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Here, we report on the synthesis of silver nanoparticles (Ag-NPs) manipulating the pores of silica beads (SBs)
with sizes ranging from 0.5 to 1 mm. Silver ions were occluded inside the pores of SBs and in situ reduced to
Ag-NPs using Sodium borohydride (NaBH,4). SBs with different average pore diameters from 3.8 to 20 nm
were used to assess the effect of their pore sizes and porous structures on the formation of Ag-NPs. Obtained
results revealed that the silver amount occluded inside pores increases along with the increase of total pore
volume. The particle sizes of the synthesized Ag-NPs mainly distribute from 8 to 15 nm and vary with the
pore sizes and porous structure.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Silver nanoparticles (Ag-NPs) present distinct properties due to their
high surface-to-volume ratios, which are not observed in their bulk [1].
Therefore, they have been studied and applied in various fields [2,3],
but their applications are usually limited by high cost and workability
of nanosized particles. To overcome these drawbacks, silver nanoparti-
cles have been incorporated into various substrates like polymers and
inorganic oxide powders [4,5]. Among various substrates, porous silica
has proven to be effective to support Ag-NPs [5-9].

Generally, there are two methods to incorporate Ag-NPs into silica
substrate, including: (1) impregnation of silver ions into functionalized
silica, followed by a reduction process [5-7]; (2) silver ions occluded
into functionalized-free silica and then reduced to Ag-NPs [8-10]. In
the former method, silica is usually functionalized with a functional
group like thiol or amine. This method shows high effectiveness and
produces quite homogeneous Ag-NPs [11]; however it requires cost
and time for silica surface modification. The latter is relatively popular
to synthesize Ag-NPs and nanowires inside pores of mesoporous silica
such as MCM-41 and SBA-15, which contain small ordered pores and
are favorable to control nanoparticles, but synthesizing technique is
complicated and not suitable for applications at large [12-14].

Recently, sodium silicate based silica without surface modification
has been studied to support Ag-NPs. Silver ions can be co-precipitated
with silica [15] or impregnated into pre-prepared silica [16,17] and
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then reduced to silver metal. This is a cost effective and facile route
to prepare silver nanoparticle. Although several studies have synthe-
sized Ag-NPs and nanowires inside pores of that silica, there is a lack
of research on the effect of pore size and porous structure on the forma-
tion of Ag-NPs. Therefore, we herein report the synthesis of Ag-NPs in-
side the pores of silica beads (SBs) and assess the effect of their pores
on the size and loading amount of Ag-NPs.

2. Materials and methods
2.1. Preparation silica beads

Silica gel was synthesized via a sol-gel method by using sodium sil-
icate (Nay0-3.4 Si02, Shinwoo Materials Co., Ltd.) and 40% H,SO,4 (Duk-
san Pure Chemicals Co., Ltd.) as described elsewhere [18]. The obtained
gel was aged at various conditions i.e. (1) at acidic low temperature; (2)
basic high temperature; and (3) hydrothermal treatment. Accordingly,
silica gel aged at pH 9 for 50 h was hydrothermally treated at 180 °C
for 5 h to control its pore diameters to about 20 nm [19]. Aging condi-
tions were described in Table 1. The silica gel was dried at 180 °C for
5 h and crushed into beads with sizes ranging from 0.5 to 1 mm. SBs
with different pore size ranging from 3.8 t0 19.6 nm were denoted as
SBs38, SBs80, SBs130, and SBs200 as given in Table 1.

2.2. Preparation of silver nanoparticle containing silica beads
SBs (2 g) were placed into a 50 ml beaker containing 5 ml of

AgNO5; 37 mM (DaeJung Chemical and Metals Co., Ltd.) to generate
1% weight of atomic silver to SiO,. The beakers were covered and
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Table 1
Characteristics of SBs and Ag-NPBs.

Sample Aging conditions BET Pore Pore Silver
(m?/ volume diameter content
g)  (cm’  (nm) (%)

Temperature (°C) pH Time (h)

g)
SBs38 25 1 48 652 0.70 338 -
SBs80 80 9 20 417 101 7.8 -
SBs130 80 9 50 262 1.14 13.3 -
SBs200 180 9 5 134 06 19.6 -
SBA1 - - - 597  0.68 3.7 0.13
SBA2 - - - 384 097 7.6 0.16
SBA3 - - - 249  1.04 132 0.19
SBA4 - - - 134 064 19.6 0.11

shook for 3 h at 25 °C. SBs were filtered, quickly washed with 20 ml of
deionized water and dispersed into 20 ml of deinonized water in a
100 ml beaker. Then, 10 ml of NaBH4 50 mM (Duksan Pharmaceutical
Co., Ltd.) was added by a dropwise method under mixing conditions.
Silver nanoparticles containing silica beads (Ag-NPBs) were removed,
washed with deionized water, dried at 100 °C for 4 h. Ag-NPBs were
named as SBA1, SBA2, SBA3, and SBA4 corresponding to their silica
substrates i.e. SBs38, SBs80, SBs130, and SBs200, respectively. Charac-
terizations were done as described in a previous report [18]. For TEM
observation, samples were ground, dispersed in ethanol and then de-
posited on the copper grid covered with carbon layer and observed
with JEOL 2000 FX instrument. The silver loading amount was ana-
lyzed using inductively coupled plasma optical emission spectrome-
try (ICP-730-ES, Varian).

3. Results and discussion

Nitrogen adsorption-desorption method was used to investigate
BET surface area and porosity of samples. Fig. 1a presents sorption iso-
therms, which define the nature of the synthesized materials. The hys-
teresis loops revealed that SBs80, SBs130, and their silver containing
samples have well-defined pore channels, while SBs200 and SBA4 con-
tains less-defined pores. This is in good agreement with pore size distri-
bution shown in Fig. 1b, where SBs80 and SBs130 had relatively narrow
pore size distribution; conversely, SBs200 displayed a very wide distri-
bution in pore diameter. The isotherms were quite distinct for SBs38
and SBAT1: their desorption brands in hysteresis loops were steeper
than the adsorption one. This is associated with a hysteresis loop of
type H2, according to IUPAC classification, which indicated that the
pore shape of SBs38 is not well-defined or has the possibility of pore
blocking effects [20]. TEM images (Fig. S1 in Supplementary materials)
indicate that SBs38 has a condense structure with tiny channels, where-
as SBs200 contains large pores. Besides, SEM photographs of SBs show
that SBs38 are packed with small primary particles. As aging time and
temperature increase, the size of the primary particles increases and
the opening and larger pores are observed (Fig. S2 in Supplementary
materials). After supporting Ag-NPs, BET surface area, pore volume,
and pore size of SBs38, SBs80, and SBs130 decreased (Table 1). The de-
crease is likely due to the deposit of silver particles on their surface and
inside pores, which causes the blocks of small channels. Whereas, the
SBs200 has large pores, which are not blocked by silver nanoparticles,
therefore, their BET surface area and porosity are almost constant.

Representative TEM images of Ag-NPBs suggest that silver nanopar-
ticles were successfully created on free-functionalized SBs (Fig. 2) and
size distribution of Ag-NPs in SBA1 and SBA4 does not comply with
the pore size distribution in their silica substrates, while the size distri-
bution of Ag-NPs in SBA2 and SBA3 is coincidental with the pore size dis-
tribution in their counter SBs, SBs80 and SBs130, respectively (Fig. 1b,
inset). To investigate these differences, porous structure and pore size
of silica substrate have been taken into account. As seen in Fig. 1b, the
average pore size of SBs38 is about 3.8 nm, which is similar to that of
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Fig. 1. Nitrogen adsorption-desorption isotherms of the prepared materials (a), pore
size distributions measured by the BJH method (a), and size distribution of silver nano-
particles (b, inset).

ordered mesoporous silica, it showed a good capacity to support Ag-
NPs [12-14], however, the mean size of Ag-NPs in SBA1 is about 9 nm.
Explicitly, Ag-NPs were mostly formed in their large pores. The absence
of Ag-NPs in small pores is likely due to their specific porous structure.
As discussed, the narrow pore in SBs38 may encounter the pore blocking
effects creating ink bottle-like pores [20]. This structure is typically dif-
ferent with that of ordered mesoporous silica, which usually has an
open porous structure [21], and therefore, not favorable for Ag™ ions
to percolate into the pores. The sorption hysteresis loop presented in
Fig. 1a reflects that SBs200 contains less-defined and large pores,
which can be seen in TEM and SEM images (Figs. S1d and S2d in Supple-
mentary materials). The large pores are not good for maintenance of
AgNO; solution. Thus, most silver particles are formed by Ag™ ions
absorbed in small size pores. As mentioned above, SBs80 and SBs130
have well-defined pores, and therefore, are expected to give controllable
silver particles. In fact, the distribution of silver particle sizes in SBA2 and
SBA3 mostly coincided with pore size distribution of their counter SBs as
depicted in Fig. 1b. Unlike pore size, total pore volume does not affect
the size of Ag-NPs; however, it has considerable influence on the carrier
ability of SBs. As shown in Table 1, silver loading amounts in samples in-
crease along with pore volume. It is evident that the porosity plays an
important role in Ag-NPs loading capacity of SBs.

The crystallite of Ag-NPs was investigated by using XRD patterns.
In XRD patterns of Ag-NPBs (Fig. 3), diffraction bands at about 23°
are attributed to the amorphous structure of SBs. The detected
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Fig. 2. TEM images of prepared Ag-NPBs: SBA1 (a), SBA2 (b), SBA3 (c), and SBA4 (d).

peaks at 38° belong to reflection of the (111) lattice planes in the face
centered cubic structure of silver crystals. The faintness and absence
of other diffraction peaks are likely due to the small ratio of Ag-NPs
to SBs. However, the peaks obtained indicated the formation of silver
crystals in the Ag-NPBs samples.

4. Conclusion
Ag-NPBs were successfully synthesized by manipulating the pore

channels inside functionalized-free SBs. The amount and size of result-
ing Ag-NPs vary with the pore volume and porous structure of SBs,
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Fig. 3. XRD diffraction patterns of prepared Ag-NPBs.

respectively. SBs, which have average pore diameters smaller than
15 nm, well-defined shape pores and are free of a blocking effect, can
preserve Ag-NPs within their pores with particle size distribution coin-
ciding with pore size distribution.
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