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Abstract

Silver nanoparticles prepared through a borohydride-reduction method were directly coated with silica by means of a seeded p
tion technique based on the Stöber method. Various amine catalysts were used for initialization of a sol–gel reaction of TEOS wit
for a prior surface modification. Use of dimethylamine (DMA) as a catalyst was found to be necessary to obtain a proper coating.
shell thickness was varied from 28 to 76 nm for TEOS concentrations of 1–15 mM at 11.1 M water and 0.8 M DMA. The optical sp
the core–shell silver–silica composite particles show a qualitative agreement with predictions by Mie theory.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Extensive studies have been performed on the hom
neous coating of metal nanoparticles with silica shells (co
shell particles)[1–10]. The silica shells not only enhance t
colloidal stability but also control the distance between c
particles within assemblies through shell thickness[11]. Liz-
Marzán, Mulvaney, and co-workers have extensively stu
metal–silica core–shell particles prepared by a liquid ph
procedure in which the use of a surface primer (a sil
coupling agent) was necessary to provide the surface
silanol anchor groups[1,2,6,7]. Extensive growth of the
silica shells was performed through the sol–gel proc
ing of silicon alkoxides in ethanol–ammonia mixtures[1].
Other authors have demonstrated that coating of “vit
phobic” materials such as gold or silver with silica she
can be accomplished without using silane coupling age
Xia and co-workers, for instance, prepared silica-coated
nanospheres[12] and silver nanowires[13] through hydrol-
ysis and condensation of tetraethyl orthosilicate (TEOS
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-

ethanol. Similarly, Hardikar and Matijevic[4] performed the
coating of 60-nm silver particles stabilized with Daxad
More recently, Graf et al.[14] used poly(vinylpyrrolidone
as a stabilizer to transfer gold and other nanoparticles
ethanol and perform a direct coating with TEOS. In all th
cases, the role of the surface stabilizer is probably the
to direct coating, but this has not been carefully disclos
We have recently developed[15] a new technique for th
encapsulation of citrate-stabilized gold nanoparticles w
silica shells in one single step, and with no need of c
pling molecules. The method is based on previous resul
the preparation of monodispersed silica particles by the
gel method using small silica particles as seeds[16,17]. Fine
control of the concentrations of water, ammonia (cataly
and silicon alkoxide allowed the preparation of gold–sil
core–shell particles with various shell thicknesses.

Silver nanoparticles also show a plasmon resonanc
the visible, and find even wider applications than gold, si
the silver plasmon band is narrower, its extinction coeffic
is ca. 5 times larger than that for gold, and the position
the band is typically 400 nm for Ag, and it is well apa
from the band-to-band transition energy, which is not
case for Au[18]. All these features are of relevance in fie
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such as SERS or nonlinear optical response. However
coating of silver nanoparticles with thick shells poses an
ditional difficulty that is related to the chemical instability
such particles in the presence of ammonia, which are rea
oxidized and form complex ions that are soluble and c
orless[2,13]. One approach to overcome this difficulty h
been the use of AgAu alloy nanoparticles, which allowed
tensive silica coating when the gold content was higher t
25% [19]. Accordingly, a good technique for the synthe
of silica-coated nanoparticles is still missing.

In the present paper, we applied the direct silica-coa
technique based on the seeded condensation of alko
lanes for the encapsulation of silver nanoparticles with th
shells. In order to prevent the dissolution of the silver co
various amines were tested as catalysts for the hydro
and condensation of TEOS (Stöber method)[20]. Addition-
ally, the concentrations of TEOS, ethanol, water, and am
were tuned to optimize the morphology of the final coa
particles.

2. Materials and method

2.1. Chemicals

Silver perchlorate (AgClO4) (Kanto Chemical Co., Inc.
99%), sodium borohydride (NaBH4) (Wako Pure Chemical
Ltd., 99%), and trisodium citrate dihydrate (Na-cit) (Wa
Pure Chemicals Ltd., 90%) were used as silver precu
reducing reagent, and stabilizer for preparation of si
nanoparticles, respectively. Special grade reagents (W
Pure Chemicals Ltd.) of tetraethylorthosilicate (TEO
(95%) and ethanol (99.5%) were used for silica coat
and ammonia (25% aqueous solution), methylamine (M
(40%), and dimethylamine (DMA) (50%) were used
catalysts for a sol–gel reaction of TEOS. All chemic
were used as received. Ultrapure deionized water (resist
higher than 18 M� cm) was used in all the preparations.

2.2. Preparation of materials

2.2.1. Preparation of silver nanoparticles
Silver nanoparticle colloids were prepared by reduct

of AgClO4 with NaBH4. Freshly prepared 500 µl of 20 M
AgClO4 in H2O was added to 100 ml of 0.3 M NaBH4 and
1 M Na-cit in H2O cooled with ice water under vigorou
stirring. The color of the mixture turned yellow within
few minutes, which indicated the presence of silver nano
ticles [2]. Typically, spherical silver nanoparticles with a
average size of 10 nm were observed in TEM (seeFig. 1a).

2.2.2. Silica coating of silver nanoparticles
The seeded polymerization technique with a sol–gel

action[15] was used for silica coating of the silver nanop
ticles. To the silver colloid was added a solution of TEO
in ethanol. Thereafter, the silica coating was initiated
-

Fig. 1. TEM images of Ag nanoparticles (a) and Ag@SiO2 prepared by
TEOS hydrolysis using ammonia (b), methylamine (c), and dimethylam
(d) as catalysts. Concentrations of water, amine, and TEOS were 11
0.8 M, and 1 mM, respectively.

rapidly injecting an aqueous amine solution into the
ver/TEOS colloid. The concentrations of TEOS and wa
were varied from 0 to 4 mM and from 11.1 to 20 M with r
spect to the total solution volume, respectively. In orde
grow the silica shells, an additional volume of TEOS w
added to the colloid so that the total TEOS concentration
creased by 4 mM, leading to total TEOS concentration
6–15 mM. The silver concentration was 0.018 mM in all
silica-coating experiments.

2.3. Characterization

The silica-coated silver–silica composite particles w
characterized by transmission electron microscopy (TE
and ultraviolet (UV)–visible (vis) spectroscopy. TEM w
performed with a Zeiss LEO 912 OMEGA microscope o
erating at 100 kV. Samples for TEM were prepared by dr
ping and evaporating the nanoparticle suspensions on
collodion-coated copper grid. Silica shell thickness was e
mated as the difference between silver particle and com
ite particle sizes. UV–vis extinction spectra were measu
with a Hitachi UV-3010 spectrophotometer.

3. Results and discussion

3.1. Silver nanoparticles

The initial choice of amines was based on the chem
stability of Ag colloid in the presence of the amines.Fig. 2
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Fig. 2. UV–vis extinction spectra of Ag nanoparticles in water at vari
times after amine addition. Concentrations of Ag and amine were 0
and 0.3 mM, respectively. The insets show extinction versus time.

shows UV–vis extinction spectra of Ag nanoparticles at v
ous times after addition of the different amines. The prese
of peaks centered around 400 nm corresponds to the
face plasmon resonance of silver nanoparticles in the 10
size range. As expected[2], addition of ammonia promote
relatively rapid damping of the surface plasmon band w
time, such that after 7 h, the intensity at the maximum
decreased to ca. half of the initial value. This is due to
ial oxidation of Ag in the presence of NH3 and dissolution
in water as Ag(NH3)+2 complex ions, which do not abso
in the visible[2]. Addition of MA also led to a decrease
the extinction intensity at the maximum, but the magnitu
of the damping was only of around 13% and saturated a
2 h, while the maximum was red-shifted. This suggests
the optical effect is related to adsorption of the amines on
surface (rather than oxidation of Ag0 to Ag+), possibly lead-
ing to a reduction in surface charge, which has been show
have the same effect[21,22]. In the case of DMA addition
the damping and red-shift are very limited and comple
-

within a short time. Steric effects may be of importance h
since DMA is bulkier than MA. Thus, DMA was consider
the option of choice as a catalyst for the Stöber process

3.2. Silica-coated silver nanoparticles

3.2.1. Effect of amines
Fig. 1 shows typical TEM images of the starting silv

nanoparticles (Fig. 1a) and silica-coated silver (Ag@SiO2)
particles prepared using various amines. Darker and lig
parts of particles correspond to silver and silica, respectiv
since the electron density of silver is significantly high
The results shown inFig. 1agree with the spectra plotted
Fig. 2. Thus, using ammonia as a sol–gel catalyst (Fig. 1b),
core–free silica particles with sizes of 50–95 nm were
served. This is a confirmation that silver nanoparticles
acted with ammonia, leading to formation of Ag(NH3)+2
complex ions and dissolution into the water/ethanol solv
Oppositely, using MA (Fig. 1c) and DMA (Fig. 1d), well-
defined silver–silica core–shell nanoparticles coexist wi
population of smaller, core–free silica spheres, which a
from secondary nucleation during the Stöber process[23].
According to the TEM observation, the ratio of core–sh
to core–free particles is significantly higher for DMA th
for MA. It can be seen inFig. 1d that most particles conta
a single silver core with a size of ca. 10 nm (in agreem
with the initial Ag nanoparticle size). Given the efficiency
DMA for the formation of high-quality core–shells, togeth
with the very limited effect on the Ag plasmon band, it w
used as a catalyst for all subsequent experiments.

3.2.2. Silica-coating optimization
Two series of experiments were performed where o

the concentration of one reactant (either water or DMA) w
changed at a time, so as to optimize reaction conditions
homogeneous silica coating, while avoiding the format
of free silica nuclei. The water concentration was varied
tween 11.1 and 20.0 M, while maintaining [DMA]= 0.8 M;
[TEOS]= 1 mM. The main conclusion here was that, as
water concentration raises, dissociation of DMA, and io
strength increase in turn[24], leading to both aggregation o
silver nuclei and formation of smaller core–free silica pa
cles (see the supplemental material). A water concentra
of 11.1 M corresponds to particles shown inFig. 1d, which
are uniformly coated and with a negligible amount of co
free silica.

Thus, with [H2O] = 11.1 M and [TEOS]= 1 mM, ex-
periments with varying DMA concentrations between
and 2.0 M were carried out. It was observed (see the
plemental material) that, while at [DMA]< 0.4 M, TEOS
condensation was not complete, for [DMA]> 0.8 M, there
is significant silver core aggregation and formation of f
silica. This is clearly related to the influence of DMA co
centration on the rate of hydrolysis of TEOS and conde
tion into SiO2.
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3.2.3. Control of silica shell thickness
For many applications of core–shell particles, such

photonic crystals[25], it is of paramount importance to pre
cisely control the thickness of the shell. In the system
are considering, the simplest approach to vary shell th
ness is to use different amounts of TEOS, which is use
silica precursor. Although this can be performed stepw
after the deposition of an initial shell, we investigated the
fect of adding various amounts of TEOS in one single s
Fig. 3 shows TEM images of Ag@SiO2 particles formed

Fig. 3. TEM images of Ag@SiO2 prepared using total TEOS concentr
tions of 0.1 (a), 0.5 (b), 1.0 (c), 2.0 (d), 4.0 (e), 6.0 (f), 8.0 (g), 10
and 15.0 mM (i). The concentrations of water and DMA were 11.1
0.8 M, respectively. Arrows stand for core–free silica particles. (j) Plo
silica-shell thickness as a function of TEOS concentration.
using various TEOS concentrations. At TEOS concen
tions below 0.5 mM, aggregation of the silver nanopartic
is observed, rather than formation of core–shell partic
Above 0.5 mM, no uncoated silver nanoparticles were
served. At [TEOS]= 0.5 mM, Ag@SiO2 core–shell parti-
cles are obtained with rather thin shells, but some of th
contain multiple cores. At [TEOS]= 1.0–4.0 mM, most of
the particles are quasi-perfect core–shells with just one
ver core and increasing shell thickness. Further additio
TEOS ([TEOS]= 6–15 mM) can increase the shell thic
ness, though a large amount of core free particles with s
of 80–90 nm were also generated, in which the propor
of core–free silica particles formed was around 10% of
the particles. A plot of the silica shell thickness as a funct
of TEOS concentration is shown in the same figure, w
values ranging from 28 to 76 nm as the TEOS concentra
was increased from 1 up to 15 mM. This means that the s
thickness can be controlled within a broad range.

3.3. UV–vis spectroscopy

Fig. 4shows extinction spectra of the citrate-protected
ver sol and of Ag@SiO2 particles with different silica she
thickness. Ethanol was added to the silver sol, so that the
ter concentration of the dispersion medium was 11.0 M (
(v/v) water/ethanol), as used for the samples inFig. 3. For
the silica shell thicknesses of 28–48 nm, a single plasm
band was measured, with maxima located around 408.5
i.e., red-shifted with respect to the uncoated nanoparti
(λmax = 399 nm) (Fig. 4, inset). This is due to the increa
in the local refractive index around the particles. For the s
thicknesses of 57–76 nm, a blue-shift of the plasmon b
to around 400 nm and a weakening in the apparent in
sity of the plasmon band were observed, which indicated
the sufficiently large silica shell promoted significant scat
ing at shorter wavelengths. The surface plasmon absorp

Fig. 4. UV–vis extinction spectra of citrate–Ag (a) and Ag@SiO2 particles
with shell thicknesses of 28 (b), 36 (c), 48 (d), 57 (e), 63 (f), 71 (g),
76 nm (h). The inset shows the surface plasmon peak position (close
cles) and predictions by Mie theory (dashed line).
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band in the visible is very sensitive to both particle size
shape and to the properties of the surrounding medium[1]
and its variation with various parameters has been ex
sively studied[1,7,26–29]. In particular, the effects of silic
shells with various thicknesses, and in various solvents,
been predicted by Mie theory[1]. According to the liter-
ature, shifts of the surface plasmon absorption are du
a local increase of refractive index and to scattering fr
large silica shells. Extinction spectra of colloidal susp
sions can be predicted by Mie theory. The dashed line in
inset ofFig. 4 shows the position of the maxima predict
through calculations using Mie theory, in which extincti
of the core–free silica particles was neglected[30]. The ex-
perimental peak positions were in qualitative agreement
the calculations.

4. Summary

Coating of silver nanoparticles with thick silica shells
possible, without affecting the integrity of the cores, wh
dimethylamine (rather than ammonia) is used as a cat
in a standard Stöber process. The synthesis of Ag@S2
can be accomplished through a simple, one-step proce
where a TEOS solution in ethanol/water is added to a citr
stabilized silver colloid. The silica shell thickness can
conveniently controlled through TEOS concentration, wh
allows a simple test of the influence of silica shell thickn
on the optical properties of the colloid.
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