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The effect of different reaction time on the structural and optical properties of porous SiO,
nanoparticles by simple precipitation method was comprehensively studied in this work. In
this study, an aqueous sodium silicate was reacted with ethanol in deionized water and
stirred between 30 to 180 min as for mixture to react. The filtered product was subjected to
drying and characterized by X-ray diffraction (XRD), transmission electron microscopy
(TEM), Fourier transform infrared reflection (FTIR), surface area analyzer, Raman and
UV-Vis spectroscopy. The produced SiO, nanoparticles powder was in amorphous form
with the average particle size less than 100 nm. The sample with reaction time 90 min
shows fine porous characteristic with the highest specific surface area and average pore
volume. This different characteristic also gives a significant change in optical properties of
the final product.
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1. Introduction

Silica (SiOy) is one of the materials used in various applications according to the targeted
application due to its excellent physicochemical, mechanical and optical properties especially in
displays and lighting devices [1]. The research on the performance of the SiO, mainly depends on
its density, size, surface area, and structural properties. Nowadays, nanosize particles with porous
and hollow inner core structure has attracted considerable interest due to the advantage during
synthesis and utilization in medical (drug delivery) [2], catalysis [3] and electro-optical [4,5].
Mostly, SiO, nanoparticles were synthesized by sol-gel, reverse microemulsion and flame
synthesis method [6] involving hydrolysis and condensation reaction of metal alkoxide (Si(OR),)
such as tetraethyleorthosilicate (TEOS) or inorganic salt such as sodium silicate in the presence of
acid or base as catalyst. The combination of silicon tetraacetate with poly(vinyl pyrrolidone)
(PVP) as capping agent to produced SiO, nanoparticles by simple heat treatment method was
reported by Alibe [7]. The use of TEOS and silicon tetraacetate as a silica precursor can give some
drawback due to its toxicity and relatively expensive [8]. For that reason, sodium silicate or water
glass was among the choices as to produce SiO, porous nanoparticles. The availability, low in cost
and toxicity during the handling process has given it an advantage. Moreover, the source sodium
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silicate also can be from industrial or agricultural waste materials for example from coal fly ash [9]
and rice husk [10,11].

The synthesis of SiO, porous nanoparticles usually involving the use of surfactant along
with catalyst agent of acid or base and by several methods such as sol-gel, co-precipitation,
hydrothermal [12,13]. Alongside with the cheaper precursor, the application of simple synthesis
process can give benefit in term of production cost.

In this work, a simple precipitation process was choose to produced porous SiO,. The
aqueous sodium silicate was used as a silica source and reacted with ethanol without using of
templates or surfactant. The effect of reaction or stirring time after the mixing of both precursors
was studied by X-ray diffraction (XRD), transmission electron microscopy (TEM), Fourier
transform infrared reflection (FTIR) spectroscopy, surface area analyzer and Raman spectroscopy.

2. Experimental

2.1 Synthesis of silica nanopowder

The synthesis of silica nano powder was based on the modification of simple precipitation
method for silicate preparation [14, 15]. Firstly, 10 ml of sodium silicate solution (> 27% SiO,)
from Sigma Aldrich was mixed with 300 ml of deionized water. Then, 90 ml of ethanol (95%)
from Systerm was added to the mixture and sudden reaction formed semi transparent white
suspension. The resulting mixture was stirred with magnetic stirrer at speed of 500 rpm in room
temperature for reaction time from 30 to 180 min. At the end of reaction time, the suspension was
filtered with membrane filter connected to vacuum pump and washed with deionized water for
several times in order to rinsed the remaining by products. The wet suspension was put to drying
in oven at 90°C for 24 hours.

2.2 Characterizations

To study the structural characteristic of synthesized SiO, nanopowder, the sample was
characterized by XRD (PANalyticalX’pert PRO PW 3040 MPD), TEM (Hitachi H-7100) and
FTIR spectrometer (Perkin Elmer Spectrum 100). In addition, the optical property was
characterized using UV-Visible (Shimadzu UV-3600) spectrometer for optical absorption and
band gap determination. Surface area analysis by nitrogen gas adsorption and desorption studies
were carried out on a Belsorp Mini Il operated at 250 °C for 3 hr and Raman spectroscopy (Witec
Alpha 300R) at 532.14 nm excitation wavelength.

3. Results and discussion

Porous SiO, nanoparticles were produced by simple co-precipitation reaction of aqueous
sodium silicate and ethanol. The samples denotes as S1, S2, S3, S4 and S5 for reaction time of 30,
60, 90, 120, and 180 min respectively. Fig. 1 shows XRD diffractogram of SiO, nanoparticles that
reveals all of sample are amorphous. The infrared spectroscopy in Fig. 2 shows the significant
peak at 1072 cm™ corresponds to asymmetric vibration of the siloxane bond, Si-O-Si [11] and it
have no significant difference with other samples. The peak located at 957, 797 and 448 cm™ are
assigned to Si-OH asymmetric bending vibration, Si-O symmetric stretching vibration and bending
vibration [16]. The present of absorption at 3408 and 1638 cm™ belonged to —OH stretching
vibration of the silanols or absorbed water molecules on the surface. The silica characteristic
clearly be seen in S3 sample by vibrational peak at 1072, 957, 797 and 448 cm™ that are assigned
to asymmetric stretching of Si-O-Si, symmetric stretching of SiO,, torsional vibration modes of
SiO, and asymmetric deformation of SiO,4 respectively [17,18,19,20]. The asymmetric stretching
of Si-O-Si also reported as a surface silanol group bending peak [21] because of the availability of
hydroxyl due to drying at 90°C.
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Fig. 1. XRD diffractogram of (a) S1, (b) S2, (c) S3 and (d) S4
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Fig. 2. FT-IR spectrum for S4

Fig.3 shows TEM image of the spherical shape of nanoparticles with the average radius
gradually increased between 75.41 to 99.03 nm with increase of reaction time. Agglomerations of
particles start to form at 120 min stirring time. Although the outer layer looks like the same, the
transparent like a blotch within the spherical nanoparticles was observed due to the less in density
of the inner core shell. From the N, adsorption and desorption isotherm and the pore size analysis,
the average pore size was higher for samples synthesis for sample with 30, 60 and 90 min reaction
time (Table 1) with the highest at 90 min. The samples with reaction time 30 and 90 min exhibit a
type Il isotherm according to IUPAC classification [22,23] that referring to weak gas-solid
interaction basically for nonporous or microporous materials. In accordance with this result, it
supports the existence of porosity within the spherical nanoparticles as in TEM images. The high
absorption at the relatively p/p,>0.8 point out that nitrogen gas was blocked from infiltrating the
inner shell structure at lower pressure because of the dense outer layer. For the samples reacted at
120 and 180 min, the dense particles which reduced in pore within the core shell was observed.
From the Brunauer-Emmett-Teller (BET) specific surface analysis, the values decreased from
34.149 to 21.570 m’g™ with reaction time (Table 1) because of the increased of particles size and
agglomeration at higher reaction time of the nanoparticles.

The reaction of SiO, nano particles produced by reacting aqueous sodium silicate with
ethanol is basically the hydrolysis and condensation reaction. When sodium silicate was diluted in
deionized water, hydrolysis reaction formed Si(OH), and sodium ions. When added to ethanol, the
forming of semi transparent white suspension indicates the grown of silicate particles. The
washing of solid precipitated during vacuum infiltration has extracted the unsolidified silicate
anions due to its high solubility in water [15]. This gives the porous like structures depending on
the reaction time and for longer time, the dense particle was observed.
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Fig. 3. TEM image for (a) S1, (b) S2, (c) S3 and (d) S4

Table 1 Effect of reaction time to the BET specific surface area and pore properties

Average BET specific Total pore Average pore
Sample diameter (nm) surface area volume diameter
(m* g™ (cm’ g”) (nm)
s1 7541 34.149 0.4011 52.80
S2 86.51 29.310 0.4508 54.75
S3 86.73 29.308 0.4804 54.73
sS4 91.33 22.715 0.0293 5.15
S5 99.03 21.570 0.0264 3.35
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Fig. 4. Nitrogen gas adsorption/desorption isotherm of SiO, nanoparticles
for 30 and 90 min reaction time

The effect of reaction time can be further evaluated by Raman spectra. In Fig.5, the
intensity of the band between 350 to 500 cm™ wavelength was observed. In this range of
wavelength, the number of membered Si-O ring can affect the band peak characteristic. The
breathing mode of 4-membered rings, known as D1 line (~490 cm™) was low in intensity for S1,
S2 and S3. The lowering of this band was related to the observation of the larger pores [24].
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The R-band (~440cm™) that associated with Si-O-Si oxygen vibration or oxygen bond
angle, exhibit the increased of peak band for S4 and S5 sample. It seems possible that these results
are due to the higher mean intertetrahedral bond angle compared to S1, S2 and S3 sample. This
finding support the formation of smaller rings that could attributed to smaller particles size. This
results agrees with the findings of another study in which the Raman spectra can be use to
differentiate the structure or properties of the core and surface shell of SiO, nanoparticles [25].
The effect of reaction time to the structural relaxation for the R-band shift is certainly due to the
different structure of SiO2 nanoparticles inner core as shown in TEM and pore properties. The
shift of R-band shows that the shell surface characteristic is dominant in the spectra revealing the
lowering of membered rings, thus lowering Si-O-Si angle [26].
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Fig. 5 Raman spectra (range 200-900 cm™) for (a) S1, (b) S2, (c) S3, (d) S4 and (e) S5

0.4+

0.3 1\ E om

Absorbance

02 LR

oo \MM'VW,‘J%,\M ,WJ\'"'ﬂf\"hﬁ.vp\lmw'“‘%’uﬂﬂﬂ“\,ﬂw'fu'ﬂ Jﬂ:hﬂu,‘

R AT "/RM Y v\alwwy\,‘m

0.0 T T T T T T
200 300 400 500 600 700 800

Wavelength (nm)

Fig. 6 UV-Vis absorbance spectra for (a) S1, (b) S2, (c) S3, (d) S4 and band gap calculation (inset)

Optical properties likewise FT-IR and Raman spectra, UV-Vis are usually sensitive to any
nanocrystal surface. Fig 6 shows UV-Vis spectrum of amorphous silica nanoparticles with
different reaction time. The strong absorption edge is observed at 300 nm wavelength. The optical
band gap was determined from absorption coefficient value. The relation is given by equation (1)

(x hv)? = A(hv — Eg) (D

With A as a constant, the photon energy is denoted by hv and Eg is the optical energy
band [27]. Fig.6 is the plot of (< hv)? versus hv and values of linear region from individual plot
lines to x-axis intercept will give optical band gap value. The band gaps were 4.34, 4.61, 4.75 and
4.68 eV for sample S1, S2, S3, and S4 respectively. The sample with reaction 90 min reaction time
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gives the highest band gap. This can be related to the porosity characteristic exhibit by this sample
as depicted in Raman and surface area analysis.

4. Conclusions

An amorphous SiO2 nanoparticles was successfully synthesis by precipitation reaction of
sodium silicate with ethanol. The XRD diffractogram and IR spectra shows the amorphous phase
and the formation of Si-O bond.

The porosity and surface area of nanoparticles depends on the reaction time after mixing
with the highest porosity at 90 min reaction time and denser particles produced with longer
reaction time. The particular properties of the inner core of particle revealed in Raman spectra,
shows the dominant characteristic of porous SiO, nanoparticles.
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