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Abstract

Silver nanoparticles prepared through a borohydride-reduction method were directly coated with silica by means of a seeded polymeriza
tion technique based on the Stéber method. Various amine catalysts were used for initialization of a sol-gel reaction of TEOS with no neec
for a prior surface modification. Use of dimethylamine (DMA) as a catalyst was found to be necessary to obtain a proper coating. The silica
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 spectra of
the core—shell silver—silica composite particles show a qualitative agreement with predictions by Mie theory.
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1. Introduction ethanol. Similarly, Hardikar and Matijev[d] performed the
coating of 60-nm silver particles stabilized with Daxad 19.
Extensive studies have been performed on the homoge-More recently, Graf et a[14] used poly(vinylpyrrolidone)
neous coating of metal nanoparticles with silica shells (core— as a stabilizer to transfer gold and other nanoparticles into
shell particles]1-10]. The silica shells not only enhance the ethanol and perform a direct coating with TEOS. In all three
colloidal stability but also control the distance between core cases, the role of the surface stabilizer is probably the key
particles within assemblies through shell thicknd4s. Liz- to direct coating, but this has not been carefully disclosed.
Marzan, Mulvaney, and co-workers have extensively studied We have recently developgd5] a new technique for the
metal-silica core—shell particles prepared by a liquid phase encapsulation of citrate-stabilized gold nanoparticles with
procedure in which the use of a surface primer (a silane silica shells in one single step, and with no need of cou-
coupling agent) was necessary to provide the surface withpling molecules. The method is based on previous results on
silanol anchor group$1,2,6,7] Extensive growth of the  the preparation of monodispersed silica particles by the sol—
silica shells was performed through the sol-gel process-gel method using small silica particles as sd@és17] Fine
ing of silicon alkoxides in ethanol-ammonia mixturf@s. control of the concentrations of water, ammonia (catalyst),
Other authors have demonstrated that coating of “vitreo- and silicon alkoxide allowed the preparation of gold—silica
phobic” materials such as gold or silver with silica shells core—shell particles with various shell thicknesses.
can be accomplished without using silane coupling agents.  silver nanoparticles also show a plasmon resonance in
Xia and co-workers, for instance, prepared silica-coated gold the visible, and find even wider applications than gold, since
nanospherefl 2] and silver nanowirefl3] through hydrol- — the sijlver plasmon band is narrower, its extinction coefficient
ysis and condensation of tetraethyl orthosilicate (TEOS) in i5 ¢ca. 5 times larger than that for gold, and the position of
the band is typically 400 nm for Ag, and it is well apart
~ " Corresponding author. Fax: +81-22-217-7293. from the band-to-band transition energy, which is not the
E-mail address: yoshio@mickey.che.tohoku.ac (6. Kobayashi). case for AY18]. All these features are of relevance in fields
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such as SERS or nonlinear optical response. However, th

coating of silver nanopatrticles with thick shells poses an ad- |

ditional difficulty that is related to the chemical instability of

oxidized and form complex ions that are soluble and col-
orless[2,13]. One approach to overcome this difficulty has

393

been the use of AgAu alloy nanoparticles, which allowed ex- [+ %

tensive silica coating when the gold content was higher than
25% [19]. Accordingly, a good technique for the synthesis
of silica-coated nanoparticles is still missing.

In the present paper, we applied the direct silica-coating
technique based on the seeded condensation of alkoxysi

lanes for the encapsulation of silver nanoparticles with thick |

shells. In order to prevent the dissolution of the silver cores,
various amines were tested as catalysts for the hydrolysi
and condensation of TEOS (Stéber methfaf)]. Addition-

ally, the concentrations of TEOS, ethanol, water, and amine

were tuned to optimize the morphology of the final coated |

particles.

2. Materialsand method
2.1. Chemicals

Silver perchlorate (AgCIlg) (Kanto Chemical Co., Inc.,
99%), sodium borohydride (NaBfji(Wako Pure Chemicals
Ltd., 99%), and trisodium citrate dihydrate (Na-cit) (Wako
Pure Chemicals Ltd., 90%) were used as silver precursor,
reducing reagent, and stabilizer for preparation of silver

nanoparticles, respectively. Special grade reagents (Wako,

Pure Chemicals Ltd.) of tetraethylorthosilicate (TEOS)
(95%) and ethanol (99.5%) were used for silica coating
and ammonia (25% aqueous solution), methylamine (MA)
(40%), and dimethylamine (DMA) (50%) were used as
catalysts for a sol—gel reaction of TEOS. All chemicals

were used as received. Ultrapure deionized water (resistivity

higher than 18 M2 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 reduction
of AgCIO4 with NaBHs. Freshly prepared 500 pl of 20 M
AgCIlO4 in H,O was added to 100 ml of 0.3 M NaBHand
1 M Na-cit in H,O cooled with ice water under vigorous
stirring. The color of the mixture turned yellow within a
few minutes, which indicated the presence of silver nanopar-
ticles [2]. Typically, spherical silver nanoparticles with an
average size of 10 nm were observed in TEM (Sig 1a).

2.2.2. Slica coating of silver nanoparticles

The seeded polymerization technique with a sol-gel re-
action[15] was used for silica coating of the silver nanopar-
ticles. To the silver colloid was added a solution of TEOS
in ethanol. Thereafter, the silica coating was initiated by

Fig. 1. TEM images of Ag nanoparticles (a) and Ag@gi@epared by
TEOS hydrolysis using ammonia (b), methylamine (c), and dimethylamine
(d) as catalysts. Concentrations of water, amine, and TEOS were 11.1 M,
0.8 M, and 1 mM, respectively.

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

2.3. Characterization

The silica-coated silver—silica composite particles were
characterized by transmission electron microscopy (TEM)
and ultraviolet (UV)-visible (vis) spectroscopy. TEM was
performed with a Zeiss LEO 912 OMEGA microscope op-
erating at 100 kV. Samples for TEM were prepared by drop-
ping and evaporating the nanoparticle suspensions onto a
collodion-coated copper grid. Silica shell thickness was esti-
mated as the difference between silver particle and compos-
ite particle sizes. UV-vis extinction spectra were measured
with a Hitachi UV-3010 spectrophotometer.

3. Resultsand discussion
3.1. Slver nanoparticles

The initial choice of amines was based on the chemical
stability of Ag colloid in the presence of the amin&sgy. 2
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Fig. 2. UV-vis extinction spectra of Ag nanoparticles in water at various
times after amine addition. Concentrations of Ag and amine were 0.1 M
and 0.3 mM, respectively. The insets show extinction versus time.

shows UV-vis extinction spectra of Ag nanopatrticles at vari-
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within a short time. Steric effects may be of importance here
since DMA is bulkier than MA. Thus, DMA was considered
the option of choice as a catalyst for the Stéber process.

3.2. Slica-coated silver nanoparticles

3.2.1. Effect of amines

Fig. 1 shows typical TEM images of the starting silver
nanoparticlesKig. 1a) and silica-coated silver (Ag@ SiD
particles prepared using various amines. Darker and lighter
parts of particles correspond to silver and silica, respectively,
since the electron density of silver is significantly higher.
The results shown ifrig. 1 agree with the spectra plotted in
Fig. 2 Thus, using ammonia as a sol-gel catalysg(1b),
core—free silica particles with sizes of 50-95 nm were ob-
served. This is a confirmation that silver nanopatrticles re-
acted with ammonia, leading to formation of Ag(NE!
complex ions and dissolution into the water/ethanol solvent.
Oppositely, using MA ig. 1c) and DMA (Fig. 1d), well-
defined silver—silica core—shell nanopatrticles coexist with a
population of smaller, core—free silica spheres, which arise
from secondary nucleation during the Stdber prod2ss
According to the TEM observation, the ratio of core—shell
to core—free particles is significantly higher for DMA than
for MA. It can be seen iffrig. 1d that most patrticles contain
a single silver core with a size of ca. 10 nm (in agreement
with the initial Ag nanoparticle size). Given the efficiency of
DMA for the formation of high-quality core—shells, together
with the very limited effect on the Ag plasmon band, it was
used as a catalyst for all subsequent experiments.

3.2.2. Slica-coating optimization

Two series of experiments were performed where only
the concentration of one reactant (either water or DMA) was
changed at a time, so as to optimize reaction conditions for
homogeneous silica coating, while avoiding the formation
of free silica nuclei. The water concentration was varied be-

ous times after addition of the different amines. The presencetween 11.1 and 20.0 M, while maintaining [DMA] 0.8 M;
of peaks centered around 400 nm corresponds to the sur{TEOS]= 1 mM. The main conclusion here was that, as the
face plasmon resonance of silver nanoparticles in the 10-nmwater concentration raises, dissociation of DMA, and ionic

size range. As expectdd], addition of ammonia promotes
relatively rapid damping of the surface plasmon band with

strength increase in tuf4], leading to both aggregation of
silver nuclei and formation of smaller core—free silica parti-

time, such that after 7 h, the intensity at the maximum was cles (see the supplemental material). A water concentration

decreased to ca. half of the initial value. This is due to aer-

ial oxidation of Ag in the presence of NHand dissolution

in water as Ag(NI—j)g complex ions, which do not absorb
in the visible[2]. Addition of MA also led to a decrease in
the extinction intensity at the maximum, but the magnitude

of 11.1 M corresponds to particles shownFig. 1d, which
are uniformly coated and with a negligible amount of core—
free silica.

Thus, with [HO] = 11.1 M and [TEOSE 1 mM, ex-
periments with varying DMA concentrations between 0.2

of the damping was only of around 13% and saturated afterand 2.0 M were carried out. It was observed (see the sup-
2 h, while the maximum was red-shifted. This suggests that plemental material) that, while at [DMA% 0.4 M, TEOS
the optical effect is related to adsorption of the amines on the condensation was not complete, for [DMA]0.8 M, there

surface (rather than oxidation of Atp Ag't), possibly lead-

is significant silver core aggregation and formation of free

ing to a reduction in surface charge, which has been shown tosilica. This is clearly related to the influence of DMA con-

have the same effef21,22] In the case of DMA addition,

centration on the rate of hydrolysis of TEOS and condensa-

the damping and red-shift are very limited and completed tion into SiG.
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3.2.3. Control of silica shell thickness using various TEOS concentrations. At TEOS concentra-

For many applications of core—shell particles, such as tions below 0.5 mM, aggregation of the silver nanoparticles
photonic crystal$25], it is of paramount importance to pre- is observed, rather than formation of core—shell particles.
cisely control the thickness of the shell. In the system we Above 0.5 mM, no uncoated silver nanoparticles were ob-
are considering, the simplest approach to vary shell thick- served. At [TEOSE 0.5 mM, Ag@SiQ core-shell parti-
ness is to use different amounts of TEOS, which is used ascles are obtained with rather thin shells, but some of them
silica precursor. Although this can be performed stepwise contain multiple cores. At [TEOSE 1.0-4.0 mM, most of
after the deposition of an initial shell, we investigated the ef- the particles are quasi-perfect core—shells with just one sil-
fect of adding various amounts of TEOS in one single step. ver core and increasing shell thickness. Further addition of
Fig. 3 shows TEM images of Ag@ SiOparticles formed TEOS ([TEOS]= 6—-15 mM) can increase the shell thick-
ness, though a large amount of core free particles with sizes
of 80—90 nm were also generated, in which the proportion
of core—free silica particles formed was around 10% of all
the particles. A plot of the silica shell thickness as a function
of TEOS concentration is shown in the same figure, with
values ranging from 28 to 76 nm as the TEOS concentration
was increased from 1 up to 15 mM. This means that the shell
thickness can be controlled within a broad range.

3.3. UV-vis spectroscopy

Fig. 4shows extinction spectra of the citrate-protected sil-
ver sol and of Ag@Si@ particles with different silica shell
thickness. Ethanol was added to the silver sol, so that the wa-
ter concentration of the dispersion medium was 11.0 M (1:4
(v/v) water/ethanaol), as used for the sample§ig. 3. For
the silica shell thicknesses of 28—-48 nm, a single plasmon
band was measured, with maxima located around 408.5 nm,
i.e., red-shifted with respect to the uncoated nanoparticles
(Amax =399 nm) Fig. 4, inset). This is due to the increase
in the local refractive index around the particles. For the shell
thicknesses of 57—76 nm, a blue-shift of the plasmon band
to around 400 nm and a weakening in the apparent inten-
sity of the plasmon band were observed, which indicated that
the sufficiently large silica shell promoted significant scatter-
ing at shorter wavelengths. The surface plasmon absorption
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Fig. 3. TEM images of Ag@Si® prepared using total TEOS concentra-

tions of 0.1 (a), 0.5 (b), 1.0 (c), 2.0 (d), 4.0 (e), 6.0 (f), 8.0 (g), 10 (h), Fig. 4. UV-vis extinction spectra of citrate—Ag (a) and Ag@3igarticles

and 15.0 mM (i). The concentrations of water and DMA were 11.1 and With shell thicknesses of 28 (b), 36 (c), 48 (d), 57 (e), 63 (f), 71 (g), and
0.8 M, respectively. Arrows stand for core—free silica particles. (j) Plot of 76 nm (h). The inset shows the surface plasmon peak position (closed cir-
silica-shell thickness as a function of TEOS concentration. cles) and predictions by Mie theory (dashed line).
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