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Mesoporous silica with gold nanoparticles inside its pores was
prepared by the soaking and ultrasound-induced reduction method.
This new composite was characterized by X-ray diffraction (XRD),
Brunauer–Emmett–Teller (BET), and high-resolution transmission
electron microscopy (HRTEM) techniques. The results showed that
nearly spherical-shaped gold nanoparticles, with mean size in di-
ameter of 5.2 nm, are located in the pores, most of which are less
than 6 nm in diameter. The ultrasonic irradiation time dependence
of optical absorption for the soaked porous solid sample, as sug-
gested by the variation in absorbance at 310 and 544 nm, indicated
the reduction of Au (III) ions, and the nucleation and aggregation of
gold nanoparticles within pores of mesoporous silica. Additionally,
the reaction rates estimated phenomenologically by the absorbance
decay at 310 nm for both the porous sample and the corresponding
soaking solution presented the enhancement of the sonochemical
reduction rate of Au (III) ions within pores of mesoporous silica.
It is assumed that the extensive liquid–solid interfacial zones in
the pores, due to the high specific surface areas and great poros-
ity of the mesoporous solid, are the major regions where the effi-
cient sonochemical reduction induced by the cavitation takes place.
C© 2001 Academic Press

Key Words: sonochemical reduction; gold nanoparticles; meso-
porous silica; cavitation; liquid–solid interface.
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I. INTRODUCTION

Nano-sized noble metal particles, because of their sur
and quantum-size effects, display many novel properties (1
such as high catalytic activities, interesting optical propert
and various properties from a fundamental viewpoint. Acco
ingly, considerable effort has been focused on the developm
of synthetic techniques. Many studies on the methods for t
preparation were reported, such as controlled chemical redu
(3, 4), photochemical or radiation-chemical reduction (5, 6),
gas evaporation (7). In order to prevent the formation of un
sired agglomeration, these processes are often performed
presence of stabilizing ligands, polymers, or various surfacta
The stability of metallic colloids depends on the characteris
of the special protecting agents, which are generally strippe
from the metal surface in vacuum and/or with heating, res
29
ace
2),

es,
rd-
ent
eir
tion
nd

de-
n the
nts.
ics
off
lt-

ing in agglomeration. Thus for application, the common w
of immobilizing the metallic particles is to prepare them in t
presence of a neutral solid support, which improves the nano
ticles stability.

Mesoporous solids, due to their large internal surface area
small pore size, have found great utility (8–10). Putting the na
scaled particles (metals, semiconductors, or compounds) int
pores of mesoporous solids will form new composite materi
This material has received considerable attention in recent y
because of its unique properties (11–13). It is, in structure
hence properties, significantly different from the recently ext
sively exported glass–metal colloid composite (films), organ
inorganic nanoparticles (films), or other nanocomposite film
The pores in this mesoporous composite are interconnected
open to ambient air; there inevitably exist both the interfa
between pore walls and particles and the free surface of the
ticles within pores, which is in contact with the ambience. Th
texture feather leads to many new physical and chemical effe
especially for metal particles, which are chemically active (
For instance, in our previous work, the Ag/SiO2 mesoporous
composite displays optical switching and memory effects
der different ambient conditions (14). Different techniques
promoting the formation of metal particles-loaded mesopor
composites have been developed. However, the formatio
a metal/porous solid composite by assembling nanoparti
into the pores is often affected by the diffusion of the redu
ing gas or originally formed colloid, the interaction betwe
solid support and metallic precursor, etc. The resultant pro
ties of the materials are restricted by the wide size distribution
particles.

Extensive studies have reported that the sonochemical me
could generate novel materials with unusual properties (15–
The particles prepared in this way have a smaller size and a m
narrow size distribution than those reported by other metho
The chemical effect of ultrasound is attributed to cavitation: f
mation, growth, and implosive collapse of bubbles, which le
to the decomposition of water molecules into hydrogen (d)
and hydroxyl (dOH) radicals owing to the production of hig
temperature and high pressure in collapsing cavities. Theref
the preparation of fine particles of noble metals by applicat
1 0021-9797/01 $35.00
Copyright C© 2001 by Academic Press

All rights of reproduction in any form reserved.



E

u
a
o
s
s

ic
u
g

-
a

f

0
t
c

h

h

i
g

d
t

t
t

a
c

era-
ve-
us

and
red
ht.
ity
F,
ple

RP
ET
lues
one
e
of

nd
ced
p
ced
one
ion
nce

les,
ed

ar-
tical
nce
the

.

292 CHEN

of ultrasound appears to be an attractive possibility. Altho
noble metallic colloidal dispersions produced sonochemic
from the corresponding aqueous solutions have been rep
(16), to our knowledge, there have been few investigation
the formation of noble metallic nanoparticles within the pore
a mesoporous solid by ultrasonic irradiation. Recently we s
cessfully synthesized a mesoporous solid with Au nanopart
inside its pores by ultrasonic irradiation at room temperat
The subjects of the present report are the preparation of
nanoparticles and the proposed sonochemical processes w
the pores of mesoporous silica.

II. MATERIALS AND METHODS

Chloroauric acid (HAuCl4 d 4H2O) (purity 99.9%) and an
alytical grade isopropanol were purchased commercially
used without further purification. The monolithic mesoporo
silica host (planar-like, about 1 mm in thickness) was prepa
by a sol–gel process from tetraethylorthosilicate (TEOS), d
ing, and finally annealing at 700d for 1 h, as described in de
tail elsewhere (20). The BET technique (described in the
lowing paragraph) shows that the measured value of spe
surface area is 579 m2/g and pore diameters fall in the rang
of 2–20 nm. The final porosity is estimated to be about 50
Hence the silica prepared in this way is a typical mesopor
solid (8). Ultrasonic irradiation was accomplished with a K
218 sonication bath that was maintained at room tempera
and operated at a frequency of approximately 40 kHz at 10
output power. A Pyrex ground-in conical flask with cover (to
volume∼100 mL) was used for the ultrasonic irradiation, whi
was carried out under an argon atmosphere.

A series of the preformed monolithic mesoporous silica h
(parallel samples) was immersed in a 0.8 mmol L−1 HAuCl4 so-
lution (containing 0.2 mol L−1 isopropanol) for 3 weeks, whic
is long enough to make the concentrations of AuCl−

4 ions and
isopropanol in the pores of the mesoporous silica be the s
as those in bulk solution (21). After sufficient immersion, t
solid samples with the corresponding mixed solution (ab
50 ml) were transferred to the conical flask with cover, wh
was put in the sonication bath. The flask was purged with ar
gas to eliminate any oxygen in it, before it was irradiated w
40-kHz ultrasonic waves at room temperature. During irra
tion, a water flow was utilized to cool the glass vessel in
bath.

For the preparation of the Au/SiO2 mesoporous composite
the immersed mesoporous solids were irradiated for 120
and the whole sonication process was monitored at regular
intervals so that a parallel solid sample was taken out for op
absorption measurement after it was dried at 120d for 30 min to
remove the solvent (water) in the pores. The dried as-prep
composite was characterized by XRD, HRTEM, and BET te
niques. For comparison, the corresponding soaking solution

irradiated simultaneously and the preformed silica hosts w
also subjected to the same characterization.
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Optical absorption spectra were measured at room temp
ture on a Cary 5E UV-VISNIR spectrophotometer over the wa
length range from 200 to 800 nm. The planar-like mesoporo
composite was mounted vertically on a solid sample holder
the soaking solution irradiated simultaneously was transfer
into a quartz sample cell 1 cm in length along the incident lig
XRD examinations were carried out to examine the crystallin
of Au particles, which was recorded using an MXP 18 AH
CuKα diffractometer. The pore structure of the irradiated sam
was analyzed by N2 sorption isotherm (at liquid N2 temperature)
on a gas adsorption apparatus (model: COULTER OMNISO
100CX). Specific surface areas were evaluated using the B
equation (22), with data points between reduced pressure va
of 0.05 and 0.25 and assuming the surface area occupied by
molecule was 16.2̊A. The measured error of specific surfac
area can be controlled to below 1.5%. For direct observation
Au particles in silica, the irradiated samples were first grou
and dispersed in ethanol in a test tube. The latter was pla
in a sonication bath for 10 min. The clear liquid from the to
portion of the test tube was taken and a few drops were pla
on a carbon-coated copper grid. After evaporation of acet
the copper grid was mounted on a JEOL 2010 high-resolut
transmission electron microscope operated at 200 kV, and he
the microstructure was investigated.

III. RESULTS AND DISCUSSION

Characterization of Gold Nanoparticles within the Pores
of Mesoporous Silica

It was observed by eye that the color of the composite samp
which were taken out at each irradiation time interval, chang
gradually from yellow to pale purple and was quite transp
ent for optical measurements. The time dependence on op
absorption of the irradiated samples, as suggested by varia
at peaks of 310 and 544 nm in Fig. 1, was associated with

FIG. 1. Optical absorption spectra of the Au/SiO2 mesoporous composite

ereCurves (a)–(f) refer to the spectra of the sample irradiated by ultrasound for 0,
10, 20, 40, 100, and 120 min respectively.
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GOLD NANOPARTICLES WITHIN

sonochemical reduction of AuCl−4 ions, the aggregation of th
reduced atoms, and the formation of Au nanoparticles wi
pores of the silica host. Before ultrasonic irradiation, cu
(a) presents an absorption peak around 310 nm, indicating
the host contained only AuCl−4 ions but no Au particle (23)
During the irradiation, the peak around 310 nm decreased
disappeared in 20 min., demonstrating that the sonochemic
duction of AuCl−4 ions had occurred. However, in the meantim
no apparent surface plasma resonance (SPR) absorption
particles appeared (24), which may be ascribed to the Au clu
with low nucleation. With the time increasing, the aggregatio
the unstable Au oligomers can be revealed by the predomin
SPR peak accompanied by its ever-decreasing bandwidth.

Figure 2 shows the absorption spectra of the correspon
soaking solution, which was irradiated by ultrasound simulta
ously. In the surfactant-free solution, peaks at 220 and 310
ascribe to the intense charge transfer (CT) band and a mod
d–d transition band of HAuCl4 (25). It was indicated that th
SPR absorption of Au particles at 544 nm developed gradu
during ultrasonic irradiation, while the specific peaks for AuC−4
decreased and disappeared in around 120 min. One can th
timate qualitatively by the absorption decay at 310 nm that
rate of the reduction of Au (III) in bulk solution was much slow
than that in the mesoporous solid (say, decay in 20 min.).

Figure 3 shows the XRD patterns of the as-prepared Au/S2

mesoporous composite (i.e., after being irradiated by ultraso
for 120 min.) and the preformed silica host. XRD has confirm
in addition to the amorphous silica pattern around 2θ = 23◦,
the presence of the diffraction peaks corresponding to the (1
(200), (220), and (311) planes of cubic Au crystal.

Figure 4 shows the nitrogen sorption isotherms for
preformed silica host (reference sample) and the as-prep
Au/SiO2 composite. It has been shown that the measured
cific surface area decreases significantly from 579 m2/g for the

FIG. 2. Optical absorption spectra of the corresponding soaking solu

Curves from top to bottom refer to the spectra of the aqueous samples irrad
by ultrasound for 0, 40, 60, 80, 100, and 120 min respectively.
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FIG. 3. X-ray diffraction patterns for the silica host (a) and the as-prepar
Au/SiO2 mesoporous composite (b).

reference sample to 535 m2/g for the as-prepared composite
although the real specific surface area may increase due to
existence of Au particles in the pores. This can be attributed
the presence of particles within the pores of silica, which lea
to the difficulty of nitrogen molecules of going into too sma
free space during measurement, and hence partial areas ca
be measured (14). The presence of the particles within the po
is more clearly shown by the nitrogen sorption isotherms
both the reference and the loaded sample, as indicated in Fi
The whole curve (b) for the as-prepared Au/SiO2 composite is
lower than curve (a) for the preformed silica host. Going furth
analysis of the pore diameter, by the sorption apparatus wit
computer attached, reveals that the pore diameter is sharply
tributed around 5.7 nm and most pores (more than 90% in p
volume) are less than 5.9 nm in diameter, as shown in the in
of Fig. 4.
iatedFIG. 4. Nitrogen sorption isotherms and pore size distributions of the silica
host (a) and as-prepared Au/SiO2 mesoporous composite (b).
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FIG. 5. (a) The morphology micrograph of the as-prepared Au/SiO2 meso-
porous composite. (b) Size distribution histogram of the gold particles w
the pores of the mesoporous silica.

The HRTEM observation of the as-prepared Au/SiO2 meso-
porous composite is shown in Fig. 5a. It indicated that ne
spherical-shaped Au particles are dispersed uniformly in am
phous silica. The histogram of the particle sizes (Fig. 5b)
hibits a narrow size distribution with a mean particle diame
of 5.2 nm. Compared with the TEM observation for the soak
solution (not shown here) that the mean size of the Au nano
ticles was about 20–30 nm. Accompanied by the tendenc
aggregate, the size-defined and stabilized Au nanoparticl
the solid sample were formed sonochemically within the c
fined space of the mesoporous silica, as discussed above.

Sonochemical Process for the Formation of Gold
Nanoparticles in Mesoporous Silica
The chemical reactions driven by intense ultrasonic wa
strong enough to produce cavitation are oxidation, reducti
T AL.
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dissolution, and decomposition (15, 26). Nagata and co-work
(16) have proposed the mechanism of sonochemical reduc
of AuCl−4 ions and the formation of small Au particles in wate
In the present study, for the mesoporous solid contain
chloroauric acid, water, and alcohols after sufficient immersi
it is expected that the sonochemical reaction in it will show so
character of that in liquid. Several processes within pores an
soaking solution are revealed to be involved, such as sonoch
cal reduction of Au (III) ions and the nucleation and aggregat
of Au nanoparticles. During these processes, it is difficult
the Au oligomer or its larger aggregation to diffuse into por
of mesoporous silica. However, we cannot exclude the po
bility of the exchange of AuCl−4 ions from solution from inside
the pores of silica, and the nucleation and aggregation into g
nanoparticles. The contribution may be small in limited time
ultrasonic irradiation (say, 120 min). Therefore the process
such as reduction of AuCl−4 ions inside pores of silica, and th
nucleation and aggregation of gold particles, may be prima
responsible for the formation of small Au particles in pores. T
expected reactions can be shown in

H2O→ Hd+ dOH [1]

Hd+ dOH→ H2O+ H2+ H2O2 [1]′

Hd(dOH)+ (CH3)2CHOH→ (CH3)2C d OH+ H2(H2O) [2]

3(CH3)2C d OH+AuCl−4 →Au+ 3(CH3)2CO+ 4Cl− + 3H+

[3]

nAu0→ (Au0)n. [4]

Hd and dOH radicals originated due to thermal decompositi
of H2O with intense local heating and high pressures as sh
in reaction [1]. Reaction [2] indicates the formation of stro
reducing radicals (CH3)2C d OH via hydrogen abstraction from
the isopropanol by Hd and dOH hydroxyl radicals. Multivalent
AuCl−4 ions in the pores were reduced rapidly by multistep ra
ical reactions and subsequently the Au atoms aggregated
shown in reactions [3] and [4].

What was unexpected was that the reduction of Au (III) io
in a porous solid was preceded more rapidly than that in soa
solution, as estimated in Fig. 1 and Fig. 2. It is known that
nucleation of bubbles in a liquid often occurs at less weak poi
such as gas-filled crevices in suspended particulate matte
from transient microbubbles from a prior event (18). In the ca
of a mesoporous solid containing precursory solution, the la
amount of liquid–solid interface in pores, due to the high spec
surface areas and great porosity of mesoporous solid, wher
tensile strength of solvent (water) was relatively weak, resu
in the easier formation and collapse of bubbles in the confi
volume of pores with the present ultrasonic irradiation te
nique. Accordingly, the extensive liquid–solid interfacial zon
in the pores are the major areas where the intensive sonoche
ves
on,
reaction induced by the cavitation takes place, and the Au (III)
ions within the pores were reduced more efficiently.
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To gain more knowledge about the mechanism of forma
of gold nanoparticles, controlled experiments were carried
i.e., the irradiation of the mixture of mesoporous silica a
0.8 mmol L−1 HAuCl4 soaking solution without any additiv
under the same sonochemical conditions. It was observed
the presence of isopropanol has a crucial influence on the s
chemical reduction rate of AuCl−4 ions. Without the additive
Hd and dOH radicals would readily recombine to give a v
riety of products as shown in reaction [1]′ (27). Some other
additives used in our investigation were also found to ac
radical-scavenger and accelerator of the sonochemical re
tion reaction. This gives support to the mechanism in wh
the reduction of Au ions proceeds via reaction [2] and [3] in
presence of an additive. Details about the dedication of th
two reactions to the generation of reducing radials in por
sonochemistry need further investigation.

In addition, the formation rate of gold nanoparticles in
decreased significantly compared with that under an argo
mosphere. One of the reasons may be the smaller cavit
effect in air than in argon due to theg value (Cp/Cv) of air
(1.40) being lower than that of argon (1.67), whereCp andCv are
the constant pressure-specific heat and constant volume-sp
heat of a medium, respectively. We presumed that the oxyge
air inhibited the reduction of gold ions by scavenging reduc
radicals (Rd) as well as scavenging hydrogen atoms:

Rd+O2→ ROOd [5]

Hd+O2→ dHO2. [6]

In summary, mesoporous silica with gold nanoparticles
side its pores was successfully synthesized by the soaking
ultrasonic irradiation method at room temperature. The opt
absorption analyses combined with XRD, BET, and HRTE
techniques revealed that the intensive sonochemical rea
in the porous internal liquid–solid interfacial zones, due
the large amount of specific surface area and great por
of mesoporous silica, resulted in the efficient reduction of

(III) ions into Au atoms and aggregation into Au particle
thereafter.
PORES OF MESOPOROUS SILICA 295
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