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Abstract Rice husk ash is a cheap raw material available in
abundance in rice-growing countries. It contains around 85–
90 % amorphous silica. Rice husk ash, when subjected to a
simple chemical precipitation method, will produce nanosil-
ica which can be used for many industrial and technological
applications. In this work, we have successfully synthesized
nano-sized silica from local rice husk ash and prepared the
nanocomposite solid polymer electrolyte, PEO9LiTf:SiO2.
The resulting electrolyte has been characterized by X-ray
diffraction, differential scanning calorimetry, atomic force
microscopy, Fourier transform infrared spectroscopy, and
complex impedance spectroscopy. The electrolyte shows
about a 12-fold increase in ionic conductivity at room tem-
perature due to the silica filler. In the nanocomposite electro-
lyte, nanosilica particles obtained from rice husk ash behaved
very similarly to the commercial grade nanosilica and had a
size distribution in the 25- to 40-nm range. As already sug-
gested by us and by others, the O2− and OH− surface groups
in the filler surface interact with the Li+ ions and provide

hopping sites for migrating Li+ ions through transient H
bonding, creating additional high-conducting pathways. This
would contribute to a substantial conductivity enhancement
through increased ionic mobility. An additional contribution
to conductivity enhancement, particularly at temperatures
below 60 °C, appears to come from the increased fraction
of the amorphous phase, as evidenced from the reduced
crystallite melting temperature and the reduced enthalpy of
melting due to the presence of the filler.

Keywords Rice husk ash . Nanosilica . PEO:LiTf
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Introduction

Nanosilica from rice husk ash

Rice husks or rice hulls are the outer cover of the rice grains in
a rice plant. To provide natural protection to the rice seed
during the growing period, the husk is made of hard materials,
including opaline silica and lignin. The husk is indigestible to
humans. During the rice milling process, the husks are re-
moved from the grain to create brown rice, which is then
milled further to remove the bran layer, producing white rice.
Rice husks are an inexpensive by-product of rice milling and
are available in abundance in most rice-producing countries.

A number of rice-producing countries including India,
Thailand, and China are currently conducting research on
many possible industrial uses of rice husk. During the mill-
ing of paddy, about 78 % of weight is received as rice,
broken rice, and bran. The remaining 22 % of the weight
of paddy is received as husk. For every 1,000 kg of paddy
milled, about 220 kg (22 %) of husk is produced, and when
this husk is burnt in the boilers, about 55 kg (25 %) of rice
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husk ash (RHA) is generated. About 20 million tons of RHA
is produced annually worldwide. This RHA is a great envi-
ronment threat causing damage to the land and the surround-
ing area in which it is dumped. Lots of ways are being thought
of for disposal by making commercial use of this RHA.

Rice husk contains about 75 % organic volatile matter, and
the remaining 25% of the weight of this husk is converted into
ash when rice husk is burnt. This RHA in turn contains around
85–90 % amorphous silica. RHA, when subjected to a simple
precipitation method, will produce nanosilica. The precipita-
tion can be done, for example, by refluxing RHA silica in
boiling NaOH. Thus, we have a simple chemical method
which can be performed in any chemistry laboratory to obtain
nanosilica from rice husk ash, which is a very cheap raw
material available in abundance in rice-growing countries.

The use of nanosilica from RHA in nanocomposite PEO-
based polymer electrolytes

Solid polymer electrolytes are emerging as a class of techno-
logically important novel materials for various applications
such as high energy density lithium ion rechargeable batteries,
fuel cells, supercapacitors, photoelectrochemical solar cells,
electrochromic displays, and smart windows. Among these,
poly(ethylene oxide) (PEO)-based polymer electrolytes appear
to be among the best candidates to be used as polymer electro-
lyte membranes because of their solvation power, complexion
ability, and ion transport mechanism directly connected with
the alkaline salt (Li+). However, the ionic conductivity of PEO:
LiX (X0ClO4

−, CF3SO3
−, BF4

−, PF6
−, etc.) electrolytes at

ambient temperature are in the 10−7- to 10−6-S cm−1 range,
not high enough for most practical applications. In order to
enhance the ionic conductivity of PEO-based polymer electro-
lytes, various strategies have been employed [1, 2]. Ionic
conductivity enhancement in these polymer electrolytes have
been achieved mainly by using two techniques [3, 4]. One is
the dispersion of nano-sized inorganic ceramic filler particles
such as Al2O3, SiO2, and TiO2 in the polymer electrolyte to
produce nanocomposite solid polymer electrolytes [3–9]. The
other technique is the incorporation of low-molecular-weight
plasticizers such as ethylene carbonate, propylene carbonate,
and polyethylene glycol into the conventional PEO–LiX sys-
tems to produce plasticized polymer electrolytes [7, 10, 11].
Plasticization is the conventional way to reduce the crystallinity
and increase the amorphous phase content of the polymer
electrolytes. However, conductivity enhancement in plasticized
polymer electrolytes is achieved at the expense of their me-
chanical strength [8, 9]. The addition of nano-sized ceramic
fillers, on the other hand, would lead to an enhancement in
conductivity while retaining the mechanical strength of the
polymer electrolyte membrane. This paper reports the result
of a study on the electrical conductivity enhancement of a PEO-
based polymer electrolyte prepared by incorporating nano-

sized silica obtained from rice husk ash. The resulting PEO9-

LiTf+10 wt% SiO2 nanocomposite polymer electrolyte has
been characterized byX-ray powder diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), atomic force micros-
copy (AFM), differential scanning calorimetry (DSC), DC
polarization tests, and ionic conductivity. The best nanocom-
posite electrolyte has shown about a 12-fold increase in lithium
ion conductivity at room temperature due to the incorporation
of the silica filler. As far as we are aware, this is the first report
of using nano-sized silica powder synthesized from rice husk
ash for ionic conductivity enhancement in a polymer
electrolyte.

Experimental

Preparation of nanosilica from rice husk ash

Pure silica powder was obtained from RHA using the meth-
od reported by Thuadaij et al. [12]. RHA was washed with
distilled water and burnt at 700 °C for 6 h. Of the RHA
sample, 10 g was stirred in 80 ml of 3.0 N NaOH solution
and boiled in a covered Erlenmeyer flask for 3 h. The
solution was filtered and the residue washed with 20 ml of
boiling water. The filtrate was allowed to cool down to room
temperature; 5 N H2SO4 was added until the pH reaches 2
and then NH4OH added until the pH reaches 8.5. Then, the
filtrate was kept at room temperature for 3.5 h and subse-
quently dried at 120 °C for 12 h (Fig. 1a, b).

Reactions:

SiO2 þ 2NaOH ! Na2SiO3 þ H2O
Na2SiO3 þ H2SO4 ! SiO2 þ Na2SO4 þ H2O

It is interesting to note that 18 g of RHA gives about 11 g
of pure silica, yielding a 65 % conversion.

Pure silica obtained from RHA was refluxed with 6 N
HCl for 4 h and washed repeatedly using distilled water. It
was then dissolved in 2.5 N NaOH by continuous stirring
for 10 h. After that, conc. H2SO4 was added to adjust pH in
the range of 7.5–8.5. The precipitated silica was washed
repeatedly with warm distilled water until the filtrate be-
came completely alkali-free and dried at 50 °C for 48 h in
the oven to obtain nanosilica powder (Fig. 1c).

Preparation of polymer electrolyte films

PEO (MW04×106), SiO2 (size, 10–20 nm; specific surface
area, 390 m2 g−1), and lithium trifluoromethanesulphonate
(LiCF3SO3), commonly known as lithium triflate (LiTf,
purchased from Aldrich), were used as starting materials
along with RHA nano silica. Prior to use, PEO, LiTf, and
SiO2 were vacuum-dried for 24 h at 50, 120, and 200 °C,
respectively. PEO (0.5 g) and LiTf (0.197 g) were dissolved
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in acetonitrile so that the oxygen-to-lithium ion ratio is 9:1.
The above mixture was stirred for 24 h at room temperature,
the slurry was cast on a Teflon support, and the solvent was
allowed to evaporate. The resulting polymer electrolyte film
was vacuum-dried at room temperature for 24 h. Nanocom-
posite polymer electrolyte samples were also prepared using
the aforementioned procedure by adding 10 wt% nano-SiO2

filler obtained from rice husk ash (or commercially pur-
chased) for the total weight of PEO+LiTf electrolyte.

Characterization of nanosilica

to the total conductivity in a solid electrolyte has been the
Wagner DC polarization method [13].

We have used Wagner’s DC polarization technique where
the electrolyte sample was sandwiched between two ion
blocking electrodes and a constant DC potential of 2 V was
applied across the sample by a potentiostat; the resulting
current was monitored by a sensitive digital multimeter as a
function of time. Under the influence of the DC field, cations
migrate to the negative electrode and anions to the positive
electrode, thus polarizing the material. When the back poten-
tial created by the concentration gradient exactly opposes the
applied potential, the ions no longer carry current and the cell
is completely polarized. Thus, any resulting steady-state cur-
rent is only due to electronic contribution. Just after switching
on the circuit, the initial total current, It, started to quickly
decrease with time, corresponding to the polarization of ionic
species in the electrolyte, and becomes constant in the fully
polarized situation. At this steady stage, the residual current is
only electronic current (Ie). We have used the DC polarization
measurements to establish that the material is predominantly
an ionic conductor and not to calculate the ionic and electronic
transport numbers. This is because, experimentally, the actual
value of the initial total current (at time t00) is difficult to
measure accurately. This is an inherent limitation of this
method. Also, for a measurement with reasonable accuracy,
the electrode overpotential, which is the potential drop at the

Fig. 1 Photographs of rice
husk ash burnt to 700 °C (a),
prepared pure silica (b), and
prepared nanosilica (c)

Fig. 2 X-ray diffractograms of synthesized nanosilica and commer-
cially available silica
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The phases of the RHA nanosilica obtained from RHA and
also commercially purchased nanosilica were determined us-
ing powder X-ray diffraction. The major chemical groups
present in nanosilica from RHA were identified by FTIR
spectroscopy using Thermo Scientific Nicolet 6700 FTIR
spectrometer in the transmission mode with a resolution of
4 cm−1. The particle size and morphology were examined
using Veeco Caliber SPM/AFM. With the assumption of
spherical shape, the size of the particles was determined from
the number-averaged particle diameter. For this, a nanosilica
sample (1 mg) was sonicated for 2 h in acetone (20 ml) and a
small amount of silica suspension taken using a dropper and
spread on a thin glass slide of 1-cm2 size. The glass slide was
then scanned in the tapping mode. All the above characteriza-
tion methods were repeated using commercially available sil-
ica as well, and the results were compared with the results
obtained for the nanosilica synthesized fromRHA. For thermal
analysis, measurements were taken using a Mettler Toledo
differential scanning calorimeter covering a temperature range
from −120 to +120 °C at a heating/cooling rate of 10 °C min−1.

Electrical characterization of composite solid polymer
electrolyte films

Wagner’s DC polarization method

For a solid electrolyte to be used as a separator in electro-
chemical devices, such as rechargeable batteries, fuel cells,
super capacitors, etc., the electronic conductivity must be
negligibly small compared to the ionic conductivity in order
to minimize internal short circuiting and to achieve higher
power densities. Due to its simplicity, the most widely used
technique to estimate the ionic and electronic contributions



two blocking electrodes, should be taken into account, unless
they are negligibly small. If one is interested in actually
determining the ionic and electronic transport numbers accu-
rately, a better method would be to use a four-probe technique
instead of the usual two-electrode method [14].

Impedance measurements

The ionic conductivity of the polymer electrolyte sam-
ples was determined by the AC complex impedance

method with a computer-controlled Solatron SI-1260
impedance analyzer in the frequency range 20 Hz–
10 MHz. Disc-shaped thin films sandwiched between
two stainless steel electrodes were used for impedance
measurements. The temperature of the sample was var-
ied from 30 to 80 °C at approximately 5 °C intervals.
The temperature of the sample was allowed to stabilize
at each measuring temperature for about 30 min. The
ionic conductivity at each temperature was extracted
from the impedance data.
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Fig. 3 FTIR spectra of
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synthesized from rice husk
ash (b)
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Results and discussion

The XRD diffractogram of nanosilica synthesized from
RHA shows a strong broad peak between 21° and 25°
(2θ), suggesting that the silica powder is in the amorphous
phase. The XRD diffractograms of RHA and rice husk ash
burnt at 700 °C show similar strong broad peaks between
21° and 25° (Fig. 2).

The FTIR spectra of commercial grade nanosilica and
RHA nanosilica are shown in Fig. 3a, b. Both spectra show
similar features, confirming that what we have obtained
from RHA is pure nanosilica. Some major chemical groups
present in silica can be identified in these spectra. These
peak assignments are shown in Table 1. Here, we refer to the
band positions of the RHA silica spectrum.

The characteristic bands at 1,099, 798, and 463 cm−1

correspond to the Si–O–Si stretching, bending, and out-of-
plane deformation of Si–O bonds, respectively. The

corresponding positions for the commercial nanosilica are
at 1,090, 804, and 463 cm−1, respectively. The peak at
1,640 cm−1 seen in the spectra of both samples can be
attributed to the C–O stretching of carbon impurity atoms
in the sample.

The above observations agree well with the FTIR
spectra of silicon dioxide thin films deposited by metal
organic-based plasma-enhanced chemical vapor deposi-
tion by Shokri et al. [15], for nanosilica prepared using
the sol–gel method by Waseem et al. [16], and for
amorphous silica prepared from oil shale residue by
Xu et al. [17]. The weak band appearing at 617 cm−1

for the RHA nanosilca is characteristic of the crystalline
cristobalite which may be present as a trace impurity
originated during the burning of rice husk [18]. The
mineral cristobalite is a high-temperature polymorph of
silica having the same chemical formula, SiO2, but a
distinct crystal structure. The very weak absorption band
at 972 cm−1 seen for both nanosilica samples can be
attributed to the Si–OH stretching modes of surface
silanol, as seen by other groups as well [16, 19, 20].

According to the AFM images shown in Fig. 4, the
nanosilica particles obtained from rice husk ash exist in
agglomerate form. These silica particles do not possess a
uniform particle size, but had size distribution in the 25- to
40-nm range.

DSC thermograms obtained during the second heating run
for the electrolyte samples containing 10 % SiO2 (RHA) and
10% SiO2 (Comm) are compared in Fig. 5. The weights of the
electrolyte samples with commercial silica filler and RHA
silica filler are 9.4 and 19.3 mg, respectively. Measurements
were taken during the second heating run in order to eliminate
the negative effects due to the thermal history of the sample.

Table 1 Assignment of FTIR peak positions to possible vibration
modes of commercially available nanosilica and nanosilica produced
from RHA

Mode Wavenumber (cm−1)

Commercial SiO2 RHA SiO2

Si–O bending 463 463

Cristobalite – 617

Si–O out-of-plane deformation 804 798

Si–OH stretching modes 972 972

Si–O–Si stretching 1,090 1,099

C–O stretching 1,640 1,640

Fig. 4 Atomic force
microscopy photograph of
nanosilica grains obtained from
rice husk ash exhibiting grain
size and grain distribution. Area
shown in the picture correspond
to 2.25 micron × 2.25 micron
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The two traces and the positions of thermal transitions are
essentially the same for both samples, indicating that the
nanosilica obtained from rice husk has the same thermal
behavior as the commercial nanosilica. We have performed
the DSC scans mainly as a comparative test to compare the
thermal behavior of the polymer electrolyte with RHA nano-
silica and with commercial nanosilica. Both samples show a
crystallization peak, followed by a melt peak, as expected.
The crystallization peak around 20 °C is very likely due to the
delayed crystallization of the material.

The glass transition temperatures (Tg) and the melting
temperatures (Tm) of PEO9LiTf+10 wt% SiO2 (RHA) elec-
trolyte, determined using DSC measurements, are −43.5 and
56.5 °C, respectively. The Tg of filler-free electrolyte is
−44 °C, according to this work (curve not shown) as well
as our previous work [31]. Although the Tg remains essen-
tially unchanged compared with the filler-free sample, the
PEO crystallite melting temperature, Tm, has been reduced
by about 5 °C due to the filler, suggesting that the PEO
crystallite size has reduced due to the presence of the SiO2
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filler. According to our previous work on PEO9LiTf+10 %
(wt) Al2O3 system, Tm has reduced from 58 to 54 °C due to
the addition of 10 wt% nano-Al2O3 filler [31]. The results
for the nanosilica-added system appear to follow the
same behavior. We infer from the drop in the value of
the PEO crystallite melting temperature, Tm by about
5 °C, that the crystallite size has diminished, suggesting
an increase in the fraction of the amorphous phase in
the filler-added composite material.

The values of the melting enthalpy change of the filler-
added samples, calculated from the area under the melting
peak of the corresponding DSC isotherm and normalized to
the weight of PEO in the sample, areΔHm(comm)052.1 Jg−1

and ΔHm(RHA)050.6 Jg−1 for the commercial silica-added
sample and RHA silica-added sample, respectively. As the
reference ΔHm (neat PEO), we will use the melting enthalpy
for 100 % crystalline PEO as 213.7 Jg−1, taken from [22, 23].
We can therefore calculate the relative percentages of crystal-
linity in each sample as follows:

Xc commð Þ ¼ ΔHm commð Þ=ΔHm neat PEOð Þ½ � � 100

¼ 52:1Jg�1=213:7Jg�1
� �� 100 ¼ 24:4%

Xc RHAð Þ ¼ ½ΔHm RHAð Þ=ΔHm neat PEOð Þ� � 100

¼ 50:6Jg�1=213:7Jg�1
� �� 100 ¼ 23:7%

The crystallinity of neat PEO, according to [20], is
84.87 %. According to the above result, the crystallinity
has reduced considerably due to the incorporation of the
salt LiTf as well as the silica filler. The percentages of
crystallinity in the two filler-added samples are comparable,
providing further evidence to the similarity in their behavior
in the nanocomposite electrolyte. Reductions of the crystallite

melting temperature, Tm, and the crystallinity, Xc, both suggest
that the interaction between the polymer and the filler has
caused a reduction in the crystallite size of the polymer,
thereby increasing the fraction of the amorphous phase
content.

From the DC polarization test results of the nanocompo-
site polymer electrolyte with RHA nanosilica, it was ob-
served that the current through the DC voltage-based sample
rapidly decays with time and goes to a very low steady value
after about 80 min (Fig. 5). Under the influence of the DC
field, cations migrate to the negative electrode and anions to
the positive electrode. As the cell polarizes, charge carriers
blocked at inner dielectric boundary layers (on the meso-
scopic scale) or external electrodes (on a macroscopic scale)
lead to a separation of charges. When the back potential
created by the concentration gradient exactly opposes the
applied potential, the ions no longer carry current and the
cell is completely polarized with respect to the ionic species.
Thus, any resulting steady-state current is only due to the
electronic contribution. The shape of the current vs. time
curve suggests that conductivity is predominantly due to the
ions in the polymer electrolyte (Fig. 6).

Variation of ionic conductivity with inverse temperature
from 30 to 80 °C is shown in Fig. 7 for composite polymer
electrolyte samples containing 5, 10, and 15 wt% nanosilica
from RHA and also for the filler-free sample. From Figs. 7
and 8, it is clear that the conductivity has been substantially
enhanced due to the presence of the nanofiller, and out of
the three filler-added samples, the maximum enhancement is
obtained for the sample with 10 wt% nanosilica filler. The
conductivity has increased from 9.77×10−6 to 1.24×
10−4 S cm−1 at 30 °C due to the incorporation of the RHA
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nanosilica filler. This is comparable to the conductivity
enhancement obtained for commercial nanosilica filler for
the same electrolyte under the same conditions. A compar-
ison of ionic conductivity enhancement in PEO-based com-
posite solid electrolytes by nanofillers taken from literature
is given in Table 2.

The conductivity vs. 1/T plot of the filler-free sample
exhibits a broad shoulder around 50–60 °C which corre-
sponds to the crystalline-to-amorphous phase transition of
the PEO electrolyte. However, this shoulder has broadened
very much in the filler-added samples, suggesting that these
samples already contain a larger fraction of the amorphous
phase even at lower temperatures compared with the filler-
free sample. The ionic conductivity enhancement can be
seen also in the amorphous phase above the PEO crystallite
melting temperature of about 60 °C.

Ionic conductivity enhancement due to the incorporation
of nano-sized inert fillers into PEO-based polymer electro-
lytes has been reported by us and by several other groups
earlier [3, 5]. However, all these nanofillers were commercial

grade powders of alumina, titania, and silica. As already
suggested by us and by others, the O2− and OH− surface
groups in the filler surface interact with the Li+ ions, and
these interactions appear to provide transient hopping sites
for migrating Li+ ions through transient H bonding, creating
additional high-conducting pathways [24, 25]. This would
contribute to a substantial conductivity enhancement through
increased ionic mobility at temperatures above as well as
below the PEO crystallite melting temperature. However, an
additional contribution to conductivity enhancement, partic-
ularly at temperatures below 60 °C, appears to come from
the increased fraction of the amorphous phase as a result of
the reduction of PEO crystallite size, as reflected from the
reduced crystallite melting temperature, Tm. The essentially
unchanged glass transition temperature, Tg, due to the pres-
ence of the filler suggests that the main chain dynamics of
the polymer remains unchanged by the filler. This further
supports that the contribution to the enhanced ionic conduc-
tivity from the polymer segmental flexibility has not
changed much and that the creation of additional hopping

Table 2 Comparison of ionic conductivity enhancement with those reported by other workers

Reference System Conductivity, no filler
(S cm−1)

Conductivity, with filler
(S cm−1)

Remarks

This work PEO9LiTf+10 wt% SiO2

(from RHA)
9.77×10−6 (30 °C) 1.24×10−4 (30 °C) RHA silica, 25–40 nm

This work PEO9LiTf+10 wt% SiO2

(commercial)
9.77×10−6 (30 °C) 1.27×10−4 (30 °C) Aldrich silica, 10–20 nm

[29] PEO9LiTf+10 wt% SiO2

(commercial)
10−7–10−8 (25 °C) 2.3×10−5 (25 °C) Degussa-Huls, silica filler, R805, 12 nm

[30] PEO20LiBF4+15 wt% SiO2

(commercial)
2.0×10−8 (25 °C) 1.1×10−7 (25 °C) Aldrich silica, 10–20 nm, functionalized

[31] PEO9LiTf+15 wt% Al2O3 3.5×10−7 (25 °C) 2.1×10−5 (25 °C) Aldrich alumina filler; pore size, 5.8 nm

0% 5% 10% 15%

0% 5% 10% 15%

10-8

10-7

10-6

10-5

10-4

10-3

10-8

10-7

10-6

10-5

10-4

10-3

C
on

du
ct

iv
ity

 / 
S

 c
m

-1

Weight % of nanosilica from RHA

 27 OC
 35 OC
 45 OC
 55 OC

Fig. 8 Conductivity isotherms
depicting the variation of
conductivity with weight
percent of nanosilica filler from
rice husk ash in the PEO9LiTf+
SiO2 composite polymer
electrolyte

1782 J Solid State Electrochem (2013) 17:1775–1783



sites for Li+ ion migration as well as the increased amor-
phous phase content on the electrolyte material appear to be
the likely mechanisms caused by the presence of the filler.

There are numerous industrial and other applications of
nanosilica. For example, it has been found that by introducing
nanosilica to concrete mixtures, the cracking and erosion of
concrete caused by alkali silica reactivity could be minimized,
resulting in long-lasting buildings, roadways, sidewalks,
stairs, sewers, and dams [26]. Recent research on nanosilica-
based superhydrophobic materials could eventually lead to
many industrial applications. For example, a simple routine
of coating cotton fabric with nanosilica particles by the sol–gel
technique, which protects the fabric from UV light and makes
it superhydrophobic, has been reported [27]. Similarly, silica
nanoparticles can be deposited on top of already hydrophobic
carbon fabric to make it superhydrophobic [21]. Using silica
nanoparticles is also of interest to develop transparent hydro-
phobic materials for car windshields and self-cleaning win-
dows [28]. In this paper, we have demonstrated the possibility
of obtaining nanosilica from rice husk ash by a simple chemical
route and established that this nanosilica essentially possesses
identical structural, electrical, optical, and thermal properties to
commercially available nanosilica. Ionic conductivity enhance-
ment in PEO-based solid polymer electrolytes has been select-
ed as one of the representative examples of many potential
technological applications of this nanosilica source.

Conclusions

Pure nanosilica particles with particle size in the 30- to 45-nm
range can be synthesized successfully from rice husk ash by a
simple chemical route. The incorporation of these silica filler
into the PEO9LiTf polymer electrolyte has resulted in a signif-
icant enhancement in the ionic conductivity of the electrolyte.
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