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Abstract

We report a new type of supported Au catalyst active in low-temperature CO oxidation. Au/ZnO/SiO2 catalysts were prepared by routine
deposition–precipitation with ammonium hydroxide (Au/ZnO/SiO2-NH3) and aqueous solution of Na2CO3 (Au/ZnO/SiO2-Na2CO3) as the pre-
cipitation agent. The catalysts were characterized by BET surface area, X-ray diffraction, transmission electron microscopy, X-ray photoemission
spectroscopy, photoluminescence spectroscopy, and X-ray absorption spectroscopy. Au/ZnO/SiO2-Na2CO3 is more active than Au/ZnO/SiO2-
NH3, achieving a complete CO conversion at 303 K. The structures of Au nanoparticles and ZnO are strongly affected by the Au–ZnO interaction
in Au/ZnO/SiO2 catalysts. The Au–ZnO interaction is stronger, and thus the Au nanoparticles are more highly dispersed in Au/ZnO/SiO2-Na2CO3
than in Au/ZnO/SiO2-NH3. Our results suggest that CO oxidation catalyzed by supported Au nanoparticles follows different mechanisms at low
and high reaction temperatures and that a weakly chemisorbed species is involved in low-temperature CO oxidation.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Low-temperature CO oxidation catalyzed by supported Au
nanoparticles has rapidly become a hot topic both fundamen-
tally and practically [1–4] since Haruta et al. reported that
fine Au nanoparticles supported on TiO2 were active in low-
temperature CO oxidation [5]. Although great success has been
achieved on the synthesis of supported Au catalysts active
in low-temperature CO oxidation, the reaction mechanism re-
mains ambiguous. Haruta and Daté [2] proposed multiple reac-
tion pathways for CO oxidation over Au/TiO2 catalyst, includ-
ing the direct reaction between CO adsorbed on Au and O−

2 ad-
sorbed on TiO2 at the perimeter sites. Another popular reaction
mechanism involves the insertion of an adsorbed CO into an
Au–OH bond to form a hydroxycarbonyl that is oxidized to bi-
carbonate, which then decomposes into Au–OH and CO2 [6,7].
The active site in this reaction mechanism consists of an ensem-
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ble of metallic Au atoms with a Au cation (Au(I) or Au(III))
at the periphery with a hydroxyl ligand. A general observation
of the structure–activity relationship in supported Au catalysts
for low-temperature CO oxidation is the size-dependent activ-
ity. The oxide support plays a crucial role in determining the
activity of Au catalysts. Schubert et al. grouped various ox-
ide supports into two categories: inert supports (SiO2, Al2O3,
and MgO) and active supports (reducible transitional metal ox-
ides such as TiO2, CoOx , CeO2, and Fe2O3) [8]. They based
this classification on the observation that Au nanoparticles sup-
ported on inert oxides exhibited lower intrinsic activities than
those supported on active oxides that can contribute to the acti-
vation and supply of oxygen for the reaction. It also was found
that fine Au nanoparticles could be easily prepared on reducible
oxide supports through the routine methods of coprecipitation
and deposition–precipitation (DP) using HAuCl4 as the pre-
cursor, but that this approach usually led to the formation of
relatively large Au nanoparticles on Al2O3 and SiO2 [8]. There-
fore, Au/SiO2 catalysts prepared by coprecipitation or DP using
HAuCl4 as the precursor exhibit poor catalytic performance in
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CO oxidation, usually becoming active at reaction temperatures
above 573 K [9–13].

Preparation of Au/SiO2 catalysts active in low-temperature
CO oxidation is of great interest, however. Practically, SiO2
is one of the favorite supports for industrial catalysts because
of its high thermal stability and mechanical strength; fun-
damentally, active Au/SiO2 catalysts can help elucidate the
active structure and reaction mechanism in low-temperature
CO oxidation related only to Au because of the inertness of
SiO2. Au/SiO2 catalysts active in CO oxidation at room tem-
perature or even lower temperatures have been successfully
prepared by chemical vapor deposition (CVD) [9,14], using
gold inorganic–organic high-surface area materials [15] and
the cationic Au complex (Au(en)2Cl3) as precursors [16,17].
These results demonstrate that supported fine Au nanoparti-
cles can catalyze low-temperature CO oxidation without the
involvement of oxide supports. But the aforementioned synthe-
sis routes of active Au/SiO2 catalysts involve either complicate
procedures or uncommon Au compounds, which might hamper
their large-scale applications.

We recently found that fine Au nanoparticles can be eas-
ily prepared on a CoOx-modified SiO2 surface by DP using
HAuCl4 as the precursor and are active in low-temperature
CO oxidation [18]. “Active” oxides have been used as addi-
tives to enhance the catalytic activity of Au/SiO2 catalysts in
CO oxidation. Dekkers et al. investigated the effect of “active”-
oxide additives (CoOx , LaOx , CeOx) on the activity of Au/SiO2
catalysts, but found no enhanced effect in low-temperature
CO oxidation under their experimental conditions [10]. Guczi
et al. investigated a FeOx /Au/SiO2/Si(100) model catalyst and
found that Au promoted the catalytic activity of FeOx in CO
oxidation [19]. Venezia et al. anchored Au nanoparticles on
TiO2/SiO2 by the sol method and found that Au/TiO2/SiO2
catalysts with a TiO2 loading below 5 wt% demonstrated bet-
ter catalytic performance in CO oxidation than the similarly
prepared Au/TiO2 catalysts [20]. The interfacial structures of
various Au/TiO2/SiO2 catalysts also have been investigated in
detail [21]. Recently, Zhu et al. reported the effects of various
oxide additives (some negative, others positive) on the catalytic
activity of Au/SiO2 in CO oxidation, in which Au/SiO2 cata-
lysts were prepared using Au(en)2Cl3 as the precursor [17].

The Au/CoOx /SiO2 catalyst that we reported earlier might
be of potential practical applications because of its convenient
preparation method [18]. In the present work, we used our
synthesis strategy to prepare Au/ZnO/SiO2 catalysts active in
low-temperature CO oxidation. ZnO does not belong to the re-
ducible oxides, but Au/ZnO catalysts have been demonstrated
to be active in low-temperature CO oxidation [22,23]. In this
work, we take the unique advantage of the Au/ZnO/SiO2 cata-
lyst to investigate the structure–activity relationship of Au/ZnO
catalysts in low-temperature CO oxidation. In Au/ZnO/SiO2,
the inert SiO2 is the major component, and the loadings of
active components Au and ZnO are comparable; thus, the Au–
ZnO interaction and its influence on the structure and activity
of the catalyst can be manifested. Our results demonstrate that
the stronger the Au–ZnO interaction, the finer the supported
Au nanoparticles, and the better the catalytic performance of
the catalyst in low-temperature CO oxidation. Our results also
suggest that CO oxidation over Au/ZnO/SiO2 follows differ-
ent reaction mechanisms at low and high reaction temperatures
and that a weakly chemisorbed species is involved in the low-
temperature CO oxidation.

2. Experimental

2.1. Catalyst preparation

Typically, SiO2 (40–120 mesh, Qingdao Haiyang Chemi-
cals Co.) was first modified with 6% ZnO (Zn/SiO2 weight
ratio) by the conventional incipient wetness impregnation (us-
ing Zn(NO3)2·6H2O (Sinopharm Chemical Reagent Co., Ltd;
�99.0%) as the zinc precursor), followed by drying at 60 ◦C
and calcination at 200 ◦C. The resulting ZnO/SiO2 was then
used to prepare the 2% Au/6% ZnO/SiO2 (Au/SiO2 weight ra-
tio) catalyst by DP using HAuCl4·4H2O (Sinopharm Chemical
Reagent Co., Ltd; Au content �47.8%) as the precursor. The
HAuCl4·4H2O aqueous solution and the DP agent were slowly
co-added into a three-necked bottle containing ZnO/SiO2, with
the pH controlled between 9 and 10. The system was stirred at
60 ◦C for 24 h, after which the solid was filtered and washed
several times. The resulting powder was dried at 60 ◦C for 24 h,
followed by calcination at 200 ◦C for 4 h. In our experiments,
ammonium hydroxide and aqueous solution of Na2CO3 were
used as the DP agent, and the resulting catalysts were desig-
nated Au/ZnO/SiO2-NH3 and Au/ZnO/SiO2-Na2CO3. The 2%
Au/SiO2 (designated Au/SiO2) and 6% ZnO/SiO2 (designated
ZnO/SiO2) catalysts were prepared similarly for comparison
purposes.

2.2. Catalyst characterization

BET surface areas were acquired on a Beckman Coulter
SA3100 surface area analyzer, in which the sample was de-
gassed at 120 ◦C for 30 min in nitrogen atmosphere before the
measurements. Powder X-ray diffraction (XRD) patterns were
acquired on a Philips X’Pert PRO SUPER X-ray diffractome-
ter with a Ni-filtered CuKα X-ray source operating at 40 kV
and 50 mA. High resolution X-ray photoelectron spectroscopy
(XPS) measurements were performed on an ESCALAB 250
high-performance electron spectrometer using a monochrom-
atized AlKα excitation source (hν = 1486.6 eV). The bind-
ing energies in XPS spectra were referenced with respect to
the Si 2p binding energy in SiO2 at 103.3 eV. The photolu-
minescence (PL) spectra were acquired on a Fluorolog-Tau-3
steady-state/lifetime spectrofluorometer. Transmission electron
microscopy (TEM) experiments were preformed on a JEOL
2010 high-resolution transmission electron microscope with an
energy dispersive spectrum (EDS) analysis facility. The com-
positions of catalysts were analyzed by inductively coupled
plasma atomic emission spectrometry (ICP-AES).

X-ray absorption spectroscopy (XAS) measurements for the
Au LIII-edge (11,719–12,919 eV) and the Zn K-edge (9460–
10,660 eV) were performed in the fluorescence mode at room
temperature on the XAFS Station of the U7C beam line of
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Fig. 1. Catalytic performances of various catalysts in CO oxidation.

National Synchrotron Radiation Laboratory (NSRL, Hefei,
China). The synchrotron radiation facility consists mainly of an
800-MeV electron storage ring with the ring current of about
100–300 mA. A Si(111) double-crystal was used as the mono-
chromator. The X-ray absorption near-edge structure (XANES)
spectra were acquired at 1-eV energy steps.

2.3. Catalytic activity measurement

The catalytic activity was evaluated with a fixed-bed flow
reactor. The catalyst underwent no pretreatment before the cat-
alytic reaction. The catalyst sample was 100 mg, and the re-
action gas consisting of 1% CO and 99% dry air was fed at a
rate of 20 mL/min. The composition of the effluent gas was
detected with an online GC-14C gas chromatograph equipped
with a TDX-01 column (T = 80 ◦C, H2 as the carrier gas
at 30 mL/min). The CO conversion was calculated from the
change in CO concentrations in the inlet and outlet gases.

3. Results

Fig. 1 shows the catalytic activities of various catalysts in
CO oxidation. The bare SiO2 support and ZnO/SiO2 supports
exhibited no activity in CO oxidation at the temperatures inves-
tigated. The Au/SiO2 catalyst exhibited poor catalytic activity,
becoming active at reaction temperatures above 543 K. Both
Au/ZnO/SiO2-NH3 and Au/ZnO/SiO2-Na2CO3 exhibited cat-
alytic activity in low-temperature CO oxidation. Au/ZnO/SiO2-
Na2CO3 was more active, capable of completely converting
Fig. 2. XRD patterns of various catalysts.

CO at 303 K. The actual Au/SiO2 and Zn/SiO2 weight ra-
tios in Au/ZnO/SiO2-Na2CO3 were 1.12% and 6%, respec-
tively, as determined by ICP-AES; therefore, Au/ZnO/SiO2-
Na2CO3 exhibited a specific rate of CO oxidation not lower
than 0.464 molCO g−1

Au h−1 at 303 K. An interesting observa-
tion is the activity–temperature dependence. With increasing
reaction temperature, CO conversion remained at 100% for
Au/ZnO/SiO2-Na2CO3; however, Au/ZnO/SiO2-NH3 demon-
strated an unexpected activity–temperature dependence, with
CO conversion rising from 11% at 303 K to 72% at 393 K,
then decreasing to a minimum of 66% at 453 K, and the eventu-
ally increasing again. The complete oxidation of CO catalyzed
by Au/ZnO/SiO2-NH3 was achieved at reaction temperatures
above 513 K. We reevaluated the used Au/ZnO/SiO2-NH3 cat-
alyst and found that it exhibited the same catalytic activity
and the same activity–temperature dependence as the fresh
Au/ZnO/SiO2-NH3 catalyst. This result demonstrates that the
active structure of Au/ZnO/SiO2-NH3 did not change during
the course of CO oxidation, and thus that the observed activity–
temperature dependence cannot be attributed to the structural
variation of the catalyst.

Table 1 summarizes the BET surface areas and the ac-
tual catalyst compositions of Au/SiO2, Au/ZnO/SiO2-NH3,
and Au/ZnO/SiO2-Na2CO3 analyzed by ICP-AES. The BET
surface areas of SiO2 and ZnO/SiO2 were 390 and 280
m2/g, respectively. The difference in the ZnO loading be-
tween Au/ZnO/SiO2-NH3 and Au/ZnO/SiO2-Na2CO3 can be
attributed to the likely partial dissolution of ZnO by the for-
mation of a Zn–NH3 complex during the course of DP using
Table 1
Macroscopic structure parameters of various catalysts

Catalyst BET surface

areas (m2/g)

Weight ratio Average size of Au particles (nm)

Au/SiO2 Zn/SiO2 dXRD dTEM

Au-SiO2 316 1.02% – 12 10.4
Au/ZnO/SiO2-NH3 297 1.55% 4.8% 5 5.0
Au/ZnO/SiO2-Na2CO3 254 1.12% 6.0% n.d.a 3.7

a Not detected.
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Fig. 3. (Left) TEM images of Au/SiO2 (a), Au/ZnO/SiO2-NH3 (b, c), and Au/ZnO/SiO2-Na2CO3 (d, e). (Right) EDS results of areas A, B, and C and size
distributions of Au nanoparticles in Au/SiO2, Au/ZnO/SiO2-NH3, and Au/ZnO/SiO2-Na2CO3.
ammonium hydroxide. Fig. 2 shows XRD patterns of various
catalysts. The XRD spectrum (not shown) demonstrates that
calcining the unsupported Zn precursor prepared in a similar
method at 200 ◦C for 4 h led to the formation of ZnO. But no
diffraction peaks arising from ZnO appeared in the XRD spec-
tra of ZnO/SiO2 and Au/ZnO/SiO2 catalysts, indicating high
dispersion of ZnO on SiO2. The Au(111) diffraction peak was
observed in the XRD spectra of Au/SiO2 and Au/ZnO/SiO2-
NH3, but not in the XRD spectrum of Au/ZnO/SiO2-Na2CO3.
This indicates that the average crystalline size of Au nanoparti-
cles was the finest in Au/ZnO/SiO2-Na2CO3. From the XRD re-
sults, the average crystalline sizes of Au nanoparticles were cal-
culated as 5 nm in Au/ZnO/SiO2-NH3 and 12 nm in Au/SiO2.
These XRD results demonstrate that the modification of SiO2

with a small amount of ZnO facilitated the deposition of fine
Au nanoparticles by DP using HAuCl4 as the precursor.

Fig. 3 shows typical TEM images of the Au/SiO2, Au/ZnO/
SiO2-NH3, and Au/ZnO/SiO2-Na2CO3 catalysts. The Au nano-
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particles in Au/SiO2 exhibited a wide size distribution from 5
to >20 nm. The Au nanoparticles in Au/ZnO/SiO2-Na2CO3
showed a quite narrow size distribution of 2–7 nm, whereas
those in Au/ZnO/SiO2-NH3 had a much wider distribution of 2
to >10 nm. We measured the size of more than 100 Au nanopar-
ticles for each catalyst and plotted the particle size distributions
in various catalysts (Fig. 3), from which we calculated the av-
erage size of the Au nanoparticles to be 10.4 nm in Au/SiO2,
5.0 nm in Au/ZnO/SiO2-NH3, and 3.7 nm in Au/ZnO/SiO2-
Na2CO3. These results are in agreement with the XRD results.
We further analyzed the elemental compositions of areas A,
B, and C indicated in Figs. 3b, 3c, and 3d by EDS. Area A
in Au/ZnO/SiO2-NH3 was with supported Au aggregates of
ca. 10 nm, and area B in Au/ZnO/SiO2-NH3 and area C in
Au/ZnO/SiO2-Na2CO3 were with supported fine Au nanoparti-
cles of 3–5 nm. The EDS results in Fig. 3 demonstrate an Au/Zn
atomic ratio of 3.8 in area A, much higher than that in area B
(0.36) and area C (0.42). This implies that Au nanoparticles
were more highly dispersed in areas with a lower Au/Zn ratio
in the catalysts.

The foregoing results demonstrate that fine Au nanoparticles
in Au/ZnO/SiO2-NH3 and Au/ZnO/SiO2-Na2CO3 were stabi-
lized by ZnO supported on SiO2, and thus the strong Au–ZnO
interaction should be expected. We measured the PL spectra of
various samples excited by the 366-nm laser that produced the
strongest PL intensity (Fig. 4). ZnO/SiO2 exhibited a broad and
asymmetric luminescence band centered at 437 nm. The bulk
ZnO showed typical emissions of narrow UV and broad green
bands centered at ∼375 and ∼530 nm, respectively. Whereas
the UV emission corresponded to the near band-edge emission,
the green emission (commonly called a trap-state emission) re-
sulted from the singly ionized oxygen vacancy in ZnO [24].
A violet emission of ZnO centered at ∼430 nm was reported
previously [25–28], but its origin is not clear. Jin et al. pro-
posed that this violet PL band is related to a luminescence
center as the interface trap in the grain boundaries of ZnOx

crystals [26]. The broad and asymmetric luminescence band ob-
served in ZnO/SiO2 may be attributed to the addition of a major
violet emission centered at 437 nm and a green shoulder cen-
tered at 525 nm. It is reasonable that ZnO highly dispersed on
SiO2 may have had a large grain boundary area and thus grain
boundary defects. The intensity of ZnO/SiO2 luminescence was
dramatically suppressed after the loading of Au, clearly demon-
strating the existence of a direct Au–ZnO interaction that en-
abled the nonirradiative relaxation of excitons formed in ZnO.
As inferred from the relative luminescence intensities of ZnO in
Au/ZnO/SiO2-NH3 and Au/ZnO/SiO2-Na2CO3, the Au–ZnO
interaction in Au/ZnO/SiO2-Na2CO3 might be stronger than
that in Au/ZnO/SiO2-NH3.

The Au 4f and Zn 3p XPS spectra of various catalysts are
presented in Fig. 5A. It can be seen that the XPS peak of Au
4f partially overlaps with that of Zn 3p. Fig. 5B displays the
Au 4f XPS spectra after the Zn 3p component was subtracted
from the spectrum. It is noteworthy that great caution was taken
during the XPS measurements to avoid a differential charge on
the samples, with the requirement that the acquired Si 2p and
O 1s spectra (not shown) must be symmetric. The results of the
Fig. 4. PL spectra of various catalysts excited by the laser at 366 nm.

peak fitting of these spectra are summarized in Table 2. During
the peak fitting process, the peak shapes for the Au 4f compo-
nent were first acquired by fitting the XPS spectra of Au/SiO2
catalyst, and then used to fit the Au 4f components in the XPS
spectra of Au/ZnO/SiO2. The Au 4f XPS spectrum of Au/SiO2
could be fit with one component exhibiting its Au 4f7/2 binding
energy at 83.8 eV, a typical value for metallic Au. However, the
Au 4f XPS spectrum of Au/ZnO/SiO2-NH3 could be fitted sat-
isfactorily only with two components with Au 4f7/2 binding en-
ergies of 83.7 and 85.5 eV, and that of Au/ZnO/SiO2-Na2CO3
also could be fitted only with two components with Au 4f7/2
binding energies of 83.5 and 85.1 eV. These results indicate that
two kinds of Au species exist in Au/ZnO/SiO2 catalysts, one of
which is metallic Au exhibiting the lower Au 4f7/2 binding en-
ergy.

We further investigated the electronic structure of various
catalysts by XAS. Fig. 6 shows the Au LIII-edge XANES spec-
tra of various catalysts. Au/SiO2 demonstrated an adsorption
edge at 11,919 eV, a shoulder at 11,933 eV (B), and two peaks
at 11,949 (C) and 11,973 eV (D) in the Au LIII-edge XANES
spectrum. These features are characteristic of the XANES spec-
trum of metallic Au [29,30], demonstrating that the Au in
Au/SiO2 was metallic Au, in agreement with the XPS results.
The Au LIII-edge XANES spectra of Au/ZnO/SiO2-NH3 and
Au/ZnO/SiO2-Na2CO3 also exhibited the foregoing features
arising from metallic Au, but with greatly differing intensities.
The intensity of the metallic Au peaks in the XANES spectra
of these catalysts followed the order Au/SiO2 > Au/ZnO/SiO2-
NH3 > Au/ZnO/SiO2-Na2CO3, the reverse of the order for Au
particle size. It was previously observed that the peak intensities
in the XANES spectrum of Au nanoparticles decreased with the
reducing particle size, which was attributed to an increased d-
electron density of Au atoms in very small Au particles [31,32].

The Au LIII-edge XANES spectra of Au/ZnO/SiO2-NH3 and
Au/ZnO/SiO2-Na2CO3 exhibited a strong peak at 11,921.6 eV,
whereas that of Au/SiO2 did not. This feature corresponds to the
white line position of Au due to a 2p3/2 → 5d transition, with
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Fig. 5. (A) Au 4f and Zn 3p XPS spectra of various catalysts and (B) Au 4f XPS spectra after subtracting the Zn 3p component from the spectra. The scatter points
and solid lines correspond to original data and fitting results, respectively. hν = 1486.6 eV.
Table 2
Peak-fitting results of XPS spectra of various catalysts

Catalyst Au 4f7/2 (eV) Au(I) 4f7/2 (eV) Au:Au(I) peak
area ratioBEa FWHMb BE FWHM

Au-SiO2 83.8 2.56 – – –
Au/ZnO/SiO2-NH3 83.7 2.67 85.5 2.20 2.5:1
Au/ZnO/SiO2-Na2CO3 83.5 1.76 85.1 1.76 1.9:1

a BE: binding energy.
b FWHM: full-width at half maximum.

Fig. 6. Au LIII-edge XANES spectra of various catalysts.

its intensity proportional to that of unoccupied d states, which
thus decreased with the reduced oxidation state of Au [33,34].
Therefore, the appearance of the intense feature at 11,921.6
eV in the Au LIII-edge XANES spectra of Au/ZnO/SiO2-NH3

and Au/ZnO/SiO2-Na2CO3 clearly demonstrates the existence
of Au cations [Au(I) or Au(III)] in these two catalysts. The
XANES spectrum of Au(I) was similar to that of Au(III),
but with an intermediate white line intensity. Comparing our
XANES spectra with those reported in the literature [35], we
Fig. 7. Zn K-edge XANES spectra of various catalysts. The vertical dot line
indicates the Zn K-edge at 9660 eV.

can assign our observed strong white line peak to Au(I) in
Au/ZnO/SiO2-NH3 and Au/ZnO/SiO2-Na2CO3; therefore, the
Au species with an Au 4f7/2 binding energy at ∼85.2 eV ob-
served on XPS can be assigned to Au(I). The relative intensity
of the Au(I) feature in Au/ZnO/SiO2-NH3 and Au/ZnO/SiO2-
Na2CO3 indicates a larger fraction of Au(I) in Au/ZnO/SiO2-
Na2CO3, in agreement with the XPS results (Table 2).

We also recorded the Zn K-edge XANES spectra of these
catalysts (Fig. 7). ZnO powder prepared by calcining Zn(NO3)2·
6H2O at 400 ◦C for 4 h was chosen as the reference. The Zn
K-edge XANES spectrum of ZnO showed a series of features
(A–D) that can be assigned to the electron transitions from 1s-
to 4p-derived empty states of Zn2+ in the wurtzite ZnO [36].
ZnO/SiO2-NH3 and ZnO/SiO2-Na2CO3 exhibited Zn K-edge
XANES spectra quite different from that of the ZnO powder,
indicating that the local structure (especially the coordination
symmetry) of ZnO supported on SiO2 differs greatly from that
in bulk ZnO. Interestingly, the loading of Au onto ZnO/SiO2
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also resulted in some change in the Zn K-edge XANES spectra.
Although we cannot explain in detail the origin of the differ-
ences in the Zn K-edge XANES spectra of these catalysts, these
results do imply that the Au–ZnO interaction in Au/ZnO/SiO2
catalysts was sufficiently strong to exert some effect on the lo-
cal structure of ZnO.

4. Discussion

4.1. Effect of the Au–ZnO interaction on the structures of Au
and ZnO in Au/ZnO/SiO2 catalysts

The current results, together with our previous results [18],
demonstrate that SiO2 modified by small amounts of transi-
tional metal oxides can be used as the support for Au nanopar-
ticles active in low-temperature CO oxidation. Moreover, the
catalyst preparation can be conveniently accomplished by rou-
tine DP using HAuCl4 as the precursor, thereby avoiding
the use of complicated procedures and uncommon Au com-
pounds. Thus, the Au/MOx (e.g., M = Co, Zn)/SiO2 catalysts
may have potential practical applications. The DP agent used
in catalyst preparation affects the performance of the result-
ing catalysts. An aqueous solution of Na2CO3 was a better
DP agent than ammonium hydroxide for the preparation of
Au/ZnO/SiO2 catalysts. Au/ZnO/SiO2-Na2CO3 demonstrated
much better catalytic performance in low-temperature CO ox-
idation than Au/ZnO/SiO2-NH3. The Au:Zn:SiO2 weight ra-
tio was 1.55:4.8:100 in Au/ZnO/SiO2-NH3 and 1.12:6:100 in
Au/ZnO/SiO2-Na2CO3, respectively. Because ZnO on SiO2
acts as the anchor for fine Au nanoparticles in Au/ZnO/SiO2
catalysts, a high Zn:Si ratio should facilitate the high disper-
sion of Au nanoparticles. Our XRD and TEM results clearly
demonstrate that Au nanoparticles were more highly dispersed
in Au/ZnO/SiO2-Na2CO3 than in Au/ZnO/SiO2-NH3.

A unique feature of the Au/ZnO/SiO2 catalysts is that the
inert SiO2 is the major component and the loadings of ac-
tive components Au and ZnO are comparable. Therefore, the
interaction between the active components (i.e., the Au–ZnO
interaction) can be manifested by the physical chemistry prop-
erties of both Au and ZnO in the catalysts. Our results clearly
demonstrate that both the structure of Au nanoparticles and
the local structure of ZnO are greatly affected by the Au–
ZnO interaction. The former has been addressed frequently, but
the latter has seldom been reported. In Au/ZnO catalysts, be-
cause ZnO interacting with Au represents only a very small
fraction of the total ZnO support, the structural variation in-
duced by the Au–ZnO interaction could not be observed. ZnO
in ZnO/SiO2 exhibits strong visible luminescence, but the lu-
minescence of ZnO in Au/ZnO/SiO2 is mostly quenched by the
Au–ZnO interaction. Because the visible luminescence of ZnO
is due to the oxygen vacancies and grain boundary defects, it
can be reasonably deduced that Au nanoparticles should nu-
cleate and locate on the oxygen vacancies and grain boundary
defects of ZnO supported on SiO2. It has been well established
in model catalytic systems that Au nanoparticles nucleate on
the defects on oxide surfaces; direct evidence of this is pro-
vided by the XANES results probing the local structures of
materials. The Zn K-edge XANES spectra of ZnO in bulk ZnO,
ZnO/SiO2 supports, and Au/ZnO/SiO2 catalysts differ substan-
tially. XPS results demonstrate that Zn exists in Zn(II) in these
samples, therefore, different XANES spectra indicate differ-
ent local structures of ZnO species. The bulk ZnO is with a
local structure of wurtzite. ZnO in ZnO/SiO2 is highly disper-
sive and has abundant oxygen vacancies and grain boundary
defects, resulting in a local structure of ZnO that differs from
that of bulk ZnO. Meanwhile, the interaction between ZnO and
SiO2 in ZnO/SiO2 also may partially distort the local struc-
ture of Zn(II) from the [ZnO4]6− tetrahedral unit in bulk ZnO
to the ZnO4 tetrahedra linking to surrounding silicate tetrahe-
dral in crystalline Zn silicates [37]. The Zn K-edge XANES
spectra of Au/ZnO/SiO2-NH3 and Au/ZnO/SiO2-Na2CO3 dif-
fer obviously (albeit only slightly) from those of ZnO/SiO2-
NH3 and ZnO/SiO2-Na2CO3. This implies that the Au–ZnO
interaction does exist in the catalysts and can affect the local
structure of ZnO. Therefore, our results clearly demonstrate
the influence of the Au–ZnO interaction on the local structure
of ZnO.

It has been established that the Au–support interaction de-
termines the structure of supported Au nanoparticles. Our re-
sults provide some new and interesting insights. Our aver-
age Au nanoparticle sizes of 10.4 nm in Au/SiO2, 5.0 nm in
Au/ZnO/SiO2-NH3, and 3.7 nm in Au/ZnO/SiO2-Na2CO3 indi-
cate that ZnO was more capable of stabilizing fine Au nanopar-
ticles than SiO2. This may be due to the more abundant vacan-
cies on transitional metal oxides compared with on SiO2. Our
findings demonstrate that the stability of fine Au nanoparticles
on ZnO interaction depends on the local Au:Zn ratio. Our TEM
results showed a wide size distribution of Au nanoparticles in
Au/ZnO/SiO2-NH3, and our EDS analysis demonstrated that a
low Au/Zn ratio facilitated the formation of fine Au nanoparti-
cles. The Au/Zn atomic ratio was ∼0.4 in areas with fine Au
nanoparticles in both Au/ZnO/SiO2-NH3 and Au/ZnO/SiO2-
Na2CO3, increasing to 3.8 in areas with Au aggregates in
Au/ZnO/SiO2-NH3. These results imply that certain amounts
of ZnO are required to stabilize supported fine Au nanoparti-
cles, or otherwise these fine Au nanoparticles will aggregate.
Similar results have been observed in the Au/TiO2(110) model
catalytic system. In a combined STM and DFT study of Au
growth on TiO2(110) at 300 K in which a bimodal size distri-
bution of Au clusters was observed, the authors proposed that
Au cluster nucleates primarily at oxygen vacancy sites, but that
with further growth, a single oxygen vacancy can no longer sta-
bilize the cluster, and the cluster–vacancy complex will then
diffuse [38]. While diffusing, the cluster–vacancy complex will
either encounter other surface defects to be stabilized on the
surface or encounter another cluster, eventually leading to ag-
glomeration [38].

Our XANES and XPS results clearly demonstrate the co-
existence of metallic Au and Au(I) in Au/ZnO/SiO2-NH3
and Au/ZnO/SiO2-Na2CO3. Previous infrared studies have
found both metallic and oxidized Au clusters in Au/ZnO cat-
alysts [39]. An interesting result here is the core-level binding
energy of metallic Au nanoparticles in these catalysts. The
average size and the Au 4f7/2 core-level binding energy of
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Au nanoparticles in these catalysts followed the same order:
Au/SiO2 > Au/ZnO/SiO2-NH3 > Au/ZnO/SiO2-Na2CO3. But
it generally is observed that the Au 4f core-level binding energy
of supported metallic Au nanoparticles increases with the de-
creasing particle size, the origin of which remains unclear [40].
Thus, our XPS results indicate that a charge transfer must occur
from ZnO to metallic Au nanoparticles, thereby reducing the
core-level binding energy of Au nanoparticles; that is, fine Au
nanoparticles are partially negatively charged in Au/ZnO/SiO2-
NH3 and Au/ZnO/SiO2-Na2CO3. Otherwise, Au nanoparticles
of much finer sizes in Au/ZnO/SiO2-NH3 and Au/ZnO/SiO2-
Na2CO3 should exhibit higher core-level binding energies than
those in Au/SiO2 because of their different particle sizes. Oxy-
gen vacancies on transitional metal oxides on which Au clusters
nucleate are capable of charge transfer to supported Au clus-
ters [41].

Of the catalysts studied, Au/SiO2 exhibited catalytic activity
only at reaction temperatures above 543 K, Au/ZnO/SiO2-
NH3 showed some activity at low reaction temperatures, and
Au/ZnO/SiO2-Na2CO3 exhibited the best catalytic perfor-
mance, achieving 100% CO conversion at 303 K. Unlike re-
ducible transitional metal oxides, ZnO cannot participate in
the catalytic CO oxidation; thus, the observed catalytic activity
can be related only to the structure of Au nanoparticles in the
catalysts determined by the Au–ZnO interaction. Our results
agree with the general activity–size dependence of supported
metallic Au nanoparticles in CO oxidation. The fraction of
low-coordinated Au atoms on Au nanoparticles increases with
decreasing particle size, and these low-coordinated Au atoms
are active in low-temperature CO oxidation [42]. Meanwhile,
charge transfer occurs from ZnO to fine Au nanoparticles,
which also enhances the activity of metallic Au nanoparticles in
CO oxidation [40]. Our results also demonstrate the existence
of Au(I) in Au/ZnO/SiO2 catalysts, with a higher Au(I)/Au ra-
tio in Au/ZnO/SiO2-Na2CO3 than in Au/ZnO/SiO2-NH3. The
role of Au(I) species in CO oxidation remains unclear. Al-
though Boccuzzi et al. reported the existence of Au(I) species
in Au/ZnO catalyst [39], Au(I) species was not involved in
their proposed reaction mechanism of CO oxidation over
Au/ZnO [43]. However, theoretical calculations showed that
Au(I) can be stabilized on the vacancy sites of ZnO, and that
CO adsorbs most strongly on Au(I) in Au/ZnO [44].

4.2. Reaction mechanism of CO oxidation catalyzed by
Au/ZnO/SiO2 catalysts

An uncommon but interesting phenomenon is the activity–
reaction temperature dependence observed in CO oxidation
over Au/ZnO/SiO2-NH3. The used catalyst showed the same
activity–reaction temperature dependence as the fresh catalyst,
demonstrating that the active structure of Au nanoparticles did
not change during the course of catalytic reaction. Therefore,
the activity decrease seen between 363 and 453 K must not be
due to the change in the active structure in the catalyst. Similar
experimental results have been reported previously [17,45,46].
Wang et al. studied Au–Ag alloy nanoparticles supported on a
mesoporous support as a catalyst for CO oxidation and found
that the catalytic activity decreased between 40 and 160 ◦C and
increased thereafter [45]. Zhu et al. also observed a similar
phenomenon in their Au/SiO2 catalysts for CO oxidation pre-
pared from the cationic Au precursor [17]. But these two groups
gave no explanation for this phenomenon in their papers. Daté
et al. studied the role of moisture in the catalytic activity of
Au/SiO2 catalyst prepared by gas-phase grafting in CO oxida-
tion [46]. At a moderate moisture concentration in the reaction
gas, a temperature window was observed in which CO conver-
sion first decreased and then increased with increasing reaction
temperature [46]. The activity decrease was attributed to des-
orption of moisture from the catalyst surface, which plays an
important role in the catalytic activity of Au/SiO2 catalyst in
low-temperature CO oxidation [46].

The influence of moisture can be excluded in the present
study, however, because the reaction gas consisted of CO
and dry air with a water content below 5 ppm. Furthermore,
Au/ZnO/SiO2-Na2CO3 did not exhibit the activity–reaction
temperature dependence seen for Au/ZnO/SiO2-NH3. We spec-
ulate that the observed activity–reaction temperature depen-
dence indicates that CO oxidation over Au/ZnO/SiO2 follows
different mechanisms at low and high reaction temperatures.
At high reaction temperatures, CO oxidation follows the LH
mechanism on the Au surface, in which oxygen adatoms re-
sult from a direct oxygen dissociation reaction with adsorbed
CO to form CO2. In this mechanism, oxygen dissociation (an
activation process) is the rate-limiting step, which is reason-
ably facilitated at elevated temperatures. The Au particle size
has a significant influence on oxygen dissociation; it is gen-
erally believed that the barrier of oxygen dissociation on fine
Au nanoparticles is substantially lower. Theoretical calculation
results indicate that oxygen dissociation on small Au particles
may be possible when Au is low-coordinated [47]; therefore,
the barrier for CO oxidation catalyzed by Au particles follow-
ing the high-temperature reaction mechanism decreases with
decreasing Au particle size. With decreasing reaction temper-
ature, the probability of oxygen dissociation on the Au surface
decreases, and the high-temperature reaction pathway of CO
oxidation becomes blocked. The temperature at which the high-
temperature reaction pathway will become completely blocked
depends mainly on the structure and size of the Au nanoparti-
cles.

The activity of Au/ZnO/SiO2-NH3 in CO oxidation at low
temperatures (300–450 K) follows a different mechanism than
the high-temperature reaction mechanism. We propose that a
characteristic of the low-temperature reaction mechanism is
that oxygen does not undergo direct dissociation on the Au sur-
face. Several reaction pathways have been proposed to account
for the exceptional activity of fine Au nanoparticles in low-
temperature CO oxidation, including CO oxidation by molec-
ularly adsorbed oxygen and involvement of surface hydroxyls
in CO oxidation [40]. Our results provide no information on the
detailed reaction mechanism, but the observed “volcano” shape
of the activity–reaction temperature dependence strongly sug-
gests that a weakly chemisorbed species, the nature of which
remains to be identified, is the key active species. The forma-
tion of this weakly chemisorbed species is facilitated over fine
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Au nanoparticles. At low reaction temperatures, the coverage
of this weakly chemisorbed species initially increases with in-
creasing reaction temperature, resulting in an initial increase in
catalytic activity. But with further increases in reaction temper-
ature, desorption of this weakly chemisorbed species occurs,
and eventually the weakly chemisorbed species cannot form on
the surface; thus, the catalytic activity decreases. Therefore, it
is the competition between desorption and surface reaction of
the weakly chemisorbed species that leads to the observation of
a local maximum catalytic activity with increasing temperature
at low reaction temperatures.

Based on the foregoing discussion, the apparent activity of
supported Au nanoparticles in CO oxidation consists of contri-
butions from CO oxidation following both the low-temperature
and high-temperature reaction mechanisms. Intrinsically, the
activity of supported Au nanoparticles following the low-
temperature reaction mechanism must exhibit a “volcano” de-
pendence on the reaction temperature, whereas that following
the high-temperature reaction mechanism increases monoton-
ically with increasing reaction temperature; however, both ac-
tivities increase with decreasing Au particle size. There should
be a temperature window in which the reaction mechanism
switches from the low-temperature to the high-temperature
reaction mechanism; however, whether or not this tempera-
ture window can be observed experimentally depends on the
catalyst. For highly active Au catalysts such as Au/ZnO/SiO2-
Na2CO3, with increasing reaction temperature, the activity loss
contributed by the low-temperature reaction mechanism can be
effectively compensated for by the activity gain contributed by
the high-temperature reaction mechanism, and thus no appar-
ent loss of activity can be observed. Because of the particular
catalyst structure of Au/ZnO/SiO2-NH3, such a temperature
window was observed, demonstrating the existence of different
reaction mechanisms of CO oxidation catalyzed by supported
Au nanoparticles.

5. Conclusion

We have demonstrated that, using HAuCl4 as precursor,
the convenient DP method can deposit fine Au nanoparticles
on SiO2 modified with a small amount of highly dispersed
ZnO. The resulting Au/ZnO/SiO2 catalysts are active in low-
temperature CO oxidation. Fine Au nanoparticles are mostly
supported on ZnO on SiO2. Aqueous solution of Na2CO3 is a
better DP agent than ammonium hydroxide. Strong Au–ZnO
interactions exist in the catalysts and exert a significant influ-
ence on the structures of both Au nanoparticles and ZnO. Our
results suggest that CO oxidation over supported Au nanoparti-
cles follows different mechanisms at low and high reaction tem-
peratures and that a weakly chemisorbed species is involved in
low-temperature CO oxidation. These results deepen our funda-
mental understanding of CO oxidation catalyzed by supported
Au nanoparticles. Our synthesis strategy provides a practical
approach for using commercially favorable SiO2 as the support
for active supported Au catalysts.
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