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Abstract

Au–Ag alloy nanoparticles deposited on mesoporous support have been found to be catalytically active for CO oxidation. Besides
chemical compositions, the Si/Al ratios of the mesoporous support have a remarkable effect on catalytic activity. The activity for CO ox
increased with increasing Al content in the support, with the highest catalytic activity obtained when the Si/Al ratio of the support was 24
A series of catalysts with different Si/Al ratio were characterized by XRD, TEM, PL, NMR, and EPR techniques. Both XRD and TEM
that the lower Si/Al ratio leads to the formation of smaller nanoparticles. Photoluminescence (PL) measurement shows that the PL in
mesoporous support increased with the Al content, indicating the incorporation of Al promoted the generation of defects in the sup
structure defects produced in the Al-containing mesoporous support play two important roles, in (1) stabilizing alloy nanoparticles and pg
them from sintering during the high temperature treatment and (2) generating the reactive superoxide species, O2

−, on adsorption of oxygen
EPR measurements show that O2

− radical intensity on the catalyst surface has a close relation to the Si/Al ratio of the support, and increase
with the Al content of the support. A comparison of the O2

− radicals on the support and on the Au–Ag alloy catalyst reveals that O2
− radical

originates both from the defects on the support and from the Au–Ag nanoparticles. When Au–Ag nanoparticles were deposited onto th
O2

− intensity was enhanced greatly. The increase of the catalytic activity with decreasing Si/Al ratio of the support is essentially due to increas
defect sites associated with Al cations. Such defect sites can not only stabilize the alloy nanoparticles, but also favor the activation of O2 to form
reactive O2

−, leading to an enhanced activity for CO oxidation.
 2005 Elsevier Inc. All rights reserved.
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de
e t

sp
rs
of

to

bil-

rch
re-

e
ates
t
eter
ites.
t
vity
ng
nd-
the
1. Introduction

Recently, the catalytic properties of gold nanoparticles
posited on metal oxides have attracted much attention sinc
seminal work of Haruta et al.[1–3]. The gold catalyst system
has been proven effective in many oxidation reactions, e
cially for low-temperature CO oxidation. Four major facto
influence the catalytic activity for CO oxidation: the size
gold nanoparticles[4–7], preparation methods[2,5,8–11], pre-
treatment conditions[12–16], and choice of the support[2,5,
17–19]. Lopez et al.[20] have ordered the different effects in

* Corresponding author. Fax: +886 2 2366 0954.
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0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
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a hierarchy of contributions according to the stabilization a
ity for reaction intermediates.

With regard to the contribution of supports, most resea
work has focused on comparison between “active” (often
ducible) and “inert” supports[21–24]. However, to date, ther
is no unambiguous conclusion that whether support particip
directly in the catalytic process. Haruta et al.[3] suggested tha
active supports affect the reactivity by generating the perim
interfaces around the Au particles as the special catalytic s
Using DFT calculations, Molina et al.[25] further showed tha
various Au–MgO interface boundaries have different reacti
for producing suitable Au–Au coordination and for stabilizi
reaction intermediate. Their calculation supports Haruta’s fi
ings. In fact, many experiments show that modification of

http://www.elsevier.com/locate/jcat
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support surface structure or morphology can result in enha
ment of catalytic activity for CO oxidation[26–30].

Among the highly dispersed Au catalyst systems, Au s
ported on acidic supports are much less explored becau
the lack of a suitable preparation method for them. Howe
they are potentially important for CO removal in PROX syst
[3,31]. Acidic supports would be more stable than basic s
ports because of their minor interaction with the product C2.
Recently, Okumura et al.[32] observed that gold nanoparticl
deposited onto acidic supports such as SiO2–Al2O3 and acti-
vated carbon by a gas-phase grafting method had a very low
tivity for CO oxidation. A highly active Au catalyst on an acid
support for CO oxidation was unknown until recently[33].

Ordered mesoporous aluminosilicate is considered a g
catalyst support with well-defined pore size and large
face area. Very small gold particles can be confined into
nanochannels of the silane-functionalized mesoporous s
[34–36]. However, poor catalytic activity was found on su
catalysts due to the unremoved organic ligands blocking
active sites[37]. In previous work, we prepared gold nanop
ticles of∼3 nm by functionalization and calcination and fou
good activity for CO oxidation on Au/MCM-41[38]. In an-
other approach, we developed a one-pot process to dir
embed the Au nanoparticles into the matrices of MCM-41 d
ing its synthesis, and found the catalytic activity to be go
[39]. To further improve the catalytic activity of Au/MCM-41
we recently prepared Au–Ag alloy nanoparticles on MCM
support by this one-pot synthesis process[40] and found that
the catalytic activity is exceptionally high, comparable to
most active catalysts, such as Au/TiO2 and Au/Fe2O3. In this
alloy catalyst system, we found some unique properties tha
quite different from those of traditional gold catalysts. For
ample, particle size no longer plays a key role in determin
catalytic activity, whereas the composition of the Au/Ag ra
becomes very important[41]. However, such a highly active a
loy catalyst is supported on acidic aluminosilicate, tradition
considered “inert.” How the support affects the alloy parti
size and catalytic activity is not yet clear. In this paper we
port in detail the effect of the Si/Al ratio of the support on
the catalytic properties of Au–Ag alloy particles, giving sp
cial attention to the role of support defects associated with
incorporation in oxygen activation.

2. Experimental

2.1. Preparation of catalysts

To synthesize the gold–silver alloy nanoparticles suppo
on mesoporous aluminosilicate in one pot, the first step i
prepare the alloy Au–Ag nanoparticles in aqueous solut
A proper amount of HAuCl4 (Aldrich) and AgNO3 (Acros)
was added into an aqueous solution of quaternary ammo
surfactant C16TMAB (Acros) to form a clear yellow solution
Then NaBH4 solution was added dropwise, and a dark-red
lution was formed. After that, the Au–Ag alloy nanopartic
solution was poured directly into a sodium aluminosilicate
lution with pH value adjusted to about 9.0, after which a r
e-

-
of

r,

-

c-

d
-
e
a

e

ly
-

re

-

l

d
o
.

m

-

-

Table 1
Textural properties of catalysts with different Si/Al of the support

Sample Si/Al
(mol)

SBET

(m2/g)

Vpore

(cm3/g)

Pore size
(nm)

FWHM
(nm)

Particle size (nm)

TEM XRD

AuAg-MS ∞ 752 2.11 2.39 0.306 52.0 26.4
AuAg-MAS74 74 772 2.24 2.22 0.344 37.9 23.4
AuAg-MAS37 37 845 1.70 2.36 0.375 33.7 21.5
AuAg-MAS24 24 834 1.95 2.31 0.388 24.1 17.0
AuAg-MAS14 14 824 1.94 2.09 0.563 14.0 15.1

colored precipitate formed immediately. The gel solution w
then transferred to an autoclave to undergo a hydrotherma
action at 100◦C for 6 h. In all of the sample preparations, t
Au/Ag ratio (nominal value) was fixed to 3/1, and the tota
metal loading was 8 wt%. To get the required Si/Al ratio of
the support, the molar ratio in the aluminosilicate gel is
SiO2:(0–0.071) NaAlO2:0.18 C16TMAB:493 H2O. After filtra-
tion, washing, drying, and calcination at 560◦C in air, catalysts
with differing Si/Al ratios were obtained. The total metal loa
ing and the Si/Al ratio were analyzed by EDX and found to b
close to the nominal values within the detection error. The
tation of AuAg-MASx in Table 1means gold–silver nanopart
cles supported on mesoporous aluminosilicates, with the S/Al
ratio denoted byx.

2.2. Characterization

Room-temperature photoluminescence (PL) was reco
using a SPEX Flurolog-2 instrument equipped with a dou
emission monochromator and a R928 photomultiplier tube.
citation was provided by a 450-W Xe lamp with output focus
onto a 0.22-m monochromator to provide wavelength selec

Transmission electron microscopy (TEM) images of the
alysts were obtained using a JEOL JEM-2010 transmis
electron microscope with an operating voltage of 200 kV. S
ples were dispersed in ethanol, and a drop of the obta
suspension was fixed on a microgrid covered with amorph
carbon film.

The powder X-ray diffraction (XRD) patterns were collect
on a PANalytical X′Pert PRO instrument operating at a 45
and a current of 40 mA with Cu-Kα radiation in the 2θ range
from 1.5◦ to 10◦ and from 20◦ to 80◦. Nitrogen adsorption
desorption isotherms were obtained at 77 K on a Micromer
ASAP 2010 apparatus, and the pore size distribution was
culated from the nitrogen adsorption isotherm using the B
(Barrett–Joyner–Halenda) method.

27Al NMR was recorded with Bruker MLS-500 NMR spe
trometer at a frequency of 104.22 MHz, spinning rate of 8 k
pulse length of 1.0 µs, delay time of 0.2 s, and spectra widt
330 ppm. The27Al chemical shifts are reported in relation
the solution of aluminum nitrate.

Electron paramagnetic resonance (EPR) spectra were re
ed at 84 K with a Bruker EMX spectrometer working in t
X-band (9.53 GHz). Before measurement, the catalysts w
first reduced at 600◦C with 10% H2/N2, then exposed to ai
Then weighted catalyst of 20 mg was placed inside a 4-m
o.d. quartz tube with greaseless stopcocks, and then evac
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at room temperature until the residual pressure was be
1× 10−3 Torr.

2.3. Activity measurements

CO oxidation reaction was performed in a continuous-fl
fixed-bed microreactor. Each experiment used 0.04 g of c
lyst. Before measurement, the catalyst was prereduced in
in 10% H2 in N2 at 600◦C for 1 h. The reactant gases we
purified by 4 Å molecular sieves, then mixed and flowed i
the reactor for the reaction. Thus, the water vapor content in
reactant stream was no more than 4 ppm. The reactant flow
sisted of a mixture of 1% CO and 4% O2 with He as balance
A total gas flow of 66.7 mL min−1 was applied correspond
ing to a GHSV of about 100,000 mL g−1

cat h
−1. The reaction

temperature was controlled within±1 ◦C by a thermocouple
in contact with the inlet of the catalyst bed. The reactants
products were analyzed on-line with a HP6890 gas chrom
graph equipped with a Carboxen 1000 column and thermal
ductivity detector. The CO conversion is defined as the am
of CO2 produced divided by the total amount of CO fed to
catalyst. The conversion data were reproducible within 5%
curacy.

3. Results

3.1. Textural properties of catalysts with different Si/Al ratio

Fig. 1 shows a typical low-angle XRD pattern and N2
adsorption–desorption isotherm of the catalyst with a Si/Al
ratio of 24. There is only one peak at 2θ = 1.986◦ in the low-
angle range, and no higher-order Bragg reflection peaks
observed, indicating a worm-like and disordered mesostruc
From the nitrogen adsorption–desorption isotherm (Fig. 1), one
can see that besides the mesopores characteristic of the
lary condensation atp/p0 ∼ 0.35–0.40, there is an extraord
narily large jump of adsorption atp/p0 near 1. This is becaus
that in our preparation procedure, a rapid neutralization
was used to form the nanosized mesoporous particles. The
tural macropores formed by the agglomeration of the nanos
MCM-41 particles are thus prominent. The interparticle mac
pores[42] would facilitate transport of reactant and produ
molecules during the catalytic reaction, making the Au/MC
more accessible for CO oxidation, and thus allowing the hig
CO conversion to be obtained[39].

Table 1lists the textural properties of catalysts with diffe
ent Si/Al ratios. FromTable 1, one can see that upon varyin
the Si/Al ratio, the BET surface areas of the catalysts are 7
800 m2/g and the pore sizes are 2.0–2.4 nm. The pore vol
of the support material is relatively large compared with tra
tional MCM-41 material, because of textural porosity. On
other hand, the full width at half maximum of the pore size d
tribution increases with increasing Al content, indicating t
the pore structure became more disordered with Al conten
the supports. In fact, for the sample with Si/Al = 14, we can-
not observe any XRD peaks in the low-angle range, indica
a very disordered structure.
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Fig. 1. (top) Low-angle XRD pattern of AuAg-MAS24. (bottom) N2 adsorp-
tion–desorption isotherm and pore size distribution (inset) of AuAg-MAS2

Fig. 2. Wide-angle XRD patterns of catalysts with different support Si/Al ra-
tios.

3.2. Wide-angle XRD patterns

Fig. 2shows the wide-angle XRD patterns of catalysts w
different Si/Al ratios. The four peaks positioned at 2θ = 38.2◦,
44.3◦, 64.5◦, and 77.6◦ correspond to the (111), (200), (220
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.
Fig. 3. TEM images of catalysts with different support Si/Al ratios (A) ∞, (B) 37, (C) 24, (D) 14. The scale bar in (A), (B) and (C) is 100 nm, in (D) – 50 nm
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and (311) lattice planes of the Au, Ag, or Au–Ag alloys. B
cause Au and Ag have the same fcc structure and almos
same lattice constant, we can not distinguish gold–silver
loy from a mixture of the monometallic phases from just
XRD patterns[43]. However, in our previous work[41], we
confirmed from EXAFS and UV–vis studies that nanopartic
of Au–Ag alloy were formed after reduction pretreatment. T
four XRD peaks presented here should be due to alloys of
Ag. One can see that the XRD peaks become broader
increasing Al content in the samples. An estimate of part
sizes from the peak width of the (111) reflection using Sch
rer’s equation[44] is given inTable 1. It is clear that the particle
size of the Au–Ag alloy becomes smaller with increasing
content of the support. This result is confirmed by TEM obs
vations.

3.3. TEM characterization of catalysts

Figs. 3 and 4show the TEM images and the correspond
particle size distributions of the four catalysts with Si/Al ra-
tios of ∞, 37, 24, and 14, respectively. One can see that on
three Al-containing mesoporous support (MAS), the Au–Ag
e
l-

–
th

-

-

e

loy particles are mostly spherical, and the average particle
decreases with increasing Al content (33.7, 24.1, and 14.0
for the three samples). Especially for the sample with the h
est Al content (Si/Al ratio of 14), nanoparticles<5 nm in size
were observed. In contrast, on the pure siliceous mesopo
support, particle shape was irregular and average particle
increased to about 52 nm, in good agreement with the XRD
sults. Clearly, the Al-containing mesoporous support can b
stabilize the metal nanoparticles deposited on it to limit th
sizes. We suspect that this may be related to the structura
fects induced by incorporation of Al into the framework. P
measurements are thus performed to clarify the relationship
tween structural defects and the Al content of the support.

3.4. Photoluminescence spectra

PL measurement can provide useful information about
structural defects of aluminosilicates. For mesoporous MC
41 material, various types of defects, such as nonbridging
gen hole centers, twofold-coordinated silicon centers, and o
oxygen-related defects, have been found to be responsib
the origin of PL[45–51]. Fig. 5 shows the PL spectra of th
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Fig. 4. Size histogram of AuAg particles deposited on mesoporous support with different Si/Al ratios.
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MCM-41 support with various Si/Al ratios measured under ex
citation by a 270-nm light. All of the supports had a bro
blue emission band in the range of 300–500 nm. Moreo
PL intensity increased significantly with increasing Al conte
Compared with pure siliceous MCM-41 (MS inFig. 5), there
was an enhancement of about two orders of intensity for
Al-containing MAS samples. Gaussian fitting[51] of the PL
spectra of Al-containing samples (e.g., MAS24, as show
Fig. 5B) revealed three emission bands with peaks at∼350,
∼390, and∼428 nm. The two bands at∼350 and∼428 nm
were also observed in the pure siliceous MS sample, as sh
in the inset ofFig. 5A. According to literature and our PL ex
citation measurements, the band at∼350 nm was due to som
oxygen excess defects such as Si–O–O–Si in MCM-41[49],
and the band at∼428 nm originated from triplet-to-singlet tran
sition in twofold-coordinated silicon centers[46–48]. These
two types of structural defects are often observed in silica
terials. On the other hand, the emission band at∼390 nm was
not observed in pure siliceous MCM-41. Clearly, it is associa
with incorporation of Al into the MCM-41 framework. The P
band at∼390 nm is often observed on alumina material an
assigned to the F+ centers (oxygen vacancy with one electro
[50,51]. Accordingly, we assign the emission band at∼390 nm
in Al-containing MCM-41 supports to the F+ centers, which
were generated by the incorporation of Al into the framew
of MCM-41. The density of F+ centers increased with the A
content; therefore, the major effect of aluminum incorporat
in MCM-41 is the generation of rich defects, accompanied
the loss of structural order.
r,

e

n

-

d

When Au–Ag alloy particles were deposited onto Al-MCM
41 support, the PL intensity decreased dramatically, becom
even lower than the original pure siliceous MCM-41, as sho
in Fig. 5A. The quenching of the PL by alloy nanoparticles
probably due to an excited electron transfer to the nearby
als.

3.5. UV–vis spectra of the catalysts

Au–Ag alloy is known to have distinct surface plasmon r
onances (SPRs)[52–54]. The absorption bands are influenc
mainly by the surface chemical compositions (Au/Ag ratio).
Fig. 6 shows the UV–vis spectra of the catalysts with differ
Si/Al ratios of the support. All of the catalysts have the sa
SPR band positioned at∼473 nm, suggesting that the surfa
chemical compositions of the catalysts are almost the sam
matter what the Si/Al ratio of the support. This is importan
when we study the support effect of different catalysts, beca
the effect of changing surface Au/Ag ratio is precluded.

3.6. 27Al MAS NMR spectra

To reveal the coordinate environment of Al in the supp
27Al MAS NMR spectra were recorded (Fig. 7). All of the Al-
containing catalysts show two NMR peaks. The strong p
positioned at around 53 ppm is attributed to the presence of
minum in tetrahedral coordination, indicating that most of
Al species in the support are in tetrahedral coordination.
weak peak at around 0 ppm is ascribed to the extra-framew
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Fig. 5. (A) Photoluminescence spectra of MCM-41 and AuAg-MAS with d
ferent Si/Al ratios. The inset is the PL spectra of MS and AuAg-MAS2
(B) Gaussian fitting of PL of MAS24.

octahedral aluminum species. This may arise from framew
dealumination during the calcination process[55].

3.7. EPR spectra

To determine the contribution of support to the CO oxi
tion, EPR spectra were recorded on the supports and on
Au–Ag alloy catalysts (Figs. 8 and 9). Fig. 8shows that on the
pure siliceous MCM-41 support, no EPR signal was dete
at 84 K. However, for the Al-containing supports, a weak E
signal appeared atg = 2.010. Moreover, the intensity of thi
signal increased with increasing Al content.

Fig. 9 shows the EPR spectra of the Au–Ag alloy cataly
with different Si/Al ratios in the support. There is only on
signal atg = 2.009, and the signal intensity increased with
creasing Al content. In addition, compared with the EPR sig
of the support inFig. 8, the shape and position of the peaks
two cases are almost the same, suggesting that they orig
k

he

d

s

te

Fig. 6. UV–vis absorption spectra of catalysts.

Fig. 7.27Al MAS NMR of catalysts with different Si/Al ratios.

Fig. 8. EPR spectra of mesoporous supports with different Si/Al ratios.
(a) Si/Al = ∞; (b) Si/Al = 74; (c) Si/Al = 37; (d) Si/Al = 24; (e) Si/Al = 14.
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Fig. 9. EPR spectra of catalysts with different Si/Al ratios. (a) Si/Al = ∞;
(b) Si/Al = 74; (c) Si/Al = 37; (d) Si/Al = 24; (e) Si/Al = 14.

from the same species. Moreover, when Au–Ag nanopart
were deposited onto the support, the intensity of EPR sig
increased markedly. An EPR signal was observed even fo
AuAg-MS, which does not contain Al in the support. The
findings imply that the observed EPR signals arise from co
butions of both the support and the Au–Ag nanoparticles.

3.8. Activity of the catalysts with different Si/Al ratio

Fig. 10 depicts the catalytic performance of samples w
different Si/Al ratios. FromFig. 10A, one can see that CO ca
be converted at room temperature over all of the catalysts
or without Al in the support, but the catalysts containing
in the support are much more active than the catalysts w
out Al in the support. With an Si/Al ratio of 24 or 37, CO
can be completely converted at room temperature. In cont
when the support did not contain Al, CO conversion was<90%.
Moreover, we note that within 4 h of time on stream, the
conversion over AuAg-MS decreased gradually, while the
conversion over AuAg-MAS24 remained at 100%, sugges
that AuAg-MAS24 is more active and stable than AuAg-M
In fact, in a previous paper[41] we investigated the stabilit
of AuAg-MAS24 and found that the CO conversion decrea
from 100% only to 95% after a 100-h run on the react
stream.

Compared with the dramatic effect on catalytic activity fro
changing the Au/Ag ratio [40,41], the effect of changing th
Al content of the support is indeed weaker. To better distingu
the effect of Al content, we studied the temperature depend
of these catalysts.Fig. 10B shows that on all of the catalys
investigated, CO oxidation occurred at temperatures as lo
−17◦C. The CO conversions at−17◦C follow an order ac-
cording to the Si/Al ratio in the support: Si/Al (24) > Si/Al
(14) > Si/Al (37) > Si/Al (74) > Si/Al (∞). The tempera-
ture dependence of the conversion profiles indicates that a
the investigated catalysts show an activity valley when the t
s
ls
e

-

h

-

t,

g

d

h
ce

s

f
-

Fig. 10. (A) CO conversions with time on stream at room temperat
(B) CO conversion profiles versus reaction temperature over 5 catalyst sam
(✩ ) AuAg-MS; (!) AuAg-MAS74; (1) AuAg-MAS37; (P) AuAg-MAS24;
(E) AuAg-MAS14.

Table 2
Comparison of activity for CO oxidation on different catalysts

Catalyst Temperature
(◦C)

Reaction rate
(molCO g−1

Au s−1)
TOFTEM
(s−1)

References

AuAg-MS −17 1.09× 10−6 0.089 This work
AuAg-MAS74 −17 1.78× 10−6 0.106 This work
AuAg-MAS37 −17 2.11× 10−6 0.113 This work
AuAg-MAS24 −17 5.89× 10−6 0.700 This work
AuAg-MAS14 −17 3.19× 10−6 0.071 This work
Au/Fe2O3 0 – 0.138 [2]
Au/TiO2 0 – 0.124 [2]
Au/Co3O4 0 – 0.175 [2]

perature rises from 80 to 160◦C, which is characteristic of th
Au–Ag bimetallic catalyst system[40,41].

Table 2 lists the reaction rate and turnover frequenc
(TOFs) at−17◦C for CO oxidation over catalysts with vary
ing Al content in the support. The TOFs were calculated on
basis of number of surface alloy atoms, which were estim
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from mean alloy particle sizes assuming a spherical shap
the alloy particles according to the TEM images. TOF clea
increases with increasing Al content, attaining the highest v
of 0.7 s−1 with a Si/Al ratio of 24, then decreasing to 0.071 s−1

with further increases in Al content to a Si/Al ratio of 14. More-
over, compared with the most active catalysts reported in
literature[2], such as Au/TiO2, Au/Fe2O3 and Au/Co3O4, our
AuAg-MAS24 catalyst is more active.

4. Discussion

4.1. Stabilizing effect of Al on the alloy particle size

As discussed earlier (Sections3.2 and 3.3), we know that
the Al content of the support has a great influence on the
distribution of the Au–Ag alloy nanoparticles deposited on
The Au–Ag particle size decreases significantly with incre
ing Al content of the support. It should be mentioned tha
our preparation procedure, the Au–Ag alloy particles were
formed in aqueous solution before being deposited onto
mesoporous support. The preformed colloidal Au–Ag nano
ticles are<10 nm in size[40]. However, after being deposite
onto the mesoporous aluminosilicate support and then calc
at high temperatures, particle size grows and varies with
Si/Al ratio of the support. To clarify how the incorporation
Al stabilized the alloy particles, we must first know the re
son for particle sintering. As shown by the XRD patterns
Fig. 11, after being deposited onto the mesoporous sup
and subjected to hydrothermal treatment, particle size rem
essentially unchanged (∼5 nm, as estimated from Scherre
equation). Therefore, at this stage, the Au–Ag alloy parti
do not interact with the support, and the difference in the Si/Al
ratio of the support does not cause the change in alloy par
size. However, during the calcination process to remove the
factant, the particle size enlarges greatly due to sintering.
higher the Al content of the support, the smaller the alloy pa
cle size. This trend strongly suggests that nanoparticle mob
becomes sluggish due to the incorporation of Al. A deta
study on the structural changes during calcination and redu
with EXAFS [56] reveals that complete phase segregation
curred during the calcination process, leading to the forma
of AgBr phase and metallic Au phase. The formation of Ag
largely accelerates particle sintering during high-tempera
calcination. Because the incorporation of Al into mesopor
framework creates rich defects, especially the F+ centers, as
shown by our PL results, we believe that these defects a
anchoring sites to make the nanoparticles less mobile du
the calcination process. Probably the F+ center, which has on
electron, can interact strongly with the AgBr enriched on
particle surface, thus decreasing particle mobility. After s
sequent reduction with H2 at high temperatures, Br− species
were completely removed, and the Au–Ag alloy was reform
This reduction treatment at high temperature is the key ste
activating the catalyst, although the particle size remained
changed at this stage. Therefore, the support defects creat
Al incorporation are favorable for obtaining smaller particl
Using DFT calculations, Lopez et al.[57] found that the fina
of
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Fig. 11. (top) Wide-angle XRD patterns of as-synthesized samples with
ferent Al content in the support. (bottom) Wide-angle XRD patterns
AuAg-MAS24 (a) as-synthesized; (b) after hydrothermal treatment at 10◦C
for 6 h; (c) after calcined at 560◦C for 6 h; (d) after reduction at 600◦C for 1 h.

size and shape of the gold particles is determined by the su
defects. For example, their calculations show that gold part
do not bind to a perfect TiO2 surface, but have a binding ener
of about 1.6 eV defect on an oxygen vacancy in TiO2. Their
conclusion supports our findings.

4.2. Activation of O2 promoted by Al incorporation

Many experiments and theoretical calculations show tha
adsorption and activation of O2 is the key step in CO oxidation
Thus, the activity of catalytic oxidation of CO is determin
mainly by the activation of oxygen to the superoxide spec
The subsequent oxygen transfer to the CO molecule adso
on the neighboring Au sites is fast. EPR is a sensitive techn
for detecting spin species in the catalyst. Li and Vannice[58]
studied Ag nanoparticles on SiO2 using EPR and found a sin
gle sharp symmetric signal atg = 2.0028±0.0002 for all of the
investigated Ag/SiO2 samples with different Ag particle size
which they ascribed to the conducting electron (CESR) only
small Ag nanoparticles (<7 nm). However, Claus et al.[59] in-



A. Wang et al. / Journal of Catalysis 237 (2006) 197–206 205

w

ara

at

a
e

tio
e
too

PR
ls
e
It

R
os

he
sig

ou

ate
als
-
In
be

os

les
ork
ce

th
al-
ha
th
rti

of
al-
he
re
TO
l
on
F
ov
ted
this

s at

ac-
ed
ted
the
ear-
e in
at-

ed
l

con-
the
rits

ld–
osil-

of
cies
ed
Al-

ith
of

truc-

pro-
PL
en-
hose
al-
also
ad-
then

ide.
sys-
he
er-
be
cies
n hy-

ncil
ssor
vestigated the EPR spectra of Au/TiO2 and observed a narro
singlet atg = 2.0053 on reduced Au/TiO2, which they ascribed
not to the CESR of nanosized Au particles, but rather to p
magnetic defects of the support. Similarly, Okumura et al.[60]
studied the interaction between CO and O2 on Au/TiO2 and
Au/Al2O3 using EPR; after O2 adsorption, a signal appeared
g = 2.009 which was ascribed to the O2

− radicals stabilized on
surface Ti4+ species. For Au/Al2O3, these authors observed
similar EPR signal atg = 2.010, which was also ascribed to th
O2

− radicals stabilized on Al cations.
For our samples, CESR can be excluded in considera

of our peak position (not atg = 2.002) and the fact that th
particle sizes of our bimetallic nanoparticles are probably
large to give CESR. According to the position of the E
signals that we have observed, we assign the EPR signa
g = 2.009± 0.001 to O2

−. The PL spectra verify the existenc
of rich defects (F+ centers) on the Al-containing supports.
is known that F+ centers can act as sites for O2 adsorption by
transferring one electron to the adsorbed O2, to form the su-
peroxide species O2− on the defect sites. Therefore, the EP
signals that we have observed on the mesoporous alumin
icate support probably originate from the O2

− stabilized on
defects associated with Al cations. The observations that t
is no EPR signal on pure siliceous support and that EPR
nal intensity increases with increasing Al content confirm
assignment, and this is also consistent with our PL results.

Deposition of Au–Ag nanoparticles onto the aluminosilic
support significantly increased the intensity of the EPR sign
Kondarides and Verykios[43] found that the molecular oxy
gen adsorption on Ag is favored by the presence of Au.
previous paper[41] we showed that molecular oxygen can
easily adsorbed on Au–Ag alloy to form O2

−. Therefore, the
higher EPR signals on the alloy catalysts compared with th
on the support may be due to the combination of O2

− formed on
the support itself and also formed on the Au–Ag nanopartic
Thus, the incorporation of Al into the mesoporous framew
can promote the adsorption of oxygen on the catalyst surfa

4.3. Promotion effect of Al on the catalytic activity

In Section3.8 we noted that activity (TOF) increased wi
increasing Al content in the support in all of the Au–Ag
loy catalysts except AuAg-MAS14. Our EPR results show t
O2

− concentration on the catalyst surface is proportional to
Al content of the support, whereas TEM shows that alloy pa
cle size decreases with Al content. Thus one of the causes
promotion in CO oxidation is the formation of smaller met
lic particles and thus greater adsorption of oxygen on hig
surface areas. But this surface area effect is only part of the
son, because TOF data show a significant enhancement of
at Si/Al = 24. We propose that the F+ centers created by A
incorporation can facilitate the adsorption of oxygen, as c
firmed by EPR. If the Au–Ag alloy particles are near the+
centers, then the activated oxygen on the defects can spill
to the nearby Au–Ag alloy particles to react with the activa
CO on Au sites, leading to enhanced activity. However, in
case, long-distance spillover of O2

− species from F+ centers to
-
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CO–Au sites must occur. On the other hand, as shown inFig. 9,
active O2

− species are produced in much greater quantitie
Ag sites of the Au–Ag particles. In this case, spillover of O2

−
species is not necessary, because O2

−–Ag and CO–Au exist in
the nearest neighbor. The two different pathways of oxygen
tivation explain why the Al-promoting effect is minor compar
with the Ag-promoting effect. Nonetheless, it must be poin
out that too high an Al content in the support will destroy
ordering of pore structure, which is confirmed by the disapp
ance of XRD peaks in the low-angle range with a decreas
Si/Al ratio from 24 to 14. This may explain the decreased c
alytic activity of AuAg-MAS14. Recently, we have observ
the similar trend of catalytic activity of gold particles with A
content in the mesoporous support SBA-15[33]. However, it
should be mentioned that the decrease in Si/Al leads not only to
increased defect concentration, but also to increased –OH
centration on the support. The role of –OH (or acidity) in
enhancement of activity is not clear yet. The role of Al me
further study.

5. Conclusion

In summary, we have studied the catalyst system of go
silver alloy nanoparticles deposited on mesoporous alumin
icate support. Our findings indicate that the Si/Al ratio of the
support has an important effect on the catalytic activity
CO oxidation. We observed an increase in superoxide spe
O2

− with increasing Al content. Also, TEM analyses show
a decrease in particle size of Au–Ag alloy with increasing
content. These two factors lead to the increase in activity w
increasing of Al content. However, excessive incorporation
Al into the mesoporous framework causes some loss of s
ture order, leading to decreased catalytic activity with a Si/Al
ratio of 14.

We then investigated the origin of increased superoxide
duction with increased Al content in the support. EPR and
studies indicated that the incorporation of Al promoted the g
eration of rich defects on the support. Such defects as t
associated with tetrahedral Al not only stabilize the Au–Ag
loy nanoparticles and thus prevent them from sintering, but
promote the activation of oxygen by electron transfer to
sorbed oxygen to form superoxide. The superoxide species
react with adsorbed (on Au sites) CO to form carbon diox
Because we have shown that our gold–silver nanocatalyst
tem is very active in oxygen activation, either by Ag or by t
defects on the aluminosilicate support, it will be highly int
esting to investigate whether this AuAg alloy catalyst may
applied to other oxidation reactions, or if the superoxide spe
can also be observed in other oxidation reactions, such as i
drogen peroxide production[61].
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