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ABSTRACT

We have employed the deposition-precipitation method to prepare Au/CoO/SiO; catalysts. The structure
and activity of Au/Co0O/SiO; catalysts in CO oxidation were found to depend on the Au:CoO ratio. The
catalyst preparation process was investigated employing in situ infrared spectroscopy. The gold precursor
preferentially deposits and interacts with hydrogen-bonded hydroxyls and then with isolated hydroxyls
in Co(OH); on SiO;, eventually forming large and fine Au nanoparticles in the catalysts, respectively. The
calcination of SiO, at 500°C prior to the catalyst preparation can alter the structure of Au nanoparticles
in Au/Co0Q/SiO, catalysts by changing the distribution of hydrogen-bonded and isolated hydroxyls in
Co(OH),. Au/Co0/SiO; catalysts with fine Au nanoparticles are active in low temperature CO oxidation.
Our results provide direct evidence that the interaction between the gold precursor and surface hydroxyls
on the support during the deposition-precipitation process plays an important role in determining the

Metal-support interaction
Surface hydroxyls

structure of supported Au nanoparticles.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In 1989, Haruta et al. firstly reported that the ultrafine Au parti-
cles supported on transition metal oxides exhibited exceptionally
high activity in CO oxidation at low temperature [1], which sparked
off intensive research in gold catalysis. Gold has been demonstrated
as aunique heterogeneous or homogeneous catalystin a wide array
of reactions [2-4]. Supported Au nanoparticles-catalyzed low tem-
perature CO oxidation is the most intensively investigated system
not only because of its potential for practical applications but also
because of an expectation that a thorough understanding of this
apparently simple reaction could serve as a platform to understand
other gold-catalyzed complex reactions. Although extensive exper-
imental and theoretical studies have been made in the fundamental
understanding of this system, there still remain some ambigu-
ous issues, particularly with respect to the nature of the active
site, the role of the oxide support, and the reaction mechanism
[5-11]. The situation can be partly explained by different exper-
imental conditions employed in various studies, which leads to the
diversity in the proposed explanations. For example, the surface
science studies of model catalysts under ultra-high vacuum con-
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ditions often observe that oxygen vacancies in the oxide supports
can transfer charge to supported Au clusters, forming negatively
charged Au clusters that have been proposed as part of the active
sites [12-16]. However, the practical supported powder catalysts
are usually prepared by wet-chemical methods employing fully
oxidized supports, in which cationic gold species has been often
observed and proposed as part of the active sites [17-20]. A well-
established structure-activity relation in supported Au catalysts for
low temperature CO oxidation is the size-dependent activity, in
which fine Au nanoparticles are usually more active than large Au
nanoparticles.

It is generally accepted that the structure and the activity of
supported Au nanoparticles are highly sensitive to the employed
preparation procedure [6]; this sometimes makes it difficult for
the reproducible preparation of supported Au catalyst by different
research groups [10]. Deposition—precipitation (DP) and coprecip-
itation are two routine methods to prepare active supported Au
catalysts employing aqueous HAuCl, as the gold precursor [21].
There are a lot of reports [22-36] investigating the influence of
the preparation variables, such as the pH value of aqueous HAuCly
solution, the precipitation agent and the calcination temperature,
on the structures and catalytic activities of Au nanoparticles. How-
ever, most of these studies emphasize on the characterization and
catalytic performance of supported Au catalysts. Only several stud-
ies [24,28,29] pay attention to the preparation process itself, which
all investigated the influence of pH-dependent species of Au com-
plexes on the structure and activity of supported Au catalysts.
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Yang et al. [28] employed extended X-ray absorption fine structure
(EXAFS) and transmission electron microscope (TEM) to character-
ize key stepsin the preparation of Au/Al, O3 catalysts in conjunction
with activity measurements and found that the residual chloride
affected largely the catalytic activity. Moreau et al. [29] found that
the optimum pH for the preparation of highly active Au/TiO, cat-
alysts is about 9, under which most of chlorine in the anionic
complexes were removed by hydrolysis. Zanello et al. [24] reported
that different gold species were formed in the aqueous solution and
deposited on the TiO, surface when preparing Au/TiO, catalysts
with urea and NaOH as the precipitation agent. However, due to
the complexity of the catalyst preparation process, they still remain
unclear how the gold precursor interacts with the support surface
and how the precursor-support interaction affects the structure of
supported Au nanoparticles.

The transition metal oxide supported Au catalysts in which only
the Au loading could be varied are not very suitable for the investi-
gation of the gold precursor-support interaction. It is desirable that
both the loadings of Au and transition metal oxide could be varied
in the catalysts so that the gold precursor-support interaction and
its influence on the structure of supported Au nanoparticles could
be manifested. We recently developed a convenient DP method to
load Au nanoparticles and transition metal oxides on SiO, surface
(Au/MOy/Si0;), which were active in low temperature CO oxidation
[37,38]. SiO, is an inert support [39] and Au/SiO, catalysts pre-
pared by the routine methods are not active in low temperature
CO oxidation [40-42]. In our Au/MOx/SiO, catalysts, the activ-
ity in low temperature CO oxidation arises from Au nanoparticles
supported on transition metal oxides, moreover, the loadings of
gold and transition metal oxide are comparable. Therefore, the
Au/MOy/SiO, catalyst provides an ideal catalyst system for the
investigation of the gold precursor-transition metal oxide inter-
action and its influence on the structure and catalytic activity of
Au nanoparticles. In this paper, we report a detailed investigation
of Au/Co0/SiO, catalysts with different Au and CoO loadings. It is
found that the structure of supported Au nanoparticles and the
activity of Au/Co0O/SiO; catalysts in CO oxidation depend sensitively
on the Au:CoO ratio and we proposed that the interaction between
the gold precursor and surface hydroxyls on the support during the
DP process plays an important role in determining the structure of
supported Au nanoparticles.

2. Experimental

Typically, SiO, (40-120 mesh, Qingdao Haiyang Chemicals Co.)
was first modified with Co(NOs), by the conventional incipient
wetness impregnation method (using Co(NO3),-6H,0 (Sinopharm
Chemical Reagent Co., Ltd, >99.0%) as the cobalt precursor) fol-
lowed by drying at 60°C overnight. The resulting support was
then directly used for the preparation of Au/CoO/SiO, catalysts by
the routine DP method using HAuCl4-4H,0 (Sinopharm Chemical
Reagent Co., Ltd, Au content >47.8%) as the gold precursor. The
calculated amount of HAuCl4-4H,0 aqueous solution was added
into a three-neck bottle containing the support, and then ammonia
water was slowly added to adjust the pH between 9 and 10. The
system was stirred at 60 °C for 24 h. Then the precipitate was fil-
tered and washed several times. The resulting powder was dried at
60 °C overnight, followed by calcination at 200 °C under the ambi-
ent condition for 4 h. For comparison, we also prepared Au/SiO, and
Co0/Si0, catalysts in a similar method. To investigate the effect of
surface hydroxyl of SiO, support, SiO, calcined at 500 °C under the
ambient condition for 4 h prior to the catalyst preparation was also
employed as the support, as described in the following section.

The loadings of Au and Co in the catalysts were analyzed
by an inductively coupled plasma atomic emission spectrometer
(ICP-AES). BET surface areas of the catalysts were measured on

a Beckman Coulter SA3100 Surface Area Analyzer, in which the
sample was degassed at 120°C for 30 min in the nitrogen atmo-
sphere prior to the measurement. Powder X-ray diffraction (XRD)
patterns were acquired on a Philips X'Pert PRO SUPER X-ray diffrac-
tometer with a Ni-filtered Cu Ka X-ray source operating at 40 kV
and 50mA. TEM experiments were preformed on a JEOL 2010
high-resolution transmission electron microscope with the energy
dispersive spectrum (EDS) analysis facility. High-resolution X-ray
photoelectron spectroscopy (XPS) measurements were performed
on an ESCALAB 250 high performance electron spectrometer using
monochromatized Al Ko excitation source (hv=1486.6eV)). The
binding energies in the XPS spectra were referenced to the Si 2p
binding energy in SiO, at 103.3 eV. The infrared (IR) spectra were
recorded on a MAGNA-IR 750 Fourier transformed infrared spec-
trometer with a home-made heating apparatus that allowed for the
in situ measurement of IR spectrum during the course of sample
heating.

X-ray absorption spectroscopy (XAS) measurements for the Au
Li-edge (11,719-12,919eV) and the Co K-edge (7609-8709 eV)
were performed in the transmission mode at room temperature on
the XAS Station of the U7C beam line of National Synchrotron Radi-
ation Laboratory (NSRL, Hefei, China). The synchrotron radiation
facility mainly consists 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 monochromator. The X-ray absorption near edge
structure (XANES) spectra were acquired at a 0.7-eV energy step.

The catalytic activities of Au/CoO/SiO, catalysts in CO oxi-
dation were evaluated in a fixed-bed flow reactor without any
pre-treatment. The catalyst weight was 100 mg and the reaction gas
consisting of 1% CO and 99% dry air was fed at a rate of 20 ml/min.
The steady-state composition of the effluent gas was analyzed with
an online GC-14C gas chromatograph equipped with a TDX-01 col-
umn (T=80°C, H; as the carrier gas at 30 ml/min) after the catalytic
reaction operated at desirable reaction temperatures for 30 min.
The conversion of CO was calculated from the difference of CO
concentrations in the inlet and outlet gases.

3. Results and discussion

Two series of Au/Co0/SiO, catalysts were prepared whose com-
positions and BET surface areas are summarized in Table 1. One
series is with a nearly-fixed CoO loading (Co:SiO, weight ratio: 6%)
and variable Au loadings, in which six catalysts with increasing Au
loading are denoted as Au/6%-Co0/SiO,-x (x represents the number
of 1-6). The other series is with a similar Au loading (Au:SiO, weight
ratio: 1%) and variable CoO loadings, in which five catalysts with
increasing Co loading are denoted as 1%-Au/Co0/SiO,-x (x repre-
sents the number of 1-5). Based on Table 1, it is shown that various
Au/6%-Co0/SiO, catalysts are with similar BET surface areas, so are
various 1%-Au/Co0/SiO, catalysts.

Fig. 1A shows catalytic activities of various Au/6%-Co0/SiO,
catalysts in CO oxidation. Both Au/SiO, and 6%-Co0/SiO, cata-
lysts perform poorly in CO oxidation. The catalytic activity of
Au/6%-Co0/Si0O, catalysts is much better than that of Au/SiO, and
6%-Co0/Si0,, but depends on the Au loading, i.e. the Au:CoO ratio.
In general, the catalysts with higher Au loading are more active.
The catalytic activities for CO oxidation at room temperature are
observed for Au/6%-Co0/SiO,-3 and those with higher Au loadings,
but not for Au/6%-Co0/SiO,-1 and Au/6%-Co0/SiO,-2. The specific
rate of CO conversion catalyzed by Au/6%-Co0/SiO,-3 and Au/6%-
Co0/SiO,-4 at room temperature, for example, was calculated to
be 0.154 and 0.165 molco ga, ! h~1, respectively.

The activities of various 1%-Au/Co0O/SiO, catalysts show
a similar dependence on the Au:CoO ratio (Fig. 1B). Both
1%-Au/Co0/Si0,-1 and 1%-Au/Co0/Si0,-2 are active in low tem-
perature CO oxidation, and 1%-Au/Co0O/SiO,-2 with a lower
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Table 1

Structural parameters of various catalysts.

99

Catalyst BET surface area (m?/g) Weight ratio Average size of Aunanoparticles (nm)
Au/SiO; (%) Co/SiOy (%) dxrp drem?
Au/SiO, 316 1.0 N.A. 12 9.0
Au/6%-Co0/Si0z-1 327 0.6 6.0 11 N.M.
Au/6%-Co0/Si0,-2 315 1.6 5.8 18 D
Au/6%-Co0/Si02-3 261 2.6 6.6 24 43
Au/6%-Co0/Si0y-4 278 3.0 5.9 31 N.M.
Au/6%-Co0/Si02-5 243 5.4 5.6 41 5.6
Au/6%-Co0/Si02-6 306 7.5 6.0 10 6.5
1%-Au/Co0/Si0z-1 296 0.7 0.9 7 N.M.
1%-Au/Co0/Si03-2 301 0.9 1.8 33 4.6°
1%-Au/Co0/Si02-3 273 0.9 3.8 36 N.M.
1%-Au/Co0/Si0,-4 283 0.9 5.4 35 N.M.
1%-Au/Co0/Si02-5 319 0.8 7.4 23 N.M.

N.A.: not applicable; N.M.: not measured.

2 Only Au nanoparticles finer than 15 nm observed in TEM images were considered.
b No Au nanoparticles finer than 15 nm.

¢ Amount of Au nanoparticles less than 100.
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Fig. 1. Catalytic performances of (A) Au/6%-Co0/SiO, and (B) 1%-Au/CoO/SiO, catalysts in CO oxidation.

Au:CoO ratio is more active than 1%-Au/Co0/SiO,-1 with a higher
Au:CoO ratio. However, with further decreasing Au:CoO ratio,
1%-Au/Co0/Si0, catalysts become inactive in low temperature
CO oxidation. The specific rate of CO conversion catalyzed by
1%-Au/Co0/SiO,-1 and 1%-Au/Co0/SiO,-2 at room temperature
was calculated to be 0.028 and 0.208 molcg ga,~ ' h™1, respec-
tively. An interesting observation is that the catalytic activity of
1%-Au/Co0/Si0,-1 and 1%-Au/Co0/Si0,-2 shows a volcano-shape
dependence on the reaction temperature within the range from
RT to 150 °C, which was not observed in Au/6%-Co0O/SiO, catalysts.
Such a behavior was reproducible for the tested 1%-Au/Co0O/SiO,-
2 catalyst when we repeated the above temperature-dependent
activity measurements. This indicates that the observed activity-
reaction temperature dependence cannot be attributed to the

structural variation of the catalyst during the course of activity
measurement.

Above results demonstrate that the activities of Au/CoQ/SiO,
catalysts in CO oxidation are largely dependent on the Au:CoO
ratio. The Au/Co0O/SiO, catalysts with low Au:CoO ratios are rel-
atively more active than Au/SiO, and CoO/SiO, in CO oxidation
but do not show any activities at low temperatures (<400K). In
contrast, Au/Co0/SiO, catalysts with high Au:CoO ratios are active
for CO oxidation even at room temperature. Fig. 2 displays the
XRD patterns of various Au/Co0Q/SiO, catalysts. All the observed
diffraction peaks could be well indexed to Au. No diffraction peaks
arising from CoO were observed, indicating the high dispersion of
CoO on SiO,. The Au diffraction peaks grow and narrow as the Au
loading of Au/6%-Co0/SiO, catalysts increases, but unexpectedly
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Fig. 2. XRD patterns of (A) Au/6%-Co0/SiO, catalysts and (B) 1%-Au/CoO/SiO, catalysts.
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Fig. 3. TEM images of (a) Au/SiO3; (b) Au/6%-Co0/Si0,-2; (c) Au/6%-Co0/Si0,-3; (d) Au/6%-Co0/Si0,-5; (e) Au/6%-Co0/Si0,-6, and (f) the size distribution of supported Au
nanoparticles finer than 15 nm in indicated catalysts. The dash circles indicated in the TEM images show the areas whose compositions were examined by EDS (Fig. S1).

broaden for Au/6%-Co0/SiO,-6. For the 1%-Au/Co0/SiO, catalysts,
1%-Au/Co0/Si0,-1 displays rather broad diffraction peaks, but 1%-
Au/Co0/SiO, catalysts with higher CoO loadings all exhibit sharp
diffraction peaks. The average crystalline sizes of Au nanoparticles
in the catalysts were calculated from the full width at half max-
imum (FWHM) of Au(11 1) diffraction peak and the results were
summarized in Table 1. Obviously, the average crystalline sizes of
supported Au nanoparticles are not consistent with the general
observation that only fine Au nanoparticles (~5 nm) exhibit activity
in low temperature CO oxidation. Thus TEM was used to detect the
true size distributions of Au nanoparticles in our catalysts, whose
results are shown in Figs. 3 and 4.

Au nanoparticles in Au/SiO, are mostly with sizes around 10 nm.
Only large Au aggregates were observed in Au/6%-Co0/Si0,-2 with
a1.6% Auloading and no well-dispersed fine Au nanoparticles could
be found. The EDS analysis results (Fig. S1) of areas indicated in
Fig. 3b-1 and b-3 further prove the absence of fine Au nanoparti-
cles in Au/6%-Co0/SiO,-2. In the TEM images of Au/6%-Co0/Si0,-3
with an Au loading of 2.6%, large Au aggregates are still present
but fine Au nanoparticles could be clearly observed. The density of

fine Au nanoparticles in Au/6%-Co0/SiO, catalysts increases with
further increasing Au loading, but large Au aggregates are always
present. We counted the size distribution of Au nanoparticles finer
than 15 nm in these catalysts observed by TEM (Fig. 3f), from which
the average size of Au nanoparticles was calculated to be 10.4, 4.3,
5.6, and 6.5 nm in Au/SiO,, Au/6%-C00/Si05-3, Au/6%-Co0/Si05-5,
and Au/6%-Co0/Si0,-6, respectively. The elemental composition of
areas containing fine Au nanoparticles and large Au aggregates indi-
cated in the TEM images was further analyzed by EDS (Fig. S1). It
could be seen that areas containing large Au aggregates have high
Au:CoO ratios whereas those containing fine Au nanoparticles have
low Au:CoO ratios. Considering that the detection depth of EDS is ca.
300-400 nm, therefore, large Au aggregates should not have much
influence on the detection of the underlying CoO. The TEM images
of 1%-Au/Co0/SiO,-2 (Fig. 4) also demonstrate the coexistence of
large Au aggregates and fine Au nanoparticles (particles indicated
by dotted circles in Fig. 4). These TEM results clearly show that
the size of Au nanoparticles in Au/CoO/SiO; catalyst depends on
the Au:CoO ratio. Au/Co0Q/SiO; catalysts with low Au:CoO ratios
only contain large Au aggregates whereas Au/Co0O/SiO, catalysts

Fig. 4. TEM images of 1%-Au/Co0/Si0,-2. The fine Au nanoparticles are indicated by dotted circles.
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Fig. 5. Au 4f and Co 2p XPS spectra of various Au/6%-Co0/SiO, catalysts. The scatter points and solid line in the Au 4f XPS spectra correspond to the original and fitted

spectrum, respectively.

with high Au:CoO ratios demonstrate a bi-modal size distribu-
tion of Au nanoparticles. The existence of fine Au nanoparticles in
Au/Co0/SiO, catalysts with high Au:CoO ratios explains well the
observed activity of these catalysts in low temperature CO oxida-
tion (Fig. 1).

Fig. 5 shows the Au 4f and Co 2p XPS spectra of various cata-
lysts. The Au 4f XPS peak intensity increases with an increase of
Au loading in Au/6%-Co0/SiO, catalysts. The Au 4f XPS peak of
Au/6%-Co0/Si0, catalysts could be well fitted with one compo-
nent with the Au 4f;, binding energy at ca. 84.0 eV, implying that
only metallic Au exists in the catalysts. The Co 2p XPS spectra of
these catalysts are similar, showing the Co 2psj, binding energy
at 781.7 eV, the 2p3;;-2pyj, spin-orbit splitting (AE) of 16.1eV,
and an obvious satellite peak at the high-energy side. CoO and
Co304 show similar Co 2p binding energy, but the Co 2p3;;-2py;
spin-orbit splitting (AE) is 15.0 eV for Co304 and 15.7 eV for CoO
[43] and a shoulder at the high-energy side, which has to be traced
back to a shake-up process, could only be observed in the high spin
Co2* ion but not in the diamagnetic low-spin Co3* ion [44]. Thus
the XPS results indicate that the Co species is essentially CoO in
the catalysts. The electronic structures of Au and Co in the catalysts

XANES: AuL,, edge
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were further investigated by XAS. Fig. 6 presents the Au Lj;-edge
and Co K-edge XANES spectra of selected catalysts. The Au Lj;-edge
XANES spectrum is very sensitive in detecting Au cations which
exhibits a strong peak at 11,921.6 eV. This feature corresponds to
the white line position of Au due to a 2p;; — 5d transition, and
its intensity is proportional to the density of unoccupied d states
and thus decreases with the reducing oxidation state of Au [45]. It
could be clearly seen that Au/SiO,, Au/6%-Co0/SiO,-2, and Au/6%-
Co0/Si0,-6 show the nearly identical Au Lj-edge XANES spectra:
the adsorption edge at 11,919V, a shoulder at 11,933 eV, and two
peaks at 11,949 and 11,973 eV. These features are the characteris-
tics of the XANES spectrum of metallic Au [31], demonstrating that
the gold species in these catalysts is metallic. Meanwhile, compar-
ing with those of CoO and Co304, the Co K-edge XANES spectra
of Au/6%-Co0/Si0,-2 and Au/6%-Co0/Si0,-6 suggest that the Co
species in the catalysts is CoO. These XANES results agree very well
with XPS results.

The Au 4f and Co 2p XPS spectra of various 1%-Au/Co0Q/SiO, cat-
alysts are presented in Fig. 7, also demonstrating the existence of
metallic Au and CoO. It could be seen that the normalized Au 4f XPS
peak area obviously reduces as the Au:CoO ratio decreases from

XANES: Co K edge
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Au6%CoCrSiO, 6
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Fig. 6. XANES spectra of Au Ly;-edge and Co K-edge of indicated catalysts.
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the value of 1%-Au/Co0/SiO,-1 to that of 1%-Au/Co0/SiO,-5. Since
these catalysts have a similar Au loading, this observation indicates
that the dispersion of Au particles become worse with low Au:CoO
ratio, consistent with the above TEM results (Fig. 3).

Therefore, by systematically varying the Au:CoO ratio in
Au/Co0/SiO, catalysts, Au/Co0O/SiO, catalysts exemplify well the
general observation that fine Au nanoparticles are active in low
temperature CO oxidation. More importantly, Au/CoO/SiO, cat-
alysts demonstrate a very interesting size distribution of Au
nanoparticles depending on the Au:CoO ratio. Large Au nanoparti-
cles preferentially form in Au/Co0O/SiO; catalysts with low Au:CoO
ratios, such as Au/6%-Co0/SiO,-1, Au/6%-C00/Si0,-2, 1%-Au/CoO-
Si0,-3, 1%-Au/Co0-Si0,-4, and 1%-Au/Co0-Si0O,-5; with increasing
Au:CoO ratio, fine Au nanoparticles appear and eventually domi-
nate in the catalysts, but large Au nanoparticles are always present.
These observations may suggest that there are two kinds of nucle-
ation sites on the support for the gold precursor during the course of
catalyst preparation, leading to the formation of large Au nanopar-
ticles and fine Au nanoparticles. Moreover, the gold precursor
preferentially nucleates on the site leading to the formation of large
Au nanoparticles.

During the DP process at pH between 9 and 10, the gold pre-
cursor mainly consists of [AuCl(OH)3]~ and [Au(OH)4]~ [31,46,47],
and the used Co(NO3 ), /SiO, is transformed to Co(OH), /SiO,. There-
fore, it is the interaction among these species determining the
nucleation and growth of Au nanoparticles. The gold precursor
was proposed to deposit and interact with hydroxyls on the oxide
support surface when preparing supported Au catalysts by the DP
method [24,29], in which the point of zero charge (PZC) and sur-
face hydroxyls of oxide support played important roles. The PZC
of SiO, is ~2 and that of Co(OH), is ~11.4, therefore, the surface
of SiO, is seriously negatively charged under the employed prepa-
ration condition; meanwhile, Co(OH), could provide more surface
hydroxyls than SiO,. Therefore, it is reasonable that the gold pre-
cursor deposits and interacts with Co(OH); of Co(OH);,/SiO,. This
also agrees with the EDS experimental results (Fig. S1) that areas
containing either large Au aggregates or fine Au nanoparticles in
the TEM images always contain CoO no matter what the CoO load-
ing is in Au/Co0Q/SiO; catalysts. Meanwhile, the areas with large Au
aggregates always contain high concentrations of Co whereas those
with fine Au nanoparticles contain low concentrations of Co.

In order to understand the Au:CoO ratio-dependent size distri-
bution of Au nanoparticles in Au/Co0/SiO, catalysts, we studied the
preparation process by means of the in situ IR spectroscopy that can

measure the IR spectrum of samples during the course of heating in
an ambient atmosphere. We first studied the preparation process
of Co0/SiO, supports (Fig. 8A). The vibrational band at ~960 cm™!
arising from the Si-O stretch vibration of Si-OH on SiO, [48] atten-
uates when SiO,, is calcined at 200 °C. The loading of Co(OH); on
SiO, leads to the obvious weakening of the Si-O stretch vibration
peak of Si-OH. This suggests that Co(II) of Co(NO3 ), exchanges with
H* of Si-OH during the impregnation step and then transforms to
Co(OH), during the following DP step.

Fig. 8B shows the O-H stretch vibration spectra of various sam-
ples that were recorded at 200°C. The bare SiO, support shows a
broad vibrational peak centering at ~3376cm~! accompanied by
a narrow shoulder peak at ~3638 cm~!, which could be assigned
to the O-H stretch vibration of hydrogen-bonded and isolated
surface hydroxyls on SiO,, respectively [49]. The narrow peak
at ~3638 cm~! obviously gains intensity after the loading of 6%-
CoO on the SiO, support, which might arise from isolated surface
hydroxyls on CoO resulted from the decomposition of supported
Co(OH),. It has been reported that hydrogen-bonded and isolated
hydroxyl groups in Co(OH), show the O-H stretch vibration band
at ~3450 and ~3630cm™!, respectively [50]. Interestingly, the
intensity of the narrow vibrational peak weakens only slightly
in Au/6%-Co0/SiO,-2 but very substantially in Au/6%-Co0/SiO,-
6. In order to give the quantitative information, the IR spectra in
Fig. 8B were fitted with the assumption that there are two com-
ponents arising from isolated surface hydroxyls and other forms of
hydroxyls. These two components are with the same peak shape
and the narrow peak at ~3638 cm~! is with a fixed FWHM in all
spectra. The peak-fitting results were summarized in Table 2. It
can be seen that the percentage of isolated surface hydroxyls in
6%-Co0/Si0, is 4.21% and reduces to 3.55% in Au/6%-Co0/Si0,-2
and further to 1.06% in Au/6%-Co0/Si0,-6. These IR results imply
that the gold precursor prefers to interact with hydrogen-bonded

Table 2
The fraction of isolated surface hydroxyls in various catalysts.

Catalyst Fraction of isolated surface hydroxyls (%)
SiO, 1.25
6%-Co0/Si0, 4.21
Au/6%-Co0/Si02-2 3.55
Au/6%-Co0/Si02-6 1.06
6%-Co0/Si0,(500) 3.13
1%-Au/Au/6%-Co0/Si0»(500) 2.36
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Fig. 8. (A) In situ infrared spectra of SiO, at RT (a), SiO; at 200°C (b), 2%-Co(OH),/SiO, at RT (c), 2%-Co0/SiO, at 200°C (d), 6%-Co(OH),/SiO, at RT (e), and 6%-Co0/SiO,
at 200°C (f); (B) in situ infrared spectra of SiO, (a), 6%-Co0/SiO; (b), Au/6%-Co0/Si0,-2 (c), and Au/6%-Co0/Si0,-6 (d) measured at 200°C. The thin and solid lines in (B)

correspond to the original and fitted infrared spectrum, respectively.

hydroxyls in Co(OH), when the Au loading is low, therefore, most
isolated hydroxyls in 6%-Co0O/SiO, are preserved in the Au/6%-
Co0/Si0,-2 catalyst; with increasing Au loading, the gold precursor
starts to interact with isolated hydroxyls in Co(OH),, which thus
greatly reduces the percentage of isolated hydroxyls in the pre-
pared Au/6%-Co0/Si0,-6 catalyst. In combination with TEM results,
it can be concluded that the gold precursor interacting with isolated
hydroxyls in Co(OH), eventually leads to the formation of fine Au
nanoparticles.

Therefore, we propose a model (Scheme 1) to interpret the
observed Au:CoO ratio-dependent size distribution of Au nanopar-
ticles in Au/Co0O/SiO, catalysts. Hydrogen-bonded hydroxyls in
Co(OH); can bind the gold precursor more strongly than isolated

W@

O H O H
CoZ ™ L [AU(OH), " —p Cu< =
O==H calcination
Cc c
A AL
? o (I) [o]
Il M
Au(QH)
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u
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Scheme 1. A schematic illustration of the deposition of gold precursor on
Co(OH),/SiO, and its influence on the structure of supported Au nanoparticles in
Au/Co0/SiO; catalysts. Co(OH), and {Co(OH),}, represent isolated Co(OH), and
Co(OH); clusters with hydrogen-bonded hydroxyls on SiO,, respectively.

hydroxyls. During the DP process, the gold precursor preferen-
tially deposits and interacts with hydrogen-bonded hydroxyls in
Co(OH), on SiO,, forming clusters of gold species that nucle-
ate and grow to large Au nanoparticles in the catalyst. Only
after the occupation of hydrogen-bonded hydroxyls in Co(OH),
on SiO; can the gold precursor deposit and interact with isolated
hydroxyls in Co(OH),, forming isolated gold species that reason-
ably forms fine Au nanoparticles in the catalyst. Qu et al. [51]
previously observed that Ag* clusters interaction with hydrogen-
bonded surface hydroxyls on SiO, formed large Ag nanoparticles
whereas Ag* interaction with isolated hydroxyls on SiO, formed
fine Ag nanoparticles. Therefore, our results clearly demonstrate
that the distribution of surface hydroxyls on oxides might be an
important factor to determine the size and catalytic activity of
oxide-supported Au nanoparticles prepared by the DP method.
Since the distribution of surface hydroxyls on oxides is difficult
to be well controlled, it might be an important reason why the
reproducible preparation of highly active Au/MO, catalysts has
sometimes been reported to be difficult by different research
groups even the employed materials and preparation methods
were similar [10].

Above model may provide a possibility of controlling the
size of Au nanoparticles in Au/CoO/SiO, catalysts by controlling
the relative amounts of hydrogen-bonded and isolated hydrox-
yls in Co(OH); on SiO,. Co(OH), is transformed from Co(NOs3),
supported on SiO,. Qu et al. [51] reported that the calcination
of Si0, at 500°C prior to the impregnation of AgNO5; could
selectively remove the hydrogen-bonded surface hydroxyls on
the surface, which facilitates the exchange of Ag* with H* in
isolated surface hydroxyls and thus improve the dispersion of
prepared supported Ag nanoparticles. Therefore, a Au/Co0O/SiO,
catalyst(denoted as 1%-Au/6%-Co0O/SiO,(500)) was prepared in a
similar way as the above Au/Co0/SiO, catalysts except that the
SiO, support was calcined at 500°C prior to the impregnation of
Co(NO3),. The Au and CoO loading in 1%-Au/6%-Co0/SiO5(500)
was analyzed by ICP-AES to be 0.9% and 5.4%, respectively. Inter-
estingly, 1%-Au/6%-Co0/SiO,(500) is active in low temperature
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Fig. 9. (A) Catalytic performances of various catalysts supported on SiO, calcined at 500 °C; (B) in situ infrared spectra of 6%-Co0/SiO,(500) and 1%-Au/6%-Co0/SiO(500)
measured at 200°C. The thin and solid lines in (B) correspond to the original and fitted infrared spectrum, respectively.

CO oxidation (Fig. 9A), demonstrating the presence of fine Au
nanoparticles. Furthermore, its activity in the low reaction temper-
ature range exhibits a volcano-shape dependence on the reaction
temperature, and this dependence is reproducible for the tested
1%-Au/6%-Co0/Si0,(5 0 0) catalyst. In contrast, Au/6%-Co0/Si0,-1,
Au/6%-Co0/SiO,-2, and 1%-Au/Co0/SiO,-4 catalysts with similar
Au and CoO loadings are all not active in low temperature CO oxi-
dation. These results demonstrate that the calcination of SiO, at
500°C prior to the catalyst preparation could affect the structure
of supported Au nanoparticles. We assume that the calcination
of Si0, at 500°C facilitates the formation of isolated Co?* dur-
ing the incipient wetness impregnation process and thus changes
the hydroxyl distribution in Co(OH); on SiO,. As a result, even
with a low Au loading, the gold precursor still has chances to
deposit and interact with isolated hydroxyls on Co(OH), during
the DP process, leading to the formation of fine Au nanoparticles
in 1%-Au/6%-Co0/SiO,(5 00). Fig. 9B shows the O-H stretch vibra-
tion spectra of 6%-Co0/SiO,(500) and 1%-Au/6%-Co0/SiO,(500)
measured at 200°C. The peak-fitting results (Table 2) show that
the percentage of isolated surface hydroxyls decreases from 3.13%
in 6%-Co0/Si0,(500) to 2.36% in 1%-Au/Au/6%-Co0/SiO,(500),
i.e. a 25% reduction. However, the percentage of isolated surface
hydroxyls decreases from 4.21% in 6%-Co0/SiO, to 3.55% in Au/6%-
Co0/Si0,-2, i.e. only a 16% reduction. The data implies that more
gold precursor should deposit and interact with isolated hydrox-
yls on Co(OH), during the DP process of 1%-Au/6%-Co0/Si0,(500)
compared to the case of Au/6%-Co0/SiO,-2. The 2%-Au/SiO,(500)
catalyst was also prepared but its activity in CO oxidation was simi-
lar to that of 2%-Au/SiO,, which could be attributed to the disability
of SiO;, to stabilize fine Au nanoparticles.

Our results also demonstrate that the reaction pathway of
CO oxidation catalyzed by Au/CoO/SiO, catalysts depends on
the size of Au nanoparticles. Although with large Au nanopar-
ticles, Au/6%-Co0/SiO5-1, Au/6%-Co0/Si0,-2, 1%-Au/Co0-Si0,-3,
1%-Au/Co0-Si0,-4, and 1%-Au/Co0-SiO,-5 are much more active
than Au/SiO-, which could be attributed to the promotion effect of
Co0. Schubert et al. [39] proposed that reducible transition metal
oxide supports could activate and supply oxygen for CO oxidation
catalyzed by supported Au nanoparticles and thus Au particles sup-
ported on reducible transition metal oxides were more active than
those on inert oxides. However, 6%-Co0/SiO, itself only becomes
active at 483K, therefore, large Au nanoparticles and CoO should
exert a synergetic effect on the activation of oxygen, that is, the
dissociation of oxygen at high reaction temperatures. Therefore,
we propose that the dissociation of oxygen occurs on the Au-CoO
perimeter sites with lower activation energy in CO oxidation cat-
alyzed by Au/Co0O/SiO, catalysts with large Au nanoparticles. The
CO oxidation then proceeds via the reaction of O(a) adsorbed on

the Au-CoO perimeter sites with CO(a) adsorbed on the Au-CoO
perimeter sites or on the Au surface.

Au/Co0/SiO, catalysts exhibit activity in low temperature CO
oxidation when they contain fine Au nanoparticles. Haruta and Daté
[2] observed different apparent activation energies for low tem-
perature CO oxidation catalyzed by Au/TiO, at different reaction
temperature regions and thus proposed a multireaction pathways
including CO oxidation exclusively catalyzed by the Au surface, CO
oxidation exclusively catalyzed by the Au atoms at the perimeter
sites, and CO oxidation catalyzed by Au and TiO, at the perime-
ter sites. An interesting observation in our experiments is that the
activity of 1%-Au/Co0/SiO,-1, 1%-Au/Co0/SiO,-2, and 1%-Au/6%-
Co0/Si0,(500) catalysts with fine Au nanoparticles in the low
reaction temperature range exhibits a volcano-shape dependence
on the reaction temperature whose origin could only be related
to the detailed reaction pathway. We previously observed the
similar volcano-shape activity-reaction temperature dependence
for Au/Zn0O/SiO, catalysts within the similar reaction temperature
range [38], in which a weakly chemisorbed species was proposed
to be involved in the reaction pathway and the temperature-
dependent competition between the surface reaction and the
desorption of this species was proposed to be responsible for the
observed temperature-dependent activity. The current results fur-
ther strengthen our previous argument.

4. Conclusions

By varying the Au:CoO ratio in Au/Co0/SiO, catalysts, we have
successfully understood the DP process for the preparation of Au
nanoparticles supported on CoO/SiO,. The gold precursor prefer-
entially deposits and interacts with hydrogen-bonded hydroxyls in
Co(OH), on SiO,, forming clusters of gold species on the surface
that eventually grow into large Au nanoparticles; after then, the
gold precursor deposits and interacts with the isolated hydroxyls
in Co(OH),, forming isolated Au species on the surface that leads
to the formation of fine Au nanoparticles in the catalyst. Therefore
Au/Co0/Si0, catalysts with low Au:CoO ratios only contain large
Au nanoparticles and are active in catalyzing CO oxidation at high
temperatures; with increasing Au:CoO ratio, Au/Co0/SiO- catalysts
are with fine Au nanoparticles and become active in low temper-
ature CO oxidation. The calcination of SiO, at 500°C prior to the
catalyst preparation can alter the structure of Au nanoparticles in
Au/Co0/SiO, catalysts by changing the distribution of hydrogen-
bonded and isolated hydroxyls in Co(OH),. Our results provide
direct evidence that the distribution of surface hydroxyls on sup-
ports has great influence on the preparation of active supported Au
catalysts, which is of great interest in the fundamental understand-
ing of Au nanocatalysis.
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