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Abstract
Lithium-ion batteries (LIBs) with anodes fabricated using an alloy of silica (SiO2) and lithium
have increased capacity to store energy. SiO2 derived from cheap sources like rice hull (RH) can
be doped with a metallic compound to increase its performance. In this study, SiO2 extracted from
RH via acid precipitation was doped with varying percentages of iron (Fe) at different calcination
temperatures. Various analysis techniques were employed to investigate the micro and physical
structure of the synthesized SiO2. Electrochemical characterization of the samples calcined
at 800°C revealed higher open-circuit values (OCV), lithiation and delithiation capacity, and
Coulombic efficiency than those calcined at 400°C. Higher OCV and lithiation and delithiation
capacity were obtained from samples with 5%-dopant compared to those with 10%-dopant.
Highest OCV, lithiation and delithiation capacities obtained from the samples calcined at 400°C
with 5%-dopant were 2.916V, 959.52 mAh∙g-1, and 238.58 mAh∙g-1, respectively.
Keywords: energy storage devices, silica from rice hull, acid precipitation, electrochemistry,
nanosilica

Introduction
The demand for efficient energy storage
devices has been on the rise due to the
widespread development of electronic gadgets
and electric vehicles. While there are a number
of alternative and renewable energy sources like
biofuels, natural gas, hydroelectric, wind, wave,
and solar; storage devices with high capacity for
energy play a key role in making these sources
usable for consumers (Manthiram, 2009).
Batteries are the primary energy storage
devices. The amount of energy stored per unit

volume or per unit weight, also known as energy
density, is largely dependent on the capacity
of the battery cell. Compared with other high
energy density storage systems like lead–acid,
nickel–cadmium, and nickel–metal hydride
batteries; lithium-ion batteries (LIBs) exhibit
the highest energy density (Manthiram, 2009)
and thus have been receiving much attention
from the research community (Wu et al., 2019).
Aside from their high energy density, LIBs
present other advantages like lack of memory
effect, rapid charge/discharge rate, low pollution
and working voltage, long cycle life (>500 cycles)
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and low self-discharge property (<10% per month
at 21°C). They are also fairly maintenance-free,
very lightweight compared to traditional leadacid and Ni-based batteries, and have good
environment compatibility (Liu et al., 2010).
Previously, LIBs utilized graphite as their
anode (Bhanvase & Pawade, 2018). Among the
advantages of graphite materials are stable
specific capacity, small irreversible capacity
(Liu et al., 2010), long discharge/charge voltage
platform, good cycling performance, and
low cost (Ma et al., 2015). Thus, commercial
electrochemical-grade graphite delivers stable
capacity over several hundred cycles due to low
volume change and low stress (Li, 2012).
Any lithium-based carbonous material, LixC6,
has a limited intercalate stoichiometry due to its
volumetric (840 mAh∙mL-1) and specific capacity
(372 mAh∙g-1) that are relatively low compared
to Li metal (3800 mAh∙g-1) (Mukanova et al.,
2002). However, Li metal cannot be used due to
its poor recharge ability in common electrolytes.
Thus, attention has shifted to Li alloys involving
elements such as tin (Sn), antimony (Sb), silicon
(Si), and germanium (Ge) to deliver a higher
anode capacity (Park et al., 2010; Ma et al., 2014).
Among the mentioned elements, Li-Si electrodes
give the highest gravimetric capacity (4200 mAh
g-1) and volumetric capacity (2400 mAh cm-1)
(Ma et al., 2014). Li-Si electrodes store ten times
more Li than graphite and allow for a higher
energy density on the anode. This is because four
Li atoms can attach to one silicon atom (Liu et
al., 2011; Jin et al., 2017). Another advantage of
silicon-based alloys is their low-cost, non-toxic,
safe, and stable nature (Park et al., 2010; Ma et
al., 2014).
However, the application of bulk silicon anode
faces some major problems. Large volume change
of Li–Si alloy during Li insertion and extraction
invariably generates great mechanical stresses
in the brittle silicon lattice, leading to electrode
cracking and electrical disconnection between the
active materials and the current collector (Zhang
et al., 2012; Zhao et al., 2012). The resulting
loss of connectivity with the conducting additive
particles leads to poor storage capability and
fast capacity fading (Wen et al., 2013). Another
significant challenge is attaining a long life
cycle for silicon anodes, which are limited to just

hundreds of cycles due to material pulverization
during cycling and unstable solid electrolyte
interface (SEI) layers (Jin et al., 2017).
Aside from metallic Si, Si-based oxides (SiOx)
can also be used as anode materials. As SiOx
reacts with lithium, lithium oxides and silicates
are produced. These products form a buffer layer
that permits large volume changes of the Si and
ease the development of stable SEI layers (Dai
et al., 2012). The problem on volume expansion
of Li-Si electrodes can also be addressed by
nanosizing Si-based oxides; this increases their
porosity and surface area and thus increasing
their functionality. Moreover, internal pores
can accommodate volume expansion without
damaging the SEI (Dai et al., 2012; Liu et al.,
2013; Cervera et al., 2014; Favors et al., 2014).
Nanostructured silica and its derivatives
can be sourced from rice husk or rice hull (RH),
an agricultural by-product produced annually
at a rate of 1.2 x 108 tons worldwide (Liu et al.,
2013). Because of its high porosity and surface
area, silica from RH has been reported to have
improved the properties of materials (Liou
et al., 2011; Hossain et al., 2018). Nanosilica
particles were used as additives in fabricating
superhydrophobic
nanocomposite
coatings,
which exhibited stability and durability against
disintegration through time and improved anticorrosion functionality even when exposed to a
corrosive environment (Caldona et al., 2017;
Caldona et al., 2019). Likewise, incorporating
nanosilica particles in nanofluids has improved
the base fluid performance, thus indicating
potential for solar, automobile, electronic cooling,
and biomedical applications (Ong et al., 2019).
The contributions of nanosilica in the improved
properties of various materials may also prove
valuable in increasing the performance of LIB
materials.
A few studies have investigated the various
ways that RH can be used as raw material for
anodes. Cui et al. (2017) synthesized micro-sized
porous C/SiO2 through carbonization process. Ju
et al. (2016) converted RH to SiOx/C composite
material directly by heat treatment under argon/
hydrogen atmosphere. Kim et al. (2017) produced
mesoporous Si by reducing SiO2 from RH using a
magnesio-milling process. These reports explore
the use of amorphous silica (AnS) from rice hull
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because AnS is more reactive to lithiation than
crystalline silica due to its lower density that
provides free spaces for Li atoms (Chang et al.,
2012).
This study utilizes AnS from rice hull
following the procedure of Mirasol & Cervera
(2015). The AnS produced is synthesized via
acid precipitation and doped with Fe to increase
its conductivity. The anode performance of the
synthesized sample is investigated, as well as its
electrochemical properties such as open-circuit
voltage, specific capacity, Coulombic efficiency
(CE), cyclability and charge/discharge rate.
A previous study (Garrido & Cervera, 2015)
produced Fe-doped AnS-based anode material,
via low temperature sol-gel method, but not from
rice hull. Hence, this is the first account that
introduces the use of actual Fe-doped RH SiO2
anode material on the improvement of lithiumbased batteries.
Materials and Methods
SiO2 Processed from RH via Acid Precipitation
Approximately 125.0 g of as-received
Philippine RH (variety: PSB Rc-18, harvested in
Ilocos Norte in 2013 during the wet season) was
screened and washed with tap water to remove the
adhering soil and contaminants, and then dried
in an oven at 120°C for 4 h (Mirasol & Cervera,
2015). The cleaned sample was then thermally
treated using a non-programmable electric
furnace heated at 500°C for 2.5 h. Afterwards,
it was subjected to another 3-h heating at 550°C
using a muffle furnace to obtain approximately
17.0 g of bulk SiO2 ash.
The SiO2 ash obtained was leached using 1 M
HCl to remove metallic impurities. Subsequent
extraction of sodium silicate solution was carried
using 2.5 M NaOH followed by gradual thermal
treatment up to 650°C for 2 h to finally yield AnS.
Since the obtained AnS is generally considered
an electrochemically inactive material for
LIBs, it was doped with 5 mol% and 10 mol%
Fe: stoichiometric amounts of 95% pure Fe(II)
acetate (Sigma-Aldrich, USA) were mixed with
2.5 g AnS and ground together in an agate mortar
and pestle for 30 min to ensure a homogenous
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mixture. One batch each of 5%- and 10%-doped
samples were then calcined in a furnace at 400°C
for 1 h, and a second batch at 800°C for 2 h.
The final samples were labelled as 5%400RH,
10%400RH, 5%800RH and 10%800RH.
Characterization of Synthesized Samples
Thermogravimetric analysis (TGA) with
simultaneous differential thermal analysis
(TG-DTA) of the oven dried rice hull (as-dried
RH) were carried out on a STA 6000 Perkin
Elmer (Massachusetts, USA) thermogravimetric
analyzer with a scan rate of 10°C/min under
nitrogen atmosphere at a flow rate of 50 cm3/min.
The temperature range was from 30-950°C.
X-ray diffraction (XRD) analysis of the
synthesized samples were performed on a
Shimadzu MAXima XRD-7000 (Tokyo, Japan)
diffractometer with a monochromic copper Kα (λ
= 1.54 Ǻ) radiation source scanned at a rate of 2°/
min in the 3–90° range. The XRD analysis was
conducted at a voltage of 40 kV and a current
intensity of 30 mA. Fourier transform infrared
(FTIR) analysis, meanwhile, was performed using
a Nicolet™ iS50 FTIR Spectrometer (Madison,
USA) with a resolution of 16 cm-1. Each sample
was analyzed for 30 sec using a scan range of
400-4000 cm-1.
The scanning electron microscopy (SEM)
images and SEM-Energy dispersive x-ray
spectroscopy (SEM-EDS) were acquired from
a JEOL JSM 5310 (Tokyo, Japan) scanning
microscope. To improve the imaging of the nonconductive samples, all were sputter coated
with a thin layer (~ 3 nm) of gold particles. The
5%-doped and 10%-doped samples were then
processed at an accelerating voltage of 15 kV and
20 kV, respectively.
Particle size analysis via Dynamic Light
Scattering (DLS) using the mean values, D10,
D50, D90, and distribution widths were carried
out using the NanoPlus1 Particle Size and
Zeta Potential Analyzer from Micromeritics
Particulate Systems (Georgia, USA). Prior to
processing, the samples were dispersed in ethanol
at 0.1 g/10 mL concentration and ultrasonicated
for 10 min. A drop of sodium tripolyphosphate
was also used as a dispersing additive.
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Electrode Preparation and Cell Assembly
Electrochemical tests were carried out using
either a Swagelok-type or CR2032-type coin cell
assembled in an argon-filled (99.9% purity) glove
box (<100 ppm O2 and H2O levels) using a two
electrode set-up. To prepare the electrodes, each
of the four doped powders were homogenized for
30 min with carbon black (conducting additive)
and polyvinylidene difluoride (PVDF) binder
using an agate mortar and pestle in a 70:20:10
wt% ratio. To create the working electrode, the
black powder mixture produced was pressed on
a steel mesh (0.149 mm) for 3 min at 10 kPa and
cured in an oven at 150°C for 1 h. Li foil was used
as a counter electrode. The working and counter
electrodes were separated by 2 layers of Hipore
ND525 (Tokyo, Japan) polyolefin separator that
has a diameter of 15/16 inch and 11/16 inch for the
Swagelok and coin cell, respectively. 1 M LiPF6
dissolved in a mixture of 1:1 (v/v) ethylene
carbonate and dimethyl carbonate was used as
electrolyte.
Electrochemical Characterization
Electrochemical performance of the cells
was tested at ambient temperatures using
VMP300 (Biologic, France) multi-channel
potentiostat/galvanostat and analyzed using
ECLab® software. For the synthesized Fedoped samples, first cycle Galvanostatic charge-

discharge (GCD) was done in the range of 0-2 V
at a constant current of 0.05 mA. The theoretical
specific GCD capacity of SiO2 of 1,779.38 mAh∙g-1
(Mirasol & Cervera, 2015) was used to obtain
the experimental capacity of the samples. Since
the C-rate depends on the weight ratio of the
active material (the synthesized powder) in the
anode mixture, all samples had different C-rate
values and, consequently, varying service times
for charging and discharging. The samples
which reported the highest CE and best specific
capacity were further subjected to GCD testing
at two other C-rates (C/20 and C/100).
Results and Discussion
SiO2 Processed from RH via Acid Precipitation
Figure 1 shows the changes in appearance
and color of the as-received RH (Figure 1a) as it
was synthesized to become AnS. From the orange
hue of RH, it became black strands of SiO2 ash
(Figure 1b) that turned gray after heating at
550°C (Figure 1c). It then became pure white
with subsequent acid leaching, silicate extraction
and titration (Figure 1d).
Characterization of SiO2 from RH
The stacked simultaneous TG-DTG-DTA
curve of dried RH in Figure 2 shows a total

Figure 1. Optical image of (a) raw RH, (b) SiO2 calcined at 500°C,
(c) SiO2 calcined at 550°C, and (d) synthesized RH SiO2.
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Figure 2. TG-DTG-DTA curves for as-dried RH.
Table 1. TG-DTG data of as-dried RH.
Stage

Weight Loss, %

Temp Range, °C

Reaction

I

7.32

30 –200

II

52.37

200-400

Removal of Physisorbed and
Chemisorbed H2O

III

28.57

400-900

weight loss of 88.97%. The curve indicates that
significant weight loss occurred in three stages
(Table 1), namely: (I) removal of moisture (7.32%)
from 30-200°C, (II) breakdown of cellulose,
hemicellulose, and lignin (52.37%) at 200-400°C,
and (III) burning of carbonous residues and other
combustibles (28.57%) at 400-900°C.
The thermal analysis presented in Table
1 is similar to the results of Chakraverty et al.
(1985). Genieva et al. (2008) reported that the
hemicellulose and cellulose components of RH,
which comprises approximately 18-21% and 2535% of RH, respectively, were the main sources of
the evolution of volatile compounds. Lignin, 2631% of RH, is mainly responsible for the charred
portion of the product. Hemicellulose is degraded
first at a temperature range of 150-350°C, while
cellulose and lignin degrade at 275-350°C and
250-500°C, respectively (Yin & Goh, 2011). Since
RH is composed of 30-50% of organic carbon
(Phonphuak & Chindaprasit, 2015), the 28.57%

Release of Volatile Matter
Combustion Process

weight loss at 400-900oC can be attributed to the
combustion of this component.
The three stages during heating were
confirmed by the endothermic peaks (59.44°C,
341.98°C and 859.73°C) in the DTA graph. An
extra 4th peak at 500-540°C can be attributed to
the melting of silica catalyzed by metal impurities
in raw RH and the formation of bulk SiO2 (Liu et
al., 2013).
The XRD patterns of the synthesized samples
from RH shown in Figure 3 reveals a combination
of amorphous and crystalline peaks. All spectra
show distinct broad bands at ~22.5° that are
characteristic of amorphous silica (Ferreira et al.,
2015). The additional peaks may be attributed
to the formation of some crystalline SiO2 phases
such as tridymite (2θ = 23°, 43, 64°), quartz (2θ =
55°), coesite (2θ = 34°, 45°, 50°) and cristobalite
(2θ = 32°, 54°) (Musić et al., 2011; Adams et al.,
2013; Garrido & Cervera, 2015).
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(a)
Figure 3. Stacked XRD spectra of the
synthesized pure and Fe-doped SiO2
samples from RH calcined 400oC and 800oC.
Common to both doped samples are the
diffraction peaks at ~36° and ~63° that can be
attributed to the formation of low-crystallinity
γ-Fe2O3 (maghemite) nanoparticles. The increased
intensity and narrow peak width indicates the
increase of Fe concentration (Garrido & Cervera,
2015). Since the diffraction peaks are relatively
higher in the samples calcined at 800°C than in
samples calcined at 400°C, crystal growth and
formation of large clusters are more apparent in
the former.
The FTIR spectra of the as-prepared and
synthesized samples from RH are presented
in Figure 4. Common to all are the three

characteristic absorption bands arising from
Si-O-Si groups (Bansal et al., 2006; Wang et
al., 2011). The lowest frequency band at about
460 cm-1 is caused by the Si-O-Si rocking mode
which corresponds to the out of plane motion
of the oxygen atom. The weakest absorption of
intermediate frequency at approximately 800
cm-1 is connected with bending vibrations in
which the oxygen atom motion occurs in the SiO-Si plane and along the Si-O-Si angle bisector.
The absorption peak at 1020–1110 cm-1 is
assigned to the Si-O-Si asymmetric stretching
vibration. The intense band at 1047 cm-1 is
related to the stretching vibrations of siliconoxygen tetrahedrons while the relatively weak
absorption band at 795 cm-1 is most likely linked
to the symmetric and asymmetric vibrations of
the Si−O bonds in the silicon-oxygen network
(Prado & Spinacé, 2015). Also, notice the almost
similar FT-IR spectra of leached silica, bulk
silica and AnS, indicating that the pre-treatment
does not affect the chemical structure of the
synthesized silica (Wang et al., 2011).
The broad peak at 3,200–3,600 cm-1 of the
samples calcined at 400oC corresponds to the
stretching vibrations of hydroxyl groups (Figure
4b). The absence of this peak in the spectra of
the samples calcined at 800oC therefore indicates
purity of SiO2 and rice hull. The band at 1,630–
1,640 cm-1 denotes the deformation mode of water
molecules absorbed on the silica particle surface.
The stretch in the 3700 cm-1 to 3400 cm-1 band
is attributed to the presence of Si-OH and H-OH
bonds (Caldona et al., 2019).

Figure 4. FTIR spectra of the (a) as-prepared and (b) synthesized samples from RH.
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The SEM micrographs for Fe-doped SiO2
calcined at 400°C (Figure 5a) and AnS (Figure
6) showed similarly sized grains that exhibit
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smooth surfaces. From visual inspection, average
grain size diameter is 0.6-1.4 µm for AnS, 1-2 µm
for 5%400RH and 1.5-2.5 µm for 10%400RH.

(a)

(b)

(c)

(d)

Figure 5. SEM micrograph of (a) 5%-doped RH calcined at 400°C, (b) 10%-doped RH calcined at
400°C, (c) 5%-doped RH calcined at 800°C and (d) 10%-doped RH calcined at 800°C.

(a)

(b)

(c)

(d)

Figure 6. SEM micrographs of AnS calcined at 650°C at (a) 3.5k and (b) 5k magnification.
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Fe-doped samples calcined at 800°C
(Figure 5c and Figure 5d) showed larger crystal
formations, as supported by the increase in XRD
diffraction peaks (Figure 3). Space cavities can
also be seen on the surface of the grains that
were visibly lacking in the samples calcined at
400°C (Figure 5a and Figure 5b). The presence of
such cavities can be attributed to the degradation
and evaporation of carbonous and combustible
residues that were removed when the calcination
temperature was increased from 400°C to 800°C.
However, while the increase in calcination
temperature gave the grains more time to form
and grow, it made it difficult to determine the
average size of the grains.

EDS analysis for AnS (Figure 7) confirmed
the complete removal of carbon residues and
the successful incorporation of Fe into the SiO2
matrix (Figure 8 and Figure 9). When the Si:O
ratio was 0.53 for AnS, the ratio was reduced
to 0.44 in the 5%-doped RH and 0.46 in the
10%-doped RH calcined at 400°C (Figure 8).
Fe:Si ratio meanwhile almost doubled from 0.11
for the 5%-doped RH to 0.23 for the 10%-doped
RH when calcined at 400°C. On the other hand,
Si:O ratio was at 0.52 for the 800°C-calcined 5%and 10%-doped samples where the Fe:Si ratio
was still 0.11 for the 5%-doped RH and 0.16 for
the 10%-doped RH (Figure 9).

Figure 7. EDS spectra and elemental analysis of AnS calcined at 650°C.

(a)

Figure 8. EDS pattern and elemental composition of (a) 5%-doped and
(b) 10%-doped RH calcined at 400°C.

(b)
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(a)

(b)

Figure 9. EDS pattern and elemental composition of (a) 5%-doped and
(b) 10%-doped RH calcined at 800°C.

Electrochemical Characterization Results
Table 2 summarizes the lithiation and
delithiation capacities, and shows comparable
CEs for RH calcined at 400°C and 800°C.
Average open-circuit values (OCV) for the four
RH-sourced samples was calculated at 2.715V.
From the presented values, OCV varies with
calcination temperature and iron doping. The
results indicated an increase in OCV with an
increase in calcination temperature. Increasing
the amount of iron, meanwhile, resulted in
decreased OCV. The potential of a fuel cell is
the combination of all electrochemical reaction
potentials or mixed potentials that take place
within the system. Increasing the amount of iron

dopant could possibly increase the formation of
impurities brought about by side reactions that
could eventually lead to the decrease in the
system’s potential. On the other hand, when
calcination temperature was increased, side
reactions were suppressed and may have also
caused increased exchange current density in the
system.
From Figure 10a, increasing the calcination
temperature from 400°C to 800°C resulted in
an increase in the lithiation capacity due to the
decrease of impurities. Increasing the amount of
Fe-doping produced mixed results in lithiation
capacities. Likewise, increasing the doping of
samples calcined at 400°C showed great increase
in its lithiation capacity. This increase can be

Table 2. First cycle charge/discharge capacities and CEs of Fe-doped SiO2 samples from RH
subjected to a constant current of 0.05 mA.
Sample

OCV, V

C-rate

Lithiation
Capacity,
mAh∙g-1

Delithiation
Capacity,
mAh∙g-1

Coulombic
Efficiency, %

5%400RH

2.835

0.012C

395.87

58.63

14.81

5%800RH

2.916

0.014C

959.52

238.58

24.86

10%400RH

2.343

0.020C

780.28

9.74

1.25

10%800RH

2.766

0.016C

787.47

203.47

25.84
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Figure 10. (a) Lithiation and (b) delithiation specific capacities of 5%- and 10%-doped SiO2 samples
from RH calcined at 400°C and 800°C subjected to a constant current of 0.05 mA.
attributed to the increase of participating Fe2+/
Fe3+ in the redox reaction. On the other hand, an
increase in the amount of Fe-doping in samples
calcined at 800°C only resulted in a slight
decrease of lithiation capacity.
The trend in delithiation specific capacities
of samples calcined at 400°C and 800°C (Figure
10b) also supports the data presented earlier.
An increased calcination temperature for
both 5%- and 10%-doped samples resulted in
increased delithiation capacities. This rise can be
accounted by the reduction of impurities in the
sample. It is clear in the delithiation graphs that
increasing the doping content of SiO2 from 5% to
10% resulted in a decreased delithiation capacity
of the sample. Overall, the 5%-doped RH sample
calcined at 800°C showed the highest lithiation
and delithiation capacity.
The main purpose of the anode materials
synthesized in the study is to receive lithiumion during charging and emit lithium-ion during
discharging. The results demonstrated the
capacity of this electrode material to perform
these Li-ion exchanges, thus manifesting the
potential as anode material for LIBs. Doping
silica with a metallic material, such as Fe, has
therefore provided synergistic effects. The good
mean ionic and electronic conductivity of silicon
and iron may have led to the increased lithium
storage capacity of the anode material.

Conclusion
Fe-doped, mainly amorphous SiO2 was
successfully synthesized from waste RH. TGDTA showed a total weight loss of 89% where an
increase in calcination temperature from 400°C to
800°C has shown decreased residual impurities.
XRD patterns of RH-sourced samples revealed a
combination of amorphous and crystalline peaks.
FTIR results for all synthesized samples showed
the three characteristic absorption bands arising
from the Si-O-Si groups at approximately 460
cm-1, 800 cm-1 and 1020–1110 cm-1. Both FTIR
and XRD of samples confirmed the reduction
of combustible residuals with increasing
calcination temperature (400°C-800°C). The
SEM micrographs of pure and doped SiO2 from
RH calcined at 400°C showed similarly-sized
individual spherical grains that exhibit a smooth
surface. Samples calcined at 800°C, meanwhile,
looked like an aggregation of nano-particles with
internal void spaces.
From this research, the combination of
an amorphous and crystalline doped sample
promoted better anode performance as compared
to a purely amorphous doped sample. Also,
obtaining purely crystalline SiO2 from RH
may need a temperature higher than 800°C,
as calcining at this temperature still produces
crystals with amorphous grains. GCD results
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have shown that 5% rice hull calcined at 800°C
indicated both lithiation and delithiation
capacities for the doped samples. It suggests
that increasing the calcination temperature
from 400°C to 800°C greatly increased the ionic
conductivity of silica obtained from rice hull. On
the other hand, increasing the amount of dopant
from 5% to 10% decreased both lithiation and
delithiation capacities. Overall, the study has
presented the potential of using doped silica rice
hull as an electrode material for LIBs.
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