
line, filled symbol) and the reference Au/TiO2 catalysts (dotted line, open sym
bol) with different reactant composition.2,1, 0.5% C6H6 in air, total gas flow
rate at 200 mL min−1; F, 1% CO and 0.5% C6H6 in air, total gas flow rate a
200 mL min−1; Q,P: 1% CO, 0.5% C6H6 and 3% H2O in air, total flow rate
at 200 mL min−1.

present alone in air are also shown in the corresponding
ures. CO oxidation on Au/CeO2 was significantly inhibited by
benzene. TheT50 for CO increased from 41 to 180◦C in the
presence of benzene. Adding water vapor had a small be
cial effect on the oxidation of CO in the gas mixture, loweri
T50 slightly, to 175◦C. In contrast, although the Au/TiO2 ref-
erence catalyst is very active for CO oxidation, it is much l
active for benzene oxidation, and its CO oxidation activity
greatly suppressed by benzene. At 10◦C, the lowest temper
ature used in this work, CO was completely converted o
Au/TiO2. (TheT50 for CO oxidation given by the catalyst su
pler was−45◦C.) In the CO–benzene–water–air mixture,
T50 for CO oxidation increased to 245◦C. On both catalysts
the adsorption of benzene to high coverage at low tempera
inhibited the adsorption and reaction of CO. CO oxidation w
effective only at temperatures at which desorption or reactio
benzene became significant, freeing some sites for the rea
of CO. The lower activity of Au/TiO2 for benzene oxidation
means that higher temperatures are required to remove ben
and so this catalyst is less active than Au/CeO2-HS-500 in the
gas mixture for both CO and benzene oxidation.

Fig. 9 shows that whereas CO oxidation was inhibited
benzene, benzene oxidation was enhanced by CO. If CO
benzene were competing for the same sites, then one woul
pect the activity of benzene to be hardly affected, becaus
its much stronger adsorption. The enhanced benzene oxid
suggested that additional oxygen species reactive toward
zene oxidation were produced by CO oxidation.

The mechanism of CO oxidation has been extensively
bated. Over transition metal oxides such as Fe2O3 and TiO2,
Haruta et al. proposed that peroxo species adsorbs on met
ide sites and then reacts with CO adsorbed on the gold
at the metal–oxide perimeter[54]. Based on isotope scram
bling experiments on Au/Fe2O3, Schubert et al. suggested th
oxygen adsorbs molecularly on the support but dissociate
gold before reaction with CO[55]. Using theoretical simula
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tion, Sanchez et al. noted that O2 adsorbs as an activated pero
species that can react with both gaseous-phase and ads
CO on gold clusters deposited on MgO[56,57]. The formation
of peroxo species on Aun− (n < 20) clusters, wheren is even,
was also detected experimentally[58]. The adsorption of CO
and O2 on gaseous Aun− clusters was found to be cooper
tive rather than competitive[59]. Stolcic et al. proposed that o
small gold catalysts, the adsorbed peroxo species further
with CO, yielding the gaseous product CO2 and an adsorbe
oxygen atom[58]. The results found in this study support t
mechanism that CO oxidation occurs by the reaction betw
CO and a nondissociated adsorbed oxygen at the gold–su
boundary, producing CO2 and a highly reactive atomic oxyge
species. The activated atomic oxygen can then react with
CO and benzene.

An enhanced rate of CO oxidation on gold catalysts du
moisture has been observed[41,60–63]. It has been suggeste
that water vapor aids the dissociation of molecular oxygen[41,
61,62,64]as well as the decomposition of carbonate[61,63].
A clearer picture of the effect of water was revealed by fi
principle calculation, demonstrating that coadsorption of w
with oxygen on either small free gold clusters or small g
clusters supported on defect-free MgO(100) resulted in pa
or complete transfer of the proton to the oxygen, giving rise
hydroperoxyl-like complex with a weak O–O bond[65]. Thus,
normally nonreactive gold clusters are activated by adso
water. Our observation that water vapor promoted both CO
benzene oxidation on reactivated Au/CeO2-HS-500 gives fur-
ther support to the mechanism that considers the effect of w
to be oxygen activation, which is required for both CO and b
zene oxidation on nanogold particles.

4. Conclusion

High-surface area ceria prepared by precipitation and c
nation at only low temperatures showed high surface reduc
ity and high activity for benzene oxidation at low temperatu
The high-surface area ceria can stabilize gold at high dis
sion. Highly dispersed gold promotes the oxidation of CO
benzene, by activating CO in the former case and by assi
the dissociation of adsorbed oxygen in the latter. The pe
mance of gold supported on high-surface area ceria for the
dation of a mixture of CO and benzene is superior to that of g
supported on titania, despite the excellent activity of titan
supported gold catalyst for low-temperature CO oxidation
250◦C, both CO and benzene conversion were>90%. Because
moisture is beneficial to oxidation activity, ceria-supported g
is a promising catalyst for pollution abatement in ambient a
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