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Abstract

Ultra-small gold nanoparticles (0.8—1 nm) are successfully deposited on titania-modified SBA-15 via a deposition—precipitation
method. A comparison of experimental X-ray diffraction (XRD) patterns with theoretical ones shows that gold exists as Au** and
Au® in the as-synthesized and reduced catalyst, respectively. The XRD analyses also suggest that Au nanoparticles are more devel-
oped along the (1 1 1) direction forming a raft-type structure. Z-contrast transmission electron microscopy analyses indicate that the
ultra-small gold nanoparticles are uniformly dispersed on the surface of the substrate. The material is found to possess high catalytic

activity for low-temperature CO oxidation.
© 2005 Published by Elsevier B.V.

1. Introduction

Supported gold nanoparticles have been found to be
catalytically active for a number of different reactions of
both industrial and environmental importance [1-11].
Traditionally, gold nanoparticles are obtained by an
impregnation method. This method, however, is only
capable of yielding particles of size larger than 30 nm.
The constant search for methods delivering smaller
and catalytically more active nanoparticles has resulted
in the development of several novel physical and chem-
ical preparation approaches. Rousset and co-workers
[12] reported a laser vaporization deposition of metallic
gold clusters onto high surface area oxides such as y-
Al,O3, ZrO,, and TiO,. The nanoparticles show a nar-
row distribution of sizes centered around 3 nm. Scurrell
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and co-workers [13] reported an in situ reduction of a
gold salt (HAuCly) on a TiO, support resulting in fairly
uniform gold nanoparticles of mean diameter <5 nm.
Iwasawa and co-workers [14,15] used wet as-precipi-
tated metal hydroxides and gold phosphine complexes
as precursors for the oxide support and gold particles,
respectively, followed by a calcination process. The
mean size of the particles obtained by this procedure
was reported to be from 2.6 to 9.3 nm. Baiker and co-
workers [16] developed a method to “design’ the sup-
ported Au particles via “‘size-controlled” gold colloids
resulting in particles with a mean size of 2 nm. The gold
colloids were obtained by reduction of chloroauric acid
with tetrakis(hydroxymethyl) phosphonium chloride in
an alkaline solution and were adsorbed on TiO, and
ZrO, supports. Haruta and co-workers [17] developed
several approaches to deposit gold nanoparticles on var-
ious types of metal oxides including co-precipitation [3],
co-sputtering, deposition—precipitation (DP) [18], and
gas-phase grafting (GG) [19,20]. These methods can
yield particles with mean diameters in the range of
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2-10 nm [21]. With the DP method, it is possible to ob-
tain gold particles with a size of 2-3 nm.

The surface sol-gel method (SSP) was originally
developed by Kunitake and co-workers [22-27] for
layer-by-layer deposition on planar substrates. This no-
vel technology enables molecular-scale control of film
thickness over a large 2D substrate area and can be
viewed as a solution-based technique for atomic layer
deposition (ALD) synthesis [25-27]. Compared with
conventional deposition methods, the surface sol-gel
technique offers the advantage of producing ultra-thin
conformal films, with control of the thickness and
composition of the films at the atomic level. The SSP
technique consists of two steps: (i) non-aqueous conden-
sation of metal-alkoxide precursor molecules with
surface hydroxyl groups; (ii) aqueous hydrolysis of the
adsorbed metal-alkoxide species to regenerate surface
hydroxyls.

We have recently reported the formation of ultra-
small gold nanoparticles (0.8-1 nm) on the surface of
mesoporous silica of SBA-15 uniformly covered with
one atomic layer TiO, through a surface sol-gel process
[28]. The resulting material exhibited high catalytic
activities for CO oxidation. The aim of the current work
is to analyze the size and structure of gold nanoparticles
via powder XRD in correlation with Z-contrast trans-
mission electron microscopy (TEM) and CO oxidation
catalytic activity tests.

2. Experimental

The mesoporous material used in this investigation is
SBA-15. The procedure for surface sol-gel process on
SBA-15 has been described before [28]. Briefly, 0.8 mL
of titanium (IV) butoxide (Aldrich. 97%), 10 mL of
anhydrous toluene (Aldrich, 99.8%), and 10 mL of
anhydrous methanol (Aldrich, 99.8%) were transferred
into a bottle containing 1 g of SBA-15. The resulting
solution was vigorously stirred for 3 h at room temper-
ature. The product was washed several times with etha-
nol and de-ionized (DI) water and dried at 80 °C
overnight. Gold deposition was carried out according
to the method of Haruta and coworkers [18]. First, 3.0
g of hydrogen tetrachloroaurate (III) trihydrate (HAu-
Cly - 3H,0, 99.9+%, Aldrich) was dissolved into
500 mL de-ionized water to form the gold precursor
solution. Typically, the pH value of the pre-weighed
gold precursor solution (20 mL) was adjusted to about
10 with vigorous stirring using a solution of 1.0 M
KOH at room temperature. This high pH value allows
us to control the deposition species and concentration
[29]. The solution was then heated at 70 °C in a water
bath and the surface-modified SBA-15 (0.4 g) was added
while stirring. The resulting cloudy solution was contin-
ually stirred for 2 h. The precipitates were separated by

centrifugation and washed three times with de-ionized
water. The resulting product was dried at 40°C
overnight.

TEM and Z-contrast microscopy were carried out on
a Hitachi HD-2000 STEM operated at 200 kV. Powder
X-ray diffraction (XRD) data were collected on a Philips
X'Pert  diffractometer using Cu Ko radiation
(A =1.5418 A). Theoretical diffraction patterns of Au
and Au,0; were calculated using the literature data
for the corresponding crystal structures. To simulate
the effect of nanocrystallinity, the Bragg intensities in
the theoretical diffraction patterns were convoluted with
Gaussians having full widths at half maximum
(FWHM) of several degrees. The FWHMs were allowed
to vary with the diffraction angle according to the equa-
tion of Cagliotti et al. [30]. The calculations were per-
formed using the program PowderCell [31]. The CO
oxidation reaction was carried out with an AMI 200
(Altamira Instruments).

3. Results and discussion

Experimental powder diffraction spectra for pristine
titania-modified SBA-15 (denoted as Ti-SBA-15) and
gold loaded Ti-SBA-15 are shown in Fig. 1. As can be
seen in the figure, the diffraction pattern of titania-mod-
ified mesoporous SBA-15 is typical for a highly disor-
dered material. It shows a broad diffraction peak
positioned at a Bragg angle (20) of 25°, followed by
slightly visible oscillations at higher angles. The diffrac-
tion pattern of the Au loaded sample shows the same
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Difference plot

1500 .
gold loaded Ti-SBA-15
1000
500 -
0 T T T T T T ——7 S umaan
10 20 30 40 50 60 70 80

Bragg angle, 2 theta

Fig. 1. Experimental powder diffraction spectra for pristine (support)
and gold loaded titania-modified SBA-15. The difference between the
two experimental spectra is given in the middle. Calculated diffraction
spectra for nanocrystalline Au and Au,O; are given in the upper part.
The broken line running through the strongest Bragg peak of Au,0; is
a guide to the eye.
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broad peak with an extra hump on the high-angle side.
The difference plot between the patterns of the pristine
sample and the Au loaded sample (see Fig. 1) reveals
that the hump is indeed a well developed peak which
may only be attributed to the deposited Au nanoparti-
cles. To identify the phase state of the nanoparticles
we computed diffraction spectra for nanocrystalline Au
and Au,O;3 using the literature data [32,33] for the cor-
responding crystal structures. The theoretical patterns
are also shown in Fig. 1. A comparison between the the-
oretical data and the difference pattern in Fig. 1 indi-
cates that the latter may not be due to metallic Au.
The main peak and the overall profile of the difference
data closely resemble the theoretical diffraction pattern
of Au,0Oj; suggesting that, as prepared, the Au loaded
sample contains Au®* species forming a Au,O; phase.
This may not be a surprise since Au,0O3 is more stable
than metallic gold up to 410 K [34]. As can be seen in
Fig. 2, the diffraction pattern of the hydrogen reduced
sample shows the main peak of the mesoporous support
and a new broad feature centered at approximately 40°.
A few sharp, but low intensity Bragg peaks are seen as
well (follow the broken lines in Fig. 2). The difference
plot between the patterns of the pristine and the reduced
sample reveals the new diffraction features in more de-
tail. In particular, it shows that the broad feature at
40°, is indeed a highly asymmetric peak having a pro-
nounced high-angle shoulder. The plot resembles the
combined profiles of the (111)/(200) pair of Bragg
peaks seen in the theoretical diffraction pattern of metal-
lic gold (see Fig. 2). The resemblance suggests that, upon
reduction in hydrogen atmosphere. Au®* gold has been
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Fig. 2. Experimental powder diffraction spectra for pristine (support)
and gold loaded titania-modified SBA-15 reduced in H, atmosphere.
The difference between the two experimental spectra is given in the
middle. Calculated diffraction spectra for nanocrystalline Au and
Au,05 are given in the upper part. First few Bragg peaks of Au are
marked with arrows.

reduced to metallic gold (Au®") having the usual fcc
structure. The difference plot in Fig. 2 also shows the
presence of other diffraction peaks of metallic gold such
as (220). That peak, while sharp, is quite underdevel-
oped when compared to the prominent one at 40°. This
result suggests that Au nanoparticles are very likely to
be more developed along (111) direction forming a
raft-type structure.

To estimate the average size, L, of the nanoparticles
in the studied samples we employed Sherrer’s equation
[33]

k.

L= Beos(0)’

where &k =0.94, 1 is the wavelength of the radiation
used, f is the full width at half maximum of the peak
in radians and 6 is the Bragg angle. The equation was
applied to the major peaks in the corresponding differ-
ence powder diffraction patterns shown in Figs. 1 and
2. The average size of the nanoparticles in the as-synthe-
sized sample was determined to be 0.8(1) nm, and that of
the nanoparticles in the sample reduced in H, atmo-
sphere at 150 °C was 0.9(1) nm. These estimates are in
agreement with our previous TEM experiments showing
nanoparticles with size in the range 0.8-1.0 nm [28].
Fig. 3 shows a Z-contrast TEM image of the gold
loaded sample. The tiny, highly uniform bright spots
(0.8-1.0 nm diameter) along the mesopore channels in
Fig. 3 correspond to the gold nanoparticles. The large
bright area is likely to originate from bigger gold parti-
cles or clusters of ultra-small gold nanoparticles. TEM
images of different areas of the sample do not show such
bright areas suggesting that the latter are indeed of a
very low population. In general, the Z-contrast TEM
imaging provides a direct proof for the presence of
metallic gold nanoparticles within the channels of

e . i S
HD-06347 200kV x800k ZC 30.0nm

Fig. 3. Z-contrast TEM image of ultra-small gold nanoparticles on
ordered mesoporous SBA-15. The bright spots (0.8-1.0 nm) corre-
spond to gold nanoparticles. The large bright area is likely to come
from bigger gold particles or clusters of ultra-small gold nanoparticles.
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Ti-SBA-15. The key point with high annular dark-field
imaging is that the intensity of the Rutherford scattered
beams is directly proportional to Z%, where Z is the
atomic number of the scattering element. Thus, heavy
atoms (such as gold) stand out very clearly on a light
background of silicon and oxygen. The energy-disper-
sive X-ray (EDX) spectroscopy analysis of the composi-
tion of the area shown in Fig. 3 is consistent with the
presence of Au and Ti. As our studies show, the deposi-
tion of gold on titania-modified mesoporous silica SBA-
15 by the DP method results in almost uniform popula-
tion of ultra-small gold nanoparticles indicating the
importance of TiO, surfaces for the immobilization
and stabilization of gold deposits.

The CO oxidation reaction was carried out with an
AMI 200 (Altamira Instruments). Typically, 50 mg of
Au-TiO, catalyst was packed into a 4 mm ID quartz
U-tube and supported by quartz wool. Sample treat-
ments were carried out on the same instrument using
pre-mixed 8% O,—He for oxidation. During the reaction
a gas stream of 1% CO balanced with dry air (<4 ppm
water) was flowed at ambient pressure through the cat-
alyst at a rate adjusted from sample to sample to main-
tain a constant space velocity of 44.400 ml/(h g catalyst)
or about 37 cm*/min. Gas exiting the reactor was ana-
lyzed with Buck Scientific 910 gas chromatograph
equipped with dual molecular sieve/porous polymer col-
umn (Alltech CTR1) and a thermal conductivity detec-
tor. The reaction temperature was varied with an oven
or by immersing the U-tube in a dewar of ice water or
of cooled acetone which slowly warmed for approxi-
mately 10-20 h during the measurement. Catalytic activ-
ities comparison between the gold deposited on titania-
modified SBA-15 and those on Degussa P-25 sample
were performed under above conditions. Comparably
high activities (i.e., Tsp, the temperature which 50%
CO conversion achieved, is about —40 °C were found
for both Au catalysts on untreated support. For the
as-synthesized catalyst, the value of Tsq is as low as
—33 °C, which is comparable with that of —40 °C for
Au catalyst supported by TiO, nanocrystalline P-25. Be-
cause of the low drying temperature of 40 °C for the as-
synthesized Au catalyst, adsorbed water molecules could
remain on the surface of Ti-SBA-15. The observed high
activity of the as-synthesized Au catalyst indicated that
the adsorbed water did not have a negative effect on the
active sites of Au catalysts. Each light-off curve was re-
corded over 16 h. After the conversion reached 100%, no
deactivation was observed. Therefore, this catalyst is
highly stable. High-temperature treatment (8% O,—He,
300 °C, 30 min) dramatically decreased the activity of
nanocrystalline TiO, supported catalysts, as the light-
off curve shifted to high temperature. By contrast, the
activity of the Au catalyst supported on Ti-SBA-15
did not change significantly, achieving >50% conversion
at —25 °C, which is much lower than that of 25 °C for

nanocrystalline TiO, supported catalyst. The high sta-
bility of the titania-modified catalyst may be due to
the unique surface property of the TiO, layer to bind
the deposited gold nanoparticles and stabilize the cata-
lytic properties in a high temperature environment.

For comparison, the gold nanoparticles were also
deposited on the surface of the unmodified SBA-15 with
the DP method. The resulting catalyst showed no activity
for CO oxidation even at temperatures as high as 160 °C.
The TEM image of the gold-deposited sample (not
shown) revealed that a small population of very large
gold nanoparticles (>8 nm) aggregated on the external
surfaces of SBA-15. Accordingly, the size of the gold
nanoparticles is too big to be catalytically active. This
observation clearly demonstrated the importance of the
TiO, surface functionalization for the immobilization
and the stabilization of gold nanoparticles.

4. Conclusions

In conclusion, the surface of mesoporous silica SBA-
15 was uniformly covered with one layer titanium oxide
by a hydrolytic surface sol-gel process. Ultra-small gold
nanoparticles (0.8—1 nm) were deposited on the resulting
material via a deposition—precipitation technique. X-ray
diffraction studies show that deposited gold exists in the
form of Au®* and Au’ in the as-synthesized and reduced
catalyst, respectively. The X-ray diffraction analyses also
suggested that the metallic Au nanoparticles are more
developed along (11 1) direction of the fcc lattice form-
ing a raft-type structure. TEM images show that the ul-
tra-small gold nanoparticles are uniformly deposited on
the surface of the substrate. The particles show a high
catalytic activity for CO oxidation.
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