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Sonochemical Processes and Formation of Gold Nanoparticles
within Pores of Mesoporous Silica

Wei Chen’ 1! Weiping Cai} Liang Zhang} Guozhong Wand, and Lide Zhan§

*Laboratory of Internal friction and Detects in Solids, Institute of Solid State Physics, Chinese Academy of Sciences, Hefei, Anhui 23003ReBablite’s
of China; andfInstitute of Economy and Technology, University of Science and Technology of China, Hefei, Anhui 230026, People’s Republic of Chil

E-mail: chewyff@mail.hf.ah.cn

Received September 27, 2000; accepted March 5, 2001

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 (111) 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 (I11) 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.
© 2001 Academic Press
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I. INTRODUCTION

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

Mesoporous solids, due to their large internal surface area a
small pore size, have found great utility (8—10). Putting the nan
scaled particles (metals, semiconductors, or compounds) into'
pores of mesoporous solids will form new composite material.
This material has received considerable attention in recent ye:
because of its unique properties (11-13). It is, in structure ar
hence properties, significantly different from the recently exter
sively exported glass—metal colloid composite (films), organic
inorganic nanoparticles (films), or other nanocomposite film:
The pores in this mesoporous composite are interconnected
open to ambient air; there inevitably exist both the interfac
between pore walls and particles and the free surface of the p
ticles within pores, which is in contact with the ambience. Thi
texture feather leads to many new physical and chemical effec
especially for metal particles, which are chemically active (2]
For instance, in our previous work, the Ag/Si@hesoporous
composite displays optical switching and memory effects ur
der different ambient conditions (14). Different techniques fo
promoting the formation of metal particles-loaded mesoporot
composites have been developed. However, the formation
a metal/porous solid composite by assembling nanoparticl
into the pores is often affected by the diffusion of the reduc

Nano-sized noble metal particles, because of their surfaog gas or originally formed colloid, the interaction betweer

and guantum-size effects, display many novel properties (1, 8plid support and metallic precursor, etc. The resultant prope
such as high catalytic activities, interesting optical propertieties of the materials are restricted by the wide size distribution
and various properties from a fundamental viewpoint. Accorgarticles.

ingly, considerable effort has been focused on the developmenExtensive studies have reported that the sonochemical mett
of synthetic techniques. Many studies on the methods for thepuld generate novel materials with unusual properties (15-1
preparation were reported, such as controlled chemical reductidre particles prepared in this way have a smaller size and a mc
(3, 4), photochemical or radiation-chemical reduction (5, 6), amérrow size distribution than those reported by other methoc
gas evaporation (7). In order to prevent the formation of undé&he chemical effect of ultrasound is attributed to cavitation: for
sired agglomeration, these processes are often performed inrttagion, growth, and implosive collapse of bubbles, which lea
presence of stabilizing ligands, polymers, or various surfactaris.the decomposition of water molecules into hydroger) (H
The stability of metallic colloids depends on the characteristiesnd hydroxyl {OH) radicals owing to the production of high
of the special protecting agents, which are generally stripped tfmperature and high pressure in collapsing cavities. Therefo
from the metal surface in vacuum and/or with heating, resuttie preparation of fine particles of noble metals by applicatio
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of ultrasound appears to be an attractive possibility. AlthoughOptical absorption spectra were measured at room tempel
noble metallic colloidal dispersions produced sonochemicaliyre ona Cary 5E UV-VISNIR spectrophotometer over the wave
from the corresponding aqueous solutions have been repottayth range from 200 to 800 nm. The planar-like mesoporot
(16), to our knowledge, there have been few investigations oamposite was mounted vertically on a solid sample holder ar
the formation of noble metallic nanoparticles within the pores tiie soaking solution irradiated simultaneously was transferre
a mesoporous solid by ultrasonic irradiation. Recently we suoto a quartz sample cell 1 cm in length along the incident light
cessfully synthesized a mesoporous solid with Au nanoparticlERD examinations were carried out to examine the crystallinit)
inside its pores by ultrasonic irradiation at room temperaturef Au particles, which was recorded using an MXP 18 AHF,
The subjects of the present report are the preparation of ga@ldK, diffractometer. The pore structure of the irradiated sampl
nanoparticles and the proposed sonochemical processes wittds analyzed by Nsorption isotherm (at liquid Ntemperature)
the pores of mesoporous silica. on a gas adsorption apparatus (model: COULTER OMNISOR
100CX). Specific surface areas were evaluated using the BE
equation (22), with data points between reduced pressure valt
Il. MATERIALS AND METHODS of 0.05 and 0.25 and assuming the surface area occupied by «
. . ) molecule was 16.2A. The measured error of specific surface
C_hloroaurlc _aC|d (HAUG- 4H,0) (purity 99.9%) anc_j an- area can be controlled to below 1.5%. For direct observation
alytical _grade |sopropan_o_l were purchased .co.mmermally aﬁﬁe particles in silica, the irradiated samples were first groun
u.s.ed without furthgr purification. The mpnohthlc MESOPOrous, 4 dispersed in ethanol in a test tube. The latter was plac
silica host (planar-like, about 1 mm in th|ck'n.ess) was preparﬁﬂa sonication bath for 10 min. The clear liquid from the tof
by a sol—gel process from tetraethylorthosilicate (TEOS), dr}Sbrtion of the test tube was taken and a few drops were plac

ing, and finally annealing at 76Gor 1 h, as described in de- T}n a carbon-coated copper grid. After evaporation of acetor

tail elsewhere (20). The BET technique (described in the fo[ e copper grid was mounted on a JEOL 2010 high-resolutic

lowing paragr_aph) shows that the .measured va_lue of SPECHSnsmission electron microscope operated at 200 kV, and her
surface area is 5794ty and pore diameters fall in the rang&y o microstructure was investigated

of 2-20 nm. The final porosity is estimated to be about 50%.
Hence the silica prepared in this way is a typical mesoporous
solid (8). Ultrasonic irradiation was accomplished with a KQ
218 sonication bath that was malntaujed at room tempera'[Lgl.;/ﬁaracterization of Gold Nanopatrticles within the Pores
and operated at a frequency of approximately 40 kHz at 100- .
. . . of Mesoporous Silica

output power. A Pyrex ground-in conical flask with cover (total
volume~100 mL) was used for the ultrasonic irradiation, which Itwas observed by eye that the color of the composite sample
was carried out under an argon atmosphere. which were taken out at each irradiation time interval, change

A series of the preformed monolithic mesoporous silica hogtadually from yellow to pale purple and was quite transpat
(parallel samples) was immersed in a 0.8 mnol HAuUCl, so-  ent for optical measurements. The time dependence on optic
lution (containing 0.2 mol L* isopropanol) for 3 weeks, which absorption of the irradiated samples, as suggested by variar
is long enough to make the concentrations of Au@ns and at peaks of 310 and 544 nm in Fig. 1, was associated with tf
isopropanol in the pores of the mesoporous silica be the same
as those in bulk solution (21). After sufficient immersion, the
solid samples with the corresponding mixed solution (abot
50 ml) were transferred to the conical flask with cover, whict
was put in the sonication bath. The flask was purged with argc__ 10
gas to eliminate any oxygen in it, before it was irradiated witt =
40-kHz ultrasonic waves at room temperature. During irradie
tion, a water flow was utilized to cool the glass vessel in th' &
bath.

For the preparation of the Au/S}Onesoporous composite,
the immersed mesoporous solids were irradiated for 120 mg 0.4
and the whole sonication process was monitored at regular tir<
intervals so that a parallel solid sample was taken out for optic 0.2
absorption measurement after it was dried at @030 min to
remove the solvent (water) in the pores. The dried as-prepar 0.0
composite was characterized by XRD, HRTEM, and BET tect. Wavelength (nm)

_mqu_es' For _comparlson, the corresponding soakl_ng solution WagiG. 1. Optical absorption spectra of the Au/Si@hesoporous composite.
irradiated simultaneously and the preformed silica hosts Wefgres (a)—(f) refer to the spectra of the sample irradiated by ultrasound for
also subjected to the same characterization. 10, 20, 40, 100, and 120 min respectively.

I1l. RESULTS AND DISCUSSION
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sonochemical reduction of Auglions, the aggregation of the
reduced atoms, and the formation of Au nanoparticles withi
pores of the silica host. Before ultrasonic irradiation, curve
(a) presents an absorption peak around 310 nm, indicating tt
the host contained only Auglions but no Au particle (23). 5
During the irradiation, the peak around 310 nm decreased ai @
disappeared in 20 min., demonstrating that the sonochemical 1.2
duction of AuC}; ions had occurred. However, in the meantime 2
no apparent surface plasma resonance (SPR) absorption of 8 @
particles appeared (24), which may be ascribed to the Au cluste=
with low nucleation. With the time increasing, the aggregation o
the unstable Au oligomers can be revealed by the predominat
SPR peak accompanied by its ever-decreasing bandwidth. 0 25 30 35 20 45 50 = &0 o5 70 75 80
Figure 2 shows the absorption spectra of the correspondit degree (26)
soaking solution, which was irradiated by ultrasound simultane-
ously. In the surfactant-free solution, peaks at 220 and 310 nngIG.3. X-ray diffraction patterns for the silica host (a) and the as-prepare
ascribe to the intense charge transfer (CT) band and a modefai&iO, mesoporous composite (b).
d—d transition band of HAuGI(25). It was indicated that the

SPR absorption of Au particles at 544 nm developed graduall 2 .
during ultrasonic irradiation, while the specific peaks for AuCI reference sample to 5357y for the as-prepared composite,

. : . although the real specific surface area may increase due to
decreased and disappeared in around 120 min. One can thus €es- : : . : |
. o . existence of Au particles in the pores. This can be attributed
timate qualitatively by the absorption decay at 310 nm that tlt1he

. : ; e presence of particles within the pores of silica, which leac
rate of the reduction of Au (1) in bulk solution was much slowe e . L

. . . . o the difficulty of nitrogen molecules of going into too small
than that in the mesoporous solid (say, decay in 20 min.).

Figure 3 shows the XRD patterns of the as-prepared ALQ/Siéee space during measurement, and hencg partla}l areas cal
o L . e,measured (14). The presence of the particles within the po
mesoporous composite (i.e., after being irradiated by ultrasoun

d ; o
for 120 min.) and the preformed silica host. XRD has confirmeff, "ore clearly shown by the nitrogen sorption isotherms fc
in addition to the amorphous silica pattern aroumd=2 23,

bth the reference and the loaded sample, as indicated in Fig
the presence of the diffraction peaks corresponding to the (1]1-5 e whole curve (b) for the as-prepared Au/sEdmposite is
(200), (220), and (311) planes of cubic Au crystal.

er than curve (a) for the preformed silica host. Going furthe
Figure 4 shows the nitrogen sorption isotherms for the

analysis of the pore diameter, by the sorption apparatus with

. computer attached, reveals that the pore diameter is sharply c

preformed silica host (reference sample) and the as-prepafed \ - ound 5.7 nm and most pores (more than 90% in p
Au/SiO, composite. It has been shown that the measured ) P oinp

. - S%I'ume) are less than 5.9 nm in diameter, as shown in the ins
cific surface area decreases significantly from 578yrfor the of Fig. 4 ' ' ‘
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FIG. 2. Optical absorption spectra of the corresponding soaking solution.
Curves from top to bottom refer to the spectra of the aqueous samples irradiateBlG. 4. Nitrogen sorption isotherms and pore size distributions of the silic
by ultrasound for 0, 40, 60, 80, 100, and 120 min respectively. host (a) and as-prepared Au/Si@esoporous composite (b).
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dissolution, and decomposition (15, 26). Nagata and co-worke
(16) have proposed the mechanism of sonochemical reducti
of AuCl; ions and the formation of small Au particles in water.
In the present study, for the mesoporous solid containin
chloroauric acid, water, and alcohols after sufficient immersior
itis expected that the sonochemical reaction in it will show som
character of that in liquid. Several processes within pores and
soaking solution are revealed to be involved, such as sonocher
cal reduction of Au (Ill) ions and the nucleation and aggregatio
of Au nanopatrticles. During these processes, it is difficult fo
the Au oligomer or its larger aggregation to diffuse into pore:
of mesoporous silica. However, we cannot exclude the pos:s
bility of the exchange of AuGl ions from solution from inside

the pores of silica, and the nucleation and aggregation into go
nanoparticles. The contribution may be small in limited time o
ultrasonic irradiation (say, 120 min). Therefore the processe
such as reduction of Auglions inside pores of silica, and the
nucleation and aggregation of gold particles, may be primaril
responsible for the formation of small Au particles in pores. Th

(b) expected reactions can be shown in
H2O — H-+-OH [1]
He ++«OH — H,O + H, + H,O5 [1]/

He(+OH) + (CH3),CHOH — (CHjz),C+ OH + Hy(H,0) [2]

3(CHs)2C+OH+ AuCl; — Au + 3(CHs),CO+ 4CI™ + 3H"
(3]
nAu® — (Au%),. [4]

Frequency

H. and-OH radicals originated due to thermal decompositior
of H,O with intense local heating and high pressures as shov
2 4 6. 8 10 12 14 in reaction [1]. Reaction [2] indicates the formation of strong
Particle Diameter (nm) reducing radicals (CkJoC- OH via hydrogen abstraction from
FIG.5. (a) The morphology micrograph of the as-prepared AuSi@so- the isopropanol by Hand-OH hydroxyl radicals. Multivalent

porous composite. (b) Size distribution histogram of the gold particles withfUCI, ions in the pores were reduced rapidly by multistep rad
the pores of the mesoporous silica. ical reactions and subsequently the Au atoms aggregated,

. ; shown in reactions [3] and [4].
The HRTEM observation of the as-prepared AUSIESO- — \ypat yyas unexpected was that the reduction of Au (ll1) ion:

porous composite is sh0\_/vn in Fig. ,5a' It indicgted tha.t nearly 5 porous solid was preceded more rapidly than that in soakir
spherlca}l_-shaped A_u particles are dlspe_rsed E’”'form_'y IN aMAB)ution, as estimated in Fig. 1 and Fig. 2. It is known that th
phous silica. The histogram of the particle sizes (Fig. 5b) &gy, cjeation of bubbles in a liquid often occurs at less weak point

hibits a narrow size disfcribution with a mean particle diame_tghch as gas-filled crevices in suspended particulate matter
0f 5.2 nm. Compared with the TEM observation for the soaking, y, yansjent microbubbles from a prior event (18). In the cas

§olunon (not shown here) that the mean size of the Au nanopg-, mesoporous solid containing precursory solution, the larg
ticles was about_20—30' nm. Accompg_nled by the tendgncya{&ount of liquid—solid interface in pores, due to the high specifi
aggregate, the size-defined and stabilized Au nanoparticlesj}s e areas and great porosity of mesoporous solid, where-
the solid sample were formed sonochemically within the COfspgjje strength of solvent (water) was relatively weak, resulte
fined space of the mesoporous silica, as discussed above. i, yhe easier formation and collapse of bubbles in the confine
volume of pores with the present ultrasonic irradiation tech
nigue. Accordingly, the extensive liquid—solid interfacial zone:
inthe pores are the major areas where the intensive sonochemi

The chemical reactions driven by intense ultrasonic wavesaction induced by the cavitation takes place, and the Au (Il
strong enough to produce cavitation are oxidation, reductidons within the pores were reduced more efficiently.

Sonochemical Process for the Formation of Gold
Nanopatrticles in Mesoporous Silica
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