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Abstract

Au/TiO2 catalysts were prepared by deposition-precipitation with NaOH (DP NaOH) (∼ 3 wt% Au) and urea (DP Urea) (∼ 8 wt% Au),
and calcined at various temperatures between 100 and 400◦C. They were characterized by UV-visible absorption, XANES, EXAFS,
TEM. Their activity was tested in the reaction of CO oxidation at 5◦C. After preparation, the gold species are in the oxidic state III. T
begin to transform into metallic gold under air at∼ 100◦C for DP NaOH and∼ 150◦C for DP Urea. At 200◦C, all the gold is metallic
for the two preparation methods. The particle size increases from 1.5 to 3.5 nm with the calcination temperature. The catalytic a
CO oxidation increases with the percentage of metallic gold, and it is maximum after calcination at 200◦C for both types of samples. Th
activities (per mole of Au) and TOF are the same for the two types of catalysts. After higher calcination temperatures, the catalyt
drops. The decrease of activity is mainly due to a change of particle shape with the calcination temperature rather than to the incr
particle size. At a pretreatment temperature of 200◦C, the particles present small facets with rounded parts, and their outer surface con
large proportion of low-coordinated sites (steps and corners) while at higher temperatures of pretreatment, they are truncated octa
smooth facets.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Until the end of the 1980s, only very limited attentio
has been paid to catalysis with gold metal because o
electronic configuration of noble metal, which is usually
companied by very low activities [1]. This situation has be
changed in recent years with the discovery of the cata
activity of gold nanoparticles [2]. Gold catalysts have
cently attracted growing interest due to their potential
many reactions of both industrial and environmental imp
tance. The most remarkable catalytic properties of suppo
gold have been first obtained for the reaction of CO oxi
tion at subambient temperature by Haruta et al. in 1987

Gold can also be active in various other reactions, se
tive hydrogenation, water–gas shift, reduction of NO w

* Corresponding author.
E-mail address: louisc@ccr.jussieu.fr (C. Louis).
0021-9517/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2003.11.005
hydrocarbons, epoxidation of propylene, CO and CO2 hy-
drogenation, and in reactions involving halogens [4,5].

The most studied catalyst for CO oxidation is gold s
ported on TiO2 because it is one of the most active cataly
for this reaction at low temperature. The optimum gold pa
cle size in these catalysts was found to be 2–3 nm [6,7]. S
particle sizes can be achieved owing to suitable prepara
methods and careful control of the conditions of preparat

Up to now, for the preparation of Au/TiO2 catalysts,
the best method has been the deposition-precipitation
NaOH [8] because it allows the size of the gold particles
be adjusted by controlling the pH of the preparation and
calcination temperature. However, we have recently de
oped a new preparation method of Au/TiO2 catalysts using
deposition-precipitation with urea [9]. It gives the same g
particle sizes as those obtained by Haruta et al. with
method of deposition-precipitation with NaOH [8,10], i.
2–3 nm. The main advantage of this new method over

http://www.elsevier.com/locate/jcat
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of deposition-precipitation with NaOH is that all the go
from the solution is deposited on TiO2, so higher gold load
ing can be reached, and the gold loading of the catalysts
be easily controlled.

In the literature, there is no agreement on the opti
calcination temperature for the Au/TiO2 catalysts for the
CO oxidation reaction. Some papers report that highly
tive gold catalysts must be calcined at temperatures a
300◦C [2,11] while others claim that lower calcination tem
peratures produce catalysts with higher activities [12,
According to Haruta et al. [14], the calcination at 300◦C
(in air) is necessary to form metallic gold particles, wh
strongly interact with the metal oxide support. Boccuzz
al. [15] studied a Au/TiO2 (1 wt%) catalyst calcined at thre
different temperatures, 200, 300, 600◦C, and they found
the best performance on CO oxidation for the catalysts
cined at 200 and 300◦C. The higher catalytic activity a
these temperatures was related to the higher concentr
of step sites over the Au surfaces and to a larger con
tration of step sites at the borderline with the support. D
et al. [16] suggested that calcination at temperatures a
300◦C is necessary to reduce oxidic gold species in met
gold, although the catalytic activity of the catalysts calcin
at 200◦C increased after exposure to ambient conditions
a few days and exceeded those from the catalyst calcin
300◦C.

Many authors [5,7,12,17] suggest that the activity of g
supported on TiO2 strongly depends on the size of the go
particles with a maximum of activity usually observed
a particle size of about 3 nm. Boccuzzi et al. [15] obser
that the rate of the CO oxidation reaction markedly increa
with a decrease in the diameter of the Au particles. It
claimed [18] that the effect of the oxidation state of gold
at least as important as that of the particle size of the met
gold. However, the state of the gold in active catalysts is
clear. Hoflund and co-workers claimed that part of the g
supported inα-Fe2O3 and Co3O4 is nonmetallic, and that i
may be responsible for the low-temperature activity [19,2
Park and Lee [18] concluded from XPS investigations
oxidic gold is the active species in catalysts of gold s
ported on TiO2, Al2O3, and Fe2O3. Visco et al. [21] found
much larger catalytic activity in uncalcined samples tha
calcined ones and proposed that oxidized gold specie
the most active sites for low-temperature CO oxidation
Au/Fe2O3 catalysts [22]. Minicò et al. [23] found a co
relation between the occurrence of an IR band, assig
to the adsorption of CO on Au+, and the catalytic activ
ity of coprecipitated Au/Fe2O3 catalysts. Some other pape
report partially oxidized forms of gold in Au/Fe2O3 [14],
Au/Co3O4 [24], Au/Al2O3 catalysts [25], and Au/MgO [26]

In a study combining ab initio calculations and expe
ments, Sanchez et al. [27] found that 8 atom gold clus
deposited on defective MgO surfaces are active in CO
idation while they are inactive if they are deposited o
perfect surface. This difference of activity is explained
a charge transfer from an F center (oxygen vacancy) on
n
-

t

MgO surface toward the gold clusters where it is attach
This result is in agreement with results on unsupported
clusters (below 20 atoms) showing that anionic clusters
reactive with oxygen, while cationic ones are not [28,2
anionic clusters can even produce CO2 by successive expo
sures to CO and O2 [30].

In contrast, many other authors suggest that met
gold is the active species in Au/TiO2, Au/Ti(OH)3, or Au/
ZrO2 [5,31–34].

In this work, we have prepared Au/TiO2 catalysts by two
methods, deposition-precipitation with NaOH (DP NaO
i.e., the Haruta method [8], and deposition-precipitation w
urea (DP Urea), developed by us [9]. The goal of this st
was threefold: (i) to compare the catalytic behavior of th
two types of catalysts in the reaction of CO oxidation; (ii)
determine the calcination temperature for which these c
lysts are the most active for this reaction; (iii) to determ
the oxidation state of the gold species active in this reac

2. Experimental

2.1. Au/TiO2 preparations

Titania Degussa P25 was used as support (45 m2 g−1,
nonporous, 70% anatase and 30% rutile, purity> 99.5%)
and solid HAuCl4 · 3H2O (Acros) as gold precursor. Befo
preparation, TiO2 was previously dried in air at 100◦C for at
least 24 h. The preparations were performed in the abs
of light, which is known to decompose and reduce gold p
cursors.

For the Au/TiO2 preparations by deposition-precipitati
with NaOH (DP NaOH), 100 mL of an aqueous solution
HAuCl4 (4.2 × 10−3 M) was heated to 80◦C. The pH was
adjusted to 7 by dropwise addition of NaOH 1 M, then 1 g
TiO2 was dispersed in the solution and the pH was readju
to 7 with NaOH. The suspension thermostated at 80◦C was
vigorously stirred for 2 h.

For the Au/TiO2 preparations by deposition-precipitati
with urea (DP Urea), 1 g of TiO2 was added to 100 m
of an aqueous solution containing HAuCl4 (4.2 × 10−3 M)
and urea (0.42 M). The initial pH was∼ 2. The suspensio
thermostated at 80◦C was vigorously stirred for 16 h. Ure
decomposition leads to a gradual rise in pH from 2 to 7.

In both DP NaOH and DP Urea preparations, the amo
of gold in solution corresponds to a maximum gold load
of 8 wt% on TiO2.

The solids were gathered by centrifugation (12,000 r
for 10 min), washed in 100 mL of distilled water under s
ring for 10 min at 50◦C, and then centrifuged. The operati
was repeated four times. The solids were dried under
uum at room temperature for 16 h or at 100◦C for 2 h or
in air at room temperature for 48 h. The dried samples w
stored away from light and under vacuum in a desiccato

Before characterization, the dried samples were calc
at various temperatures, between 150 and 400◦C, under a
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flow of industrial air (100 mL min−1, Air Liquide) with a
heating rate of 2◦C min−1 and then maintained 4 h at th
chosen temperature. Sample transfers were performed
to various spectrometers for characterization as fast as
sible.

2.2. Characterization techniques

Chemical analysis of Au was performed on calcined s
ples by inductively coupled plasma atom emission sp
troscopy at the CNRS Center of Chemical Analysis (V
naison, France). The Au weight loading of the sample
expressed in grams of Au per gram of sample calcine
1000◦C: wt% Au= [mAu/(mAu + mTiO2)] × 100.

The gold loading is 3.1 wt% for the DP NaOH cataly
and 7.6 wt% for the DP Urea catalyst, and Cl loading is 1
and 300 ppm, respectively.

The UV-visible spectra (200–2500 nm) of the Au/TiO2
samples were carried out on a Cary 5E spectrophoto
ter equipped with a Cary4/5 diffuse reflection sphere. T
baseline was recorded using a poly(tetrafluoroethylene)
erence.

The calcined Au/TiO2 samples were examined by tran
mission electron microscopy (TEM). The morphology, str
ture, and chemical analysis were determined either in
resolution and EDS with a JEOL 2000 FX microscope
in high resolution with a JEOL 3010 microscope. For
observation, the catalysts were dispersed on a copper
precovered with a carbon film. For a better stability, es
cially in the high-resolution mode, the samples were cove
by a thin carbon layer (less than 5 nm thick). The distan
between the lattice planes in the gold particles, imaged
HRTEM, were measured by numerical analysis using
TiO2 lattice for internal calibration. The histograms of t
metal particle sizes were established from the measure
of 500 to 1000 particles. The size limit for the detection
gold particles on TiO2 was about 1 nm. The average par
cle diameterds was calculated using the following formul
ds = ∑

nid
3
i /

∑
nid

2
i whereni is the number of particles o

diameterdi .
XAS (X-ray absorption spectroscopy) measurement

the Au/TiO2 samples were performed at the Au LIII edge at
the XAS 13 beam line of the DCI storage ring of LUR
synchrotron radiation facility (Orsay, France). The sa
ples were diluted with cellulose and pressed as a pe
The XANES spectra (X-ray absorption near-edge struct
and EXAFS signals (extended X-ray absorption fine str
ture) were recorded at room temperature, in the trans
sion mode, using two argon-filled ionization chambers
a channel-cut Si(111) monochromator. For each sample
XANES spectra were scanned two times with 0.5 eV st
from 11,870 to 12,020 eV, and the EXAFS signals w
scanned five times with 2 eV steps from 11,750 to 12,750
The energy was calibrated using a Au metal foil. The X
spectra of references, gold foil, Au(OH)3, and HAuCl4 were
also recorded.
r
-

t

After background correction, the XANES spectra we
normalized in the middle of the first EXAFS oscillatio
The EXAFS analyses were done in the framework of sin
scattering treatments with the package of programs EXA
pour le Mac [35] since data analyses were limited to the
shell only. Thekχ(k) functions were extracted from the da
following the procedure proposed by Lengeler and Eis
berger [36] using a linear preedge background and a c
spline atomic absorption background. The Fourier tra
forms (FT) were calculated onw(k)kχ(k), wherew(k) is
a Kaiser–Bessel window with a smoothness parameter e
to 3. Thek limits are 3 and 14 Å−1. It may be noted tha
the FTs are presented without phase correction in the
ures. Single scattering fits of experimental curves were
formed with the Round Midnight program [35], which us
the minimization capabilities of the Minuit code [37]. Th
constant of the mean free pathΓi was extracted from ref
erences (metallic gold foil) and Au(OH)3, Γ Au–Au = 0.82
and Γ Au–O = 0.4. The inelastic reduction factorS2

0, and
the functions|fi(k,Ri)| (amplitude) and|φi(k,Ri)| (phase
shift) were calculated from the structures of metallic go
and Au2O3 using the FEFF 7.0 code [38,39].

Catalytic measurements of CO oxidation were carried
in a fixed-bed reactor using∼ 25 mg of DP NaOH catalyst
and∼ 15 mg of DP Urea catalysts, but accurately weigh
for each sample. The catalysts previously dried at 100◦C
were calcined as described above at the desired tem
ture for 4 h. After calcination, the reactor was cooled
5 ◦C under air, which was replaced by a gas mixture c
sisting of 1% vol CO and 4% O2 balanced with N2 to 1 atm
(99.3 mL min−1). CO was analyzed at the outlet of the rea
tor with an IR detector (COSMA Beryl 100).

The turnover frequency (TOF), number of molecules
CO converted per surface atom of gold particles and
second, was calculated for the two series of catalysts
the assumption that gold particles were cubo-octahedra.
hypothesis is supported by HRTEM observation (see n
section). The dispersionD was calculated by the formul
D = Ns/Nt, where Ns represents the number of surfa
atoms andN t the total number atoms in the particle.

3. Results

3.1. Characterization by UV-visible spectroscopy

Fig. 1A displays the UV-visible spectra of DP Urea s
ries, the sample dried at RT and at 100◦C under vacuum, an
those calcined at 150, 200, 300, and 400◦C in air. The spec-
tra of the samples dried at RT under vacuum and calc
at 100◦C only show the absorption of TiO2 below 400 nm.
The spectra of the samples calcined at higher tempera
(T � 150◦C) exhibit another band around 550 nm, the
tensity of which increases with the calcination temperat
This band is characteristic for the plasmon resonanc
metallic gold particles. In metal nanoparticles of Au0, Cu0,
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Fig. 1. UV-visible spectra of pure TiO2 and the DP Urea (A) and DP NaO
samples (B) as a function of the temperatures of drying (RT and 100◦C)
and calcination under air (150 to 400◦C).

and Ag0, the plasmon absorption arises from the collec
oscillations of the free conduction band electrons that
induced by the incident electromagnetic radiation. Such
onances are seen when the wavelength of the incident
far exceeds the particle diameter. In DP Urea samples
plasmon band begins to appear after calcination at 15◦C
t

(Fig. 1A). It is clearly visible after calcination at 200◦C, and
it evolves almost no longer at higher temperature, sugge
that the gold particles are fully metallic.

Fig. 1B presents the UV-visible spectra of the DP Na
series, the sample dried at RT and 100◦C under vacuum, an
those calcined at 150, 200, 300, and 400◦C in air. The evolu-
tion of the plasmon band with temperature is different fr
that observed for the DP Urea series. A weak band is vis
in the spectrum of DP NaOH sample after drying at RT
der vacuum that increases after drying at RT under amb
air. After drying at 100◦C under vacuum, the plasmon ba
begins to appear, and it is clearly visible after calcina
at 150◦C. Thus, we can conclude that there is a differe
in reducibility of gold in DP NaOH and DP Urea sample
The DP NaOH sample is already partially reduced at 100◦C
whereas the DP Urea one is not reduced at this tempera
In addition, when DP NaOH samples were dried at RT un
vacuum, there was no well-developed plasmon band vis
in the UV-visible spectrum, but only a shoulder. Howev
when this sample was dried in air at RT, a plasmon band
clearly identified. In DP Urea samples, this behavior was
observed, after drying a RT in air.

The presence of a plasmon band atT � 150◦C in DP
Urea and atT � 100◦C in DP NaOH shown in Fig. 1 indi
cates that (i) after preparation, and therefore during pr
ration, gold is not reduced, and is probably in the oxida
state of the precursor, i.e., AuIII ; (ii) the exposition of the
DP NaOH catalyst to air, even at RT, starts to induce
reduction of gold; (iii) the reduction of gold increases w
temperature.

Noteworthy is the change of color of the samples dur
preparation/activation, which is also an indication of the
idation state of gold. In DP NaOH samples, the white co
of the wet sample changed to gray after drying under v
uum at RT. It changed to gray-purple after calcination
100◦C and to purple after calcination at temperatures ab
150◦C. Purple color is characteristic of metallic small go
particles [40]. In the DP Urea samples, the initial yello
orange color of the wet sample is almost unchanged
drying under vacuum at RT or at 100◦C or after calcination
in air at 100◦C. It begins to turn to purple after calcination
T � 150◦C. The difference of color between the two sa
ples dried at RT indicates that the nature of the gold spe
deposited during DP Urea is different from that depos
during DP NaOH. This has been recently confirmed (unp
lished results).

In addition to the different reducibilities of the two typ
of samples, there are two other main differences betwee
spectra of DP Urea and DP NaOH samples (Fig. 1):

– the different intensities of the plasmon band on the f
reduced samples, which are due to the different gold lo
ings (8 and 3 wt%);

– the absorption at 400–600 nm in the DP Urea sam
dried at RT or 100◦C. In our opinion, it is due to the absor
tion of the orange gold phase which is deposited during
Urea.
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Fig. 2. Normalized XANES spectra of references (HAuCl4, Au(OH)3,
Au0), the DP Urea (A) and DP NaOH samples (B), as a function of
temperatures of drying (RT and 100◦C under vacuum) and calcination u
der air (150 to 400◦C).

3.2. XAS spectroscopy

Fig. 2 presents the normalized XANES spectra of the
Urea and DP NaOH samples as a function of the temp
ture of drying/calcination. As references, the spectra of AIII

(Au(OH)3 and HAuCl4) and Au0 (gold foil) were recorded
Compared to the XANES spectra of the references, thos
the DP Urea samples treated at room temperature and 10◦C
(Fig. 2A) are more like that of Au(OH)3 spectrum than to
that of HAuCl4 spectrum. The spectra of the DP Urea sa
ples treated at 200 and 300◦C are very similar to the spec
trum of metallic gold, whereas the sample treated at 150◦C
is intermediate. In the case of DP NaOH samples, only
spectrum of the sample dried at RT under vacuum (Fig.
is similar to the spectrum of Au(OH)3; the spectrum of the
sample calcined at 100◦C is intermediate between the spe
tra of the two references, and at a calcination tempera
higher than 150◦C, the spectra are the same as the spect
of the gold foil.

To determine the percentage of Au0 in the “intermediate”
samples, a series of linear combinations between a refer
containing AuIII and the reference containing Au0 was per-
formed. The results of these combinations were comp
to the experimental XANES spectra. For DP NaOH sa
ples, the spectra of Au0 and Au(OH)3 sample were taken a
reference to perform the linear combinations. For DP U
samples, the linear combinations were performed using
e

Table 1
Percentage of metallic gold determined from XANES, in the DP NaOH
DP Urea catalysts as a function of drying/calcination temperature

Pretreatment Au0 in DP Au0 in DP
temperature DP NaOH DP Urea

(◦C) (%) (%)

RT 0 0
100 40 0
150 90–100 70
300 100 100

spectrum of DP Urea dried at RT as reference for AuIII be-
cause the nature of the gold species deposited during
Urea is different from that deposited during DP NaOH
noted in the former paragraph. We also checked that th
with the spectrum of Au(OH)3 was not as good as for D
NaOH. The choice of the spectrum of DP Urea dried at
as reference was justified by the UV-visible absorption
sults in Fig. 1A, which show that the DP Urea sample dr
under vacuum at room temperature does not present the
mon band; so, there is no metallic gold in this sample (
approximation will be also justified by the EXAFS result
Hence, our calculations (see Table 1) show that in the
Urea sample calcined at 150◦C, 70% of gold is metallic.
By the same procedure, we found that the metallic gold
gins to form at 100◦C (40%) in DP NaOH samples. For th
sample DP NaOH calcined at 150◦C, it is not possible to
determine if all gold is in the metallic state or if a little qua
tity of Au (� 10%) is in the oxidized state; this is beyond t
precision of the technique.

It is important to note that in both cases, the samp
dried at room temperature contains only AuIII according to
XANES and that in DP Urea sample calcined at 100◦C,
there is no metallic gold.

Fig. 3 shows the modulus of the Fourier transform of
EXAFS signals (i.e., the pseudo RDF), without phase c
rection, for the DP Urea and DP NaOH samples. The
of DP Urea dried at RT and calcined at 100◦C (Fig. 3A)
and the DP NaOH dried at RT (Fig. 3B) are almost ide
cal to that of Au(OH)3. There is a first very intense peak
R = 1.65 Å. The DP Urea sample calcined at 150◦C and the
DP NaOH samples calcined at 100 and 150◦C show a tiny
peak at 1.65 Å, which could correspond to Au(OH)3, and
a more intense peak at 2.72 Å that corresponds to met
gold. The moduli of the FTs of the DP Urea and DP NaO
samples calcined at 200 and 300◦C are almost identical to
that of metallic gold.

Table 2 summarizes the results of the best fits of the
AFS signals for first neighbors in the DP Urea series
DP NaOH series. It shows in the DP Urea series that for
samples dried under vacuum at room temperature and
cined at 100◦C, the only backscatterer is O at a distan
of 2.0 Å, and there is no Au as first neighbor. This in
cates that all gold is oxidized, in agreement with XANE
results. On the contrary, at 150◦C, there are two backsca
terers, O and Au, so the sample contains a mixture of AIII
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Fig. 3. Modulus of the Fourier transforms of the EXAFS signals of re
ences (Au(OH)3, Au0), the DP Urea (A) and DP NaOH samples (B), a
function of the temperatures of drying (RT and 100◦C under vacuum) and
calcination under air (150 to 400◦C).

and Au0. A calculation by linear combination of the EXAF
spectra of gold foil and of DP Urea dried at RT was p
formed and compared to the spectrum of DP Urea calc
at 150◦C. The result shows that 70–80% of the backsca
ers is Au and the remaining part is O. This result is consis
with XANES (75% of gold is in the metallic state) (see T
ble 1). In DP Urea calcined at 300◦C, the only backscattere
is Au, confirming that the gold particles are completely
duced.

For the DP NaOH series, according to EXAFS res
for the first neighbors (Table 2), gold species are mainl
the Au–O-bonding environment when dried at 25◦C. After
calcination at 100 and 150◦C, the gold species are in th
Au–O- and Au–Au-bonding environment. This is in agre
ment with the XANES results obtained after calcination
100◦C where a mixture of AuIII and Au0 was found. For
the sample calcined at 150◦C, the EXAFS results show
weak percentage of a Au–O-bonding environment, altho
the presence of AuIII was not detected by XANES. Th
sample is therefore not fully reduced, but the amoun
AuIII is probably smaller or equal to 10% (accuracy lim
of the XANES quantification). For higher calcination te
peratures, 200 and 300◦C, the gold species are in an Au
Au-bonding environment, in agreement with XANES
sults.

In DP Urea and DP NaOH calcined at 200 and 300◦C,
all the gold is in the metallic state with a coordination nu
Table 2
Best parameters for the fit of the EXAFS signals of Au references
Au/TiO2 samples for DP Urea and DP NaOH series

Samples Back- N σ R �E0 ρ

scatterers (Å) (Å) (eV) (%)

Gold foil Au 12 0.089 2.85 3.4 0.9
Au(OH)3 O 4.0 0.059 1.98 7.1 0.4
DP Urea RT O 4.0 0.060 2.00 8.0 2.1
DP Urea (100◦C) O 3.8 0.065 2.00 8.9 1.0
DP Urea (150◦C) O 1.0 0.070 2.00 8.0 1.0

Au 8.1 0.101 2.83 1.1
DP Urea (200◦C) Au 10.0 0.094 2.83 4.1 1.5
DP Urea (300◦C) Au 11.0 0.091 2.84 3.7 1.5
DP NaOH (RT) O 4.1 0.041 1.97 6.0 0.7
DP NaOH (100◦C) O 0.9 0.080 1.95 5.1 5.0

Au 7.1 0.106 2.80 1.3
DP NaOH (150◦C) O 0.3 0.060 2.00 1.1 3.3

Au 8.1 0.102 2.81 4.3
DP NaOH (200◦C) Au 10.0 0.100 2.83 4.2 0.9
DP NaOH (300◦C) Au 10.7 0.093 2.84 2.9 1.7

N , number of neighbors;σ , Debye–Waller factor;R, distance between
Au and a backscatterer;�E0 (eV), energy shift;ρ, agreement factors
Γ Au–Au = 0.82, andΓ Au–O = 0.4.

ber smaller than in the gold foil. This is consistent with
presence of small gold particles. The results presented i
ble 2 support the XANES results of the DP Urea samp
that only AuIII is present in the sample dried at RT. All t
results obtained by XANES and by EXAFS are coherent
allow the conclusion that gold begins to reduce at∼ 100◦C
in the DP NaOH sample and at∼ 150◦C in the DP Urea
samples.

3.3. HRTEM observation

The morphology, structure, and orientation of the g
particles on the TiO2 support, after different pretreatme
temperatures, have been determined by HRTEM. Fig.
shows a 2-nm gold particle from a DP Urea sample p
treated at 200◦C under H2 (the same type of images
obtained after pretreatment at 200◦C under air, but the im
age analysis has not yet been done). The interface is
completely flat. Among all the observed particles, no p
erential orientation could be observed. The particles are
gle crystals and present some tiny facets and rounded p
They are stable under the electron beam. Fig. 4B co
sponds to particles from the same initial preparation a
pretreatment at 500◦C under H2. The particles are now pe
fectly faceted and present the unique shape of a trunc
octahedron exposing (111) and (100) facets. They are
ble under electron beam irradiation, and their interfac
flat. It is noteworthy that after calcination under air betwe
300 and 400◦C, the same particle shape is observed.
casionally, some particles are observed by HRTEM in
taxy on the TiO2 support. Fig. 4B shows a gold partic
in epitaxy on the TiO2 substrate. The (111) plane of go
is parallel to the (110) plane of the rutile (the titania s
port is composed of 30% of rutile). By numerical analys
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r
Fig. 4. HRTEM images of gold particles in the profile view in the DP Urea sample reduced under H2 (A) at 200◦C, (B) at 500◦C (the view axis, perpendicula
to the image, is in the [110] direction); (C) average lattice distance in the successive layers starting from the interface.
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the intensity profiles in the (111) lattice planes, paralle
the interface, have been recorded from the interface u
the top of the particle. As seen on Fig. 4C, the gold p
ticle is accommodated to the lattice of the support in
three first layers from the interface, that means a 10%
pansion of the gold lattice. Then, it is relaxed to about
of the bulk value. These results mean that the gold par
is in a tensile strain state. It may be noted that such m
surement was only possible on one particle, then we ca
conclude on the generality of this phenomenon. Some o
have previously observed for gold particles obtained by v
uum evaporation on an anatase powder, an accommod
at the interface, which also corresponded to a dilatatio
the gold lattice [41].
t

n

3.4. Catalytic reaction of CO oxidation

The two series of catalysts (DP NaOH and DP Urea) w
tested in the reaction of CO oxidation at 5◦C as a function of
the pretreatment temperature of the catalysts under air (
150, 200, 300, and 400◦C), after drying at 100◦C under vac-
uum.

Table 3 reports the average gold particle size meas
by TEM for the DP Urea and DP NaOH catalyst ser
and shows that the average gold particle size increases
the calcination temperature. It may be noted that for
unreduced samples, DP Urea samples calcined at 10
150◦C and DP NaOH samples calcined at 100◦C, gold
is reduced by the electron beam during TEM obser
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Table 3
Average particle size and standard deviation for the DP Urea and DP N
catalysts before and after CO oxidation for 5 h (except for the data
ceded by the sign * whose catalyst was exposed for 48 h) as a functi
calcination temperature

Temperature Particle size in DP Urea Particle size in DP Na
(◦C) (nm) (nm)

Before CO After CO Before CO After CO
oxidation oxidation oxidation oxidation

100 1.1 (0.37)a 1.4 (0.32) 1.5 (0.33) 1.5 (0.36
150 1.5 (0.39) 1.4 (0.38) 1.7 (0.39) 1.8 (0.36
200 2.3 (0.49) 2.2 (0.56) 2.0 (0.40) 2.1 (0.41
300 2.6 (0.61) 2.5 (0.55) 2.2 (0.58) 2.4 (0.64
400 3.4 (0.99) 3.2 (0.73) 3.5 (0.89) 3.4 (0.92
300∗ 2.1 (0.41) 2.3 (0.54) 2.0 (0.36) 2.2 (0.51

a Standard deviation (nm).

tion, and particles appear after a few seconds of exp
tion.

Fig. 5 shows that the activity (molCO molAu
−1 s−1) is a

function of the calcination temperature. The activity of b
series of catalysts varies with the calcination temperatu
follows: 200> 300> 400> 150◦C. The DP NaOH catalys
calcined at 100◦C presents a very low activity during th
first hours of reaction and then becomes inactive, whe
the DP Urea catalyst calcined at 100◦C is fully inactive.

Table 3 reports the average gold particle sizes meas
after≈ 5 h of CO oxidation reaction. In both DP Urea a
DP NaOH catalyst series, there is no change in gold p
cle size during reaction. This is an indication that the ini
deactivation of the catalysts observed in Fig. 5 is not du
the sintering of the gold particles. Moreover, two DP U
and DP NaOH catalysts calcined at 300◦C were submitted
to 48 h of reaction, but the gold particle size did not
crease significantly either (Table 3). As a consequence
hypothesis of deactivation due to an increase in particle
as proposed by Valden et al. [42], is not confirmed by
results. It may be noted that several other causes of de
vation are proposed in the literature. Deactivation could
due to water adsorbed on the titania interfacial sites acc
ing to Bollinger and Vannice [43], to the carbon adsorpt
on the catalytic sites, according to Srinivas et al. [44]
the build up of impurities on the catalyst surface, as s
gested by Schubert et al. [45] and Daté et al. [16]. Cost
et al. [25] report that on Au/Al2O3, deactivation cannot b
due to adsorbed CO or carbon deposit, and that the cata
can be successfully regenerated with water.

4. Discussion

According to the XANES, EXAFS, and UV-visible ab
sorption results, the reducibility of gold depends on
preparation method. It occurs at lower temperatures on
NaOH than on DP Urea samples. Indeed, XANES and
AFS showed that AuIII begins to reduce into Au0 after cal-
cination at 100◦C for the DP NaOH samples, and after c
,

-

s

Fig. 5. Activity in CO oxidation of the DP Urea (A) and DP NaOH samp
(B) versus the time on stream for various temperatures of calcinatio
100, (b) 150, (c) 200, (d) 300, and (e) 400◦C.

cination at 150◦C for the DP Urea samples (Figs. 2 and
and Tables 2 and 3). These results agree with those obt
by UV-visible spectroscopy (Fig. 1). The presence of
plasmon band at∼ 550 nm, characteristic of metallic gol
also permits a rough evaluation of the percentage of met
gold.

The difference in reducibility may be due to the fact t
the Au species formed during the process of gold depos
on TiO2 is not the same for the two preparation meth
(unpublished results). Indeed, the mechanism of deposi
precipitation with NaOH is different from that with urea. F
the first method, the pH is fixed by the addition of NaO
and all gold is not deposited whereas for the second
the pH increases with time, due to urea decomposition,
all gold is deposited within the first hour [9]. It may be not
that gold remains in the oxidation state III during prepara
by both methods.

The temperature at which gold is found fully reduc
(200◦C) on DP Urea and DP NaOH catalysts is lower th
that reported by Haruta and colleagues [15,16], for Au/T2
prepared by DP NaOH. They found that a significant frac
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Fig. 6. Activity in CO oxidation ("), average particle size (2), and per-
centage of metallic gold (Q) of the DP Urea (A) and DP NaOH sample
(B) versus the temperature of calcination; (C) TOF for CO oxidation
function of the average particle size.

of gold was not metallic after calcination at 200◦C, and that
only after calcination at 300◦C, all gold was reduced.

For DP NaOH and DP Urea catalysts, the onset of
tivity for CO oxidation appears after calcination at 100 a
150◦C, respectively (Figs. 5 and 6). These temperatures
respond to the appearance of metallic gold. At 200◦C, when
all the gold is metallic in both catalysts, the maximum in
tivity is reached.

The nature of the active gold phase in Au/TiO2 catalysts
for CO oxidation is still controversial. In the specific ca
of Au/TiO2, Park and Lee [18] concluded from XPS inves
gations that oxidized gold is more active than metallic go
Guzman and Gates [26] concluded that in Au/MgO cataly
both AuI and Au0 are the catalytically active species in C
oxidation. Costello et al. [25] suggested that for Au/Al2O3
catalysts, the active site would be an ensemble constit
by an hydroxyl group associated with an AuI cation (Au+–
OH−) linked to Au0 particles.

On the contrary, other authors concluded from FTIR a
XPS studies that metallic gold was the active specie
Au/TiO2 [2,31,32] or in Au/Ti(OH)4 [34]. No AuI species
was observed by Haruta [5] in Au/TiO2 catalysts. They pro
posed that the active gold species is Au0, and that it is nec-
essary for the adsorption of CO.

Our results rather support the second hypothesis sinc
found a clear correlation between the catalytic activity a
the proportion of metallic gold in the catalysts for the tw
types of preparation methods investigated here. Howev
cannot be excluded that a small fraction of the gold spe
would not be reduced, since oxidized species cannot be
tected by TEM, or by XAS if the fraction corresponds to le
than 10% of the Au present in the samples.

We have shown that the average gold particle size
creased moderately with the calcination temperature (F
6A and 6B). To take into account the increase of s
we have calculated the TOFs as described under Ex
mental, from the activity values obtained after 5 h of
action (Fig. 6C). It may be noted that the TOF values
the samples pretreated at 100◦C (DP Urea and DP NaOH
and 150◦C (DP Urea) are not correct since the gold p
ticles are not fully reduced at these temperature, but
become metallic under the electron beam of the mic
scope. The fact that the TOFs are very close for the
types of catalysts indicates that the method of prep
tion has no influence on the catalytic properties. This
been also observed in the case of selective hydrogen
reaction by some of us (submitted to J. Catal.). This
a remarkable feature because of the very different g
loadings in the two types of catalysts (∼ 3 wt% in DP
NaOH and∼ 8 wt% in DP Urea). This indirectly con
firms that the gold dispersion is the same in the two ty
of catalysts, in agreement with the particle size meas
ments.

The decrease of activity for calcination temperatu
higher than 200◦C (Figs. 5 and 6) obviously cannot be d
to the evolution of the oxidation state of gold becaus
is already purely metallic. It can be related to the va
tion of the particle size which increases with the calci
tion temperature (Figs. 6A and 6B). However, between
and 300◦C, the size is almost constant, although the T
drops by more than 30% (Fig. 6C). Moreover, in compa
son with previous results of Haruta [2] and Goodman
colleagues [7], our maximum of activity occurs at a s
nificantly smaller particle size (2 instead of 3–4 nm). T
size effect and our variations of TOF are much less d
tic than those reported by these two teams. The size e
observed by Goodman and colleagues [7] was explaine
an evolution of the electronic structure of the gold cl
ters (grown on UHV on the (110) face of rutile). When t
particle height is below a certain limit, a band gap ope
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and increases when the cluster height decreases. Ac
ing to these authors, the maximum of activity results fr
the presence of 2 monolayer (ML) thick particles, and
activity significantly decreases for particles of 3 ML. Th
is not the case of our catalysts since after calcinatio
200◦C, the gold particles are 5 to 7 ML thick, as observ
by HRTEM (Fig. 4A); thus they certainly have the ele
tronic structure of bulk gold [17]. Of course, we cann
rule out the fact that some small (� 1 nm) and raft-shap
particles, nonvisible in HRTEM, may not be present in
samples.

Rather than a pure size effect, we propose that the
crease of TOF is mainly due to an evolution of the part
morphology with the pretreatment temperature. We can
on the HRTEM micrographs (Fig. 4A) that the gold partic
obtained after pretreatment at 200◦C do not exhibit well-
developed facets. On the contrary, those obtained after
treatment at 500◦C (Fig. 4B) are perfectly facetted with lo
index planes. Therefore, the proportion of low coordinat
sites is much lower after pretreatment at 500◦C (or at 300–
400◦C) than at 200◦C. Therefore, the decrease in cataly
activity and TOF when the calcination temperature increa
from 200 to 400◦C is attributed to the smoothing of the ou
surface of the gold particles, i.e., to the decrease in the n
ber of low coordinated sites. Since, CO can easily adsor
gold particles and that O2 adsorption is the rate-limiting ste
for this reaction, we propose that the changes in activity
served in this work (Fig. 6) are related to the changes in
proportion of the low coordination sites on which O2 could
be adsorbed. This interpretation is reinforced by recent
culations, which have shown that on low coordinated s
the binding energy of oxygen increases, and its dissocia
barrier decreases [17].

Another effect, which could also play a role on the c
alytic activity of the gold particles, is the strain of the go
lattice. This has been recently suggested from the obs
tion that gold clusters grown under UHV on anatase [
showed a tensile strain up to 12%. Moreover, recent calc
tion by Xu and Mavrikakis [46] have shown that on a 10
tensile-stretched Au(111) surface, O2 can dissociate with
barrier height of 1.37 eV whereas this is not possible
the unstretched surface. On a more open surface su
Au(211), the dissociation barrier is 0.63 eV only, with t
same amount of strain, instead of 0.88 eV. Therefore,
best sites for dissociation of oxygen molecules are steps
senting a tensile strain. We have indeed shown on one
particle obtained after pretreatment at 500◦C, and in epi-
taxy on the rutile TiO2 support (Figs. 4B and 4C), that
presents a tensile strain, which is larger near the interf
Thus, the interface gold atoms could be even more ac
than the other surface atoms. However, this effect is pr
bly of minor importance in the present work since only o
particle was observed in epitaxy and only after treatment
temperature higher than 300◦C. We believe that the activit
of gold particles is related to the number of low coordina
surface atoms.
-

-

-

-

s

-

.

5. Conclusion

In summary, we have prepared Au/TiO2 catalysts by two
methods, deposition-precipitation with NaOH (DP NaO
and deposition-precipitation with urea (DP Urea). The g
loadings are different, 3 and 8 wt%, respectively. The
ference is due to the fact that all gold of the solution
deposited on TiO2 in the case of DP Urea and not in the ca
of DP NaOH. From UV-visible absorption spectroscopy a
XANES, it has been shown that by increasing the calcina
temperature (100 to 300◦C), the gold species evolve from a
oxidic state (AuIII ) to a pure metallic one, which is reached
200◦C for the two preparation methods. However, the red
tion of gold starts at a lower temperature for the DP Na
(100◦C) than for DP Urea catalysts (150◦C). The EXAFS
results support these findings by the fact that for the sam
calcined at a temperature below 200◦C, Au–O distances ar
observed whereas after calcination at 200◦C, only Au–Au
distances are observed. TEM observations show that the
of the gold particles increases from 1.5 to 3.5 nm when
calcination temperature increases up to 400◦C. The cata-
lytic activity for CO oxidation starts when metallic go
starts forming. It is maximum after a calcination tempe
ture of 200◦C, for both types of preparation, when all t
gold is metallic. At higher calcination temperature, the
tivity drops. The activities expressed per mole of Au and
TOF are the same for both types of catalysts, and evolv
the same way. The decrease of activity and TOF with the
cination temperature mainly arises from the decrease o
number of low coordinated sites on the surface of the g
particles due to a change of particle shape. Indeed, HRT
has shown that after calcination at 200◦C, the gold particles
present small facets with large rounded parts whereas
calcination at high temperatures, they are perfectly face
with smooth and low index facets. The high activity on l
coordinated gold atoms is in line with recent ab initio cal
lations.
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