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Abstract Spherical shaped, nanometer to micro meter
sized silica particles were prepared in a homogeneous
nature by spray technique. Silver nanoparticles were pro-
duced over the surface of the silica grains in a harmonized
manner. The size of silver and silica particles was effec-
tively controlled by the precursors and catalysts. The
electrostatic repulsion among the silica spheres and the
electro static attraction between silica spheres and silver
particles make the synchronized structure of the synthe-
sized particles and the morphological images are revealed
by transmission electron microscope. The silver ions are
reduced by sodium borohydride. Infra red spectroscopy and
X-ray photoelectron spectroscopy analysis confirm the
formation of silver—silica composite particles. Thermal
stability of the prepared particles obtained from thermal
analysis ensures its higher temperature applications. The
resultant silver embedded silica particles can be easily
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suspended in diverse solvents and would be useful for
variety of applications.
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Introduction

The glory of nanomaterials is imperative and stimulated its
various dimensions in nano-electronics, analytical chemis-
try, photonics, drug delivery, bio encapsulation, data
recording media, gas sensing, storage, electronic, optical,
and mechanical devices [1-7]. The large interfacial area,
mechanical, chemical, and optical properties afforded by the
nanomaterials promote the efficiency of the above fields.
Besides, the effective characteristics such as quantum-size
effect, nonlinear optical properties, and unusual lumines-
cence than that of their bulk materials influence its viable
applications [8—12]. But the applications of nanomaterials in
industries have been hampered by the difficulty in control-
ling their size and morphology in a bulk amount. This
impedes the commercial application of nanoparticles across
the global industries than the micro particles. Various tech-
niques have been adopted to synthesize the nanoparticles
such as ultra sonication, pretreatment steps in electro less
plating, electrostatic assemble method, and bi-functional
composite method. The uncontrolled flow of chemicals by
the above conventional methods leads to the aggregation as
well as nonhomogeneous nature of the nanoparticles and
even sometimes it leads to the formation of micro particles
too. It has also degraded the product quality and could not
provide the anticipated efforts in particle dispersal, which
makes the application process tedious.
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But through the spray technique, flow rate could be
effectively controlled, which avoids the aggregation and
promotes the homogeneous nature of the synthesized par-
ticles. The spray technique is well known for its rapidness,
applicable for the heat-sensitive materials, simplicity, high
purity, and the prospect of scale up [13, 14]. Among the
nanoparticles, silica and silver have been extensively used
in cosmetics, textiles, paints, bio-products, nanoscale
electronic devices, photographic emulsions, catalysis, pig-
ments, ceramics, optoelectronics, and the protection of
environmentally sensitive materials [15-18]. The above-
mentioned applications are being satisfied by a single
material, i.e., either by silver or silica. By combining the
above two materials, more remarkable properties can be
achieved and influences its viable applications in various
fields. In recent times, silver nanoparticles embedded silica
particles have been of great interest due to their potential
applications in electronic, optical, catalytic, bactericidal,
and fungicidal fields [19-21]. Hence, an attempt was car-
ried out for the synthesis of silver embedded silica particles
by spray method. The structural characterization and
thermal analysis of the synthesized particles are reported.
Moreover, by simply changing the content of precursors
and catalysts, a chance of nanometer to micrometer sized
particles is guaranteed and has reported as follows.

Experimental Section

Tetra ethyl ortho silicate (Si(OC,Hs)4, TEOS), ammonium
hydroxide (as a catalyst) distilled water, ethanol, silver
nitrate, and sodium borohydride were used as source
materials and were analytically pure. The spray equipment
has been designed according to the procedure described
previously [22]. Briefly, a quartz capillary nozzle is fitted
with a reservoir. One end of the reservoir is connected with
a round bottomed flask and another end is fixed with a
pressure regulator for the flow of nitrogen. The synthesis of
silica is described previously [13] and the synthesis of
silver—silica composite particles is described as follows:

Fig. 1 TEM images of 90 nm
silica particles

appropriate amount of TEOS (7.5 wt% for 90 nm in eth-
anol solution, 20.38 wt% for 1 pm in ethanol solution) was
taken in a reservoir. It was sprayed (pressure 10 psi) drop
wise in to the mixture of ammonium hydroxide (4.25 wt%
for 90 nm silica particles, 37.64 wt% for 1 pm silica par-
ticles in ethanol). Then appropriate amounts of aqueous
silver nitrate solution (4.75 wt% for 6-9 nm silver parti-
cles, 9.20 wt% for 30-34 nm silver particles) and sodium
borohydride were sprayed drop wise over the above mix-
ture and continuously stirred for 4 h at room temperature.
The particles were separated by the centrifugal machine.
The separated particles were washed twice with ethanol by
ultra sonication and dried in an oven at 80 °C for 4 h.

Conventional transmission electron microscope (TEM)
micrographs were recorded on (JEOL JEM-2010). FT-IR
spectra of the samples were recorded at room temperature
using Jasco FT-IR-300 E in the region 400—4,000 cm™".
Thermal gravimetric analysis was carried out using Perkin
Elmer instrument. The TGA measurements were carried
out under a nitrogen atmosphere with a heating rate of
10 °C/min from 30 to 800 °C. X-ray photoelectron spec-
troscopy (XPS) analysis was carried out on a Kratos
Amicus spectrometer (Kratos Analytical Ltd. Manchester,
England). The PL spectra of the synthesized particles were
measured by a spectrometer with a CCD detector (Jasco,
FP-6500).

Results and Discussion

Figure 1 shows the TEM microscopic images of silica
particles. From the images, it is clear that mono dispersed
and smooth surfaced 90-nm silica particles were obtained
from spray method under base-catalyzed condition.
Figure 2 a, b reveals the silver embedded nanometer sized
silica particles. The silver nanoparticles in the range of 3 to
6 nm were homogeneously mobilized over the surface of
the silica particle. The incorporation of silver particles does
not change the spherical morphology of silica particles.
Figure 2c indicates a much closer view of the silver
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Fig. 2 TEM images of a, b
3-6 nm sized silver embedded
90 nm silica particles and

¢ a closer view of the silver
nanoparticles

50 nm

Fig. 3 TEM images of a, b
30-34 nm sized silver
embedded 1 pm silica particles

particles embedded on the silica particle and ensures the
homogeneous nature of the synthesized silver nanoparti-
cles. The hydrolysis of tetra ethyl ortho-silicate (TEOS)
under alkaline condition resulted the Si(OH), tetrahedra. It
is followed by the condensation (polymerization) of the
dispersed phase material, which yielded three dimensional
silica nanospheres. The inclusion of ammonia promotes the
hydrolysis, which facilitated the condensation rate and
results in faster kinetics. The formed spherical shaped silica
particles are negatively charged under alkaline condition
and the repulsive electric forces highly capitulate mono
dispersed silica spheres [23]. The added aqueous AgNO;
solution has reduced in to silver ions by the inclusion of
sodium borohydride (NaBH,). The reduced silver particles
possess the positive charge and are being adsorbed on the
surface of the silica particles, which were negatively
charged. The silver ions were reduced first and then have
become the nucleus for the deposition of the nanosilver on
the silica particles. The electro static repulsion experienced
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between the silica nanospheres avoid the aggregation,
whereas the electro static attraction between the silica
spheres and silver leads to the attachment of Ag particles
on the silica surface. Figure 3 reveals the 30-34 nm sized
silver particles embedded on the 1 pm sized silica parti-
cles. From this, it is clear that with the variation of silica
and silver precursors concentration, nanometer to
micrometer ranged homogeneous particles could be pre-
pared without the change in any experimental parameters.
An increase in the precursors concentration effectively
promotes the size of the synthesized particles. The enroll-
ment of controlling size and homogeneity of the silver
embedded silica particles by the conventional methods is
tedious but from the spray technique nanometer to
micrometer sized particles can be effectively controlled
and ensures its viable applications in various fields.
Figure 4 reveals the EDX spectrum, and the presence of Si,
Ag, and oxygen elements indicates the formation of the
pure silver—silica composite.
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Fig. 4 EDX spectrum of silver embedded silica particles

Figure 5 shows the IR profile of pure silica and silver
embedded silica particles, the characteristic bands were
assigned as follows: the broad characteristic bands
observed at 3,440 and 1,640 cm~ ! are attributed for the
O-H stretching of molecular adsorbed water with hydrogen
bonds or to isolate OH and to the H-O-H bending vibra-
tion of molecular water, respectively. The asymmetric LO
and TO stretching bonds =Si—-O-Si= of the SiO, tetra-
hedron were assigned for the peaks found at 1,106 cm™'
along with the accompanied shoulder at 1,398 cm ™!,
respectively. The shoulder found at 953 cm™" attributed to
the Si—O-H stretching vibrations. Si—-O-Si symmetric
stretch of the obtained silica particles was observed at
800 cm™'. Si —O-Si or O-Si- O bending mode was
observed at sharp one located at 469 cm ™' and was shifted
to 471 cm™! for silica—silver composite. An intense peak
found at 1,384 cm™' was attributed for the silver particles
(Fig. 5b) [13, 24]. The separate bands for the silver—silica
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Fig. 5 IR profile of (a) silica particles and (b) silver embedded silica
particles

composites have not found out with a high intensity and
narrow width for the synthesized samples. But all the
characteristic bands of silica were shifted for the silver
embedded silica particles. The split and shifts of bands
observed from the IR spectra indicate the formation of
silver embedded silica matrix [25]. Since only infrared
peaks related to the SiO, surface layer and silver observed
from the infra red spectroscopic analysis indicates the high
purity of the prepared sample.

The thermal analysis of the prepared samples is given in
Fig. 6. A low percentile weight loss was observed for the
synthesized silica and silver embedded silica particles. The
first main weight loss was observed at around 100 °C and
attributed for the evaporation of weakly adsorbed water
molecules. The weight losses observed for silica and silver
embedded silica were 7.1% and 3.4%, respectively for this
region. The condensation of silanol groups yielded the
second weight loss at 200-350 °C. Here, the thermal
weight loss of silica and silver embedded silica were 8.32%
and 8.49%, respectively. The loss of water molecule via
condensation of silanol groups resulted in the third weight
loss at 700-800 °C and the thermal weight losses observed
in this stage were 10.85% and 12.62% [13, 26]. At lower
temperatures, pure silica particle experiences lower ther-
mal stability than the silver—silica composite material.
Though the incorporation of silver nanoparticles over the
silica matrix experiences lower thermal stability at higher
temperatures, a lower weight percentile loss obtained from
the thermal analysis ensures the thermal stability of the
synthesized silver embedded silica particles.

Figure 7 reveals the XPS spectrum of pure silica and
silver—silica composite matrix. The strong peaks observed
at 101.75 and 152 eV reveal the Siyp and Si,g spectrum and
confirm the presence of silica (Fig. 7a) [27]. The peak
found at 531.84 eV shows the O;g spectrum and attributed
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Fig. 6 Thermal analysis: (a) silica particles and (b) silver embedded

silica particles
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Fig. 7 XPS spectrum of (a) silica particles and (b) silver embedded
silica particles

to the OH groups, which are present in the surface of silica
[28]. Besides, a weak C;s peak was also observed at
282.4 eV in pure silica sample (Fig. 7a). This C,g signal
might be due to the incomplete hydrolysis of the alkoxide
precursor used for the synthesis of the pure silica particles.
These peaks confirm the formation of silica particle. The
above-mentioned pure silica XPS peaks were also observed
for the silver embedded silica particles as shown in Fig. 7b.
Besides, a doublet band observed at about 368.8 and
374.6 eV corresponds to the Ag3ds, and Ag3d;, spec-
trums, respectively, and confirms the presence of silver
over the surface of the silica particles [29]. No other peaks
observed in the XPS spectrum confirm the high purity of
the prepared samples.

Figure 8 reveals the PL spectrum of pure silica and sil-
ver—silica composites under the excitation wavelength of
250 nm. For the pure silica particles, a strong peak observed
at 301 nm was attributed for the origination of two-fold-
coordinated silicon lone-pair centers (=0-Si-O=). It
corresponded to the intrinsic diamagnetic defect centers. For
bare silica, both the photo excitation and radiative recom-
bination occurred within itself, whereas for silver-loaded
silica the distinguished increase in PL intensity was
observed. The PL emission at 310-370 nm from porous
silicon prepared by high temperature oxidation [30] or from
the silicon oxide film prepared with various deposition
techniques [31] has been observed and attributed to the
oxygen excess defects, such as a peroxy linkage —Si—O-O—
Si—. Qin et al. [32] have reported that the SiO, powder
annealed in O, at high temperature has a PL peak at 370 nm
and an obvious PLE peak at 280 nm monitored at the
emission wavelength. Garcia et al. [33] have found that the
silica coatings prepared via sol-gel in air show a PL spec-
trum dominated by a peak at 370 nm upon excitation with
322 nm light. In this study, the PL peak observed at 310 nm
is associated with the =Si-Si= oxygen vacancies. During
the implantation of silver ions over a silica matrix, a large
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extent of structural defects were resulted from the splitting
of the perfect =Si—O-Si= network and a peak at 310 nm
ensures the large concentration of =Si—Si= oxygen
vacancies. This oxygen vacancy is created by electronic
excitation effect as well as chemical reaction. Electronic
excitation creates depth profile of Si—Si bonds, whereas
chemical reaction creates the profile of implanted silver
ions. When the chemical reaction is predominant, implanted
ions chemically react with oxygen atoms in the silica net-
work structure for the formation of implant-oxygen bonds
and leaving Si-Si bonds [34]. The PL peak found at 358 nm
was attributed to the atomic silver. The Ag oligomers dis-
persed within the pores of silica formed by the reduction of
AgNO; were clearly evidenced from the above peak and
ensure their complete incorporation and higher chemical
stability [35]. The harmonious distribution of nanosized
silver particles, optical, electrical, catalytic, microbicidal
properties of the composite makes its potential application in
nano-electronics, nonlinear optical devices, catalysts,
delivery of drugs, sensors, bactericidal, and fungicidal fields
and are assigned as follows: silver—silica composite
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Fig. 8 PL spectrum of a silica particles and b silver embedded silica
particles
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materials exhibit excellent antibacterial characteristics even
at the lower concentrations and are nontoxic. Organic
materials based antibacterial agents are chemically unstable
and cannot be utilized under precise conditions. But it was
effectively tackled by the silver embedded silica particles
due to its high anti antibacterial and chemical durability. In
general, the oxidation of alcohols had been catalyzed by
chromium. Due to its high cost and harmful nature, it was
greatly avoided for utilization. The silver—silica composite
catalyst induces the high conversion rate of the alcohols
oxidation due to its highly exposed surface, which is
responsible for more reaction sites [36]. The presence of
silver clusters in silica promotes the third-order optical non-
linear susceptibility, which leads to an intensity-dependent
refractive index thus allowing the scheduling and the
development of all-optical switching devices. The well-
adsorbed silver nanoparticles inside the channel of silica
completely reduce the catalyst leaking. It makes the catalyst
stable and anti-contaminated, which lead to a promoted
sensor for the determination of hydrogen peroxide [37]. The
tunable pore sizes with narrow distributions and well-
defined surface properties of the composite allowing them to
adsorb certain kinds of drugs and release these drugs in a
more reproducible manner and find their application in drug
delivery [38]. Besides the present results suggest that the
fused silica could generate different photoluminescence
emission, excited with different incident beams, which can
be interesting for applications in the optoelectronic field.

Conclusion

With the variation of precursors and ammonium hydroxide,
silver embedded silica particles with different particle sizes
were synthesized. Harmonized size and spherical shape of
the particles were confirmed by morphological images.
EDX, infra red spectroscopy, and XPS measurements
ensure the formation of silver embedded silica particles and
its high purity. Harmonized distribution of silver embedded
silica particles prepared by the novel spray technique has
proven as a prevailing approach for the synthesis of silver
embedded silica nanoparticles.
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