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INTRODUCTION

In the rechargeable battery systems, Li2FeSiO4 compound
has been suggested as a cathode candidate. This compound is
prepared by combining the tetrahedral structure of LiO4, FeO4

and SiO4 in a specific configuration depending on its crystal
system [1]. It has a stable structure and can theoretically reach
a specific capacity of about 330 mAhg-1 if used for a cathode
in a Li-ion battery system [2]. However, recently, Li2FeSiO4

compounds are considered less competitive to be promoted as
cathodes because of their low electrical conductivity and lack
of lithium abundance in nature [3]. Several approaches have
been made to overcome this problem. Replacing the element
lithium in the Li2FeSiO4 compound with sodium to form a
Na2FeSiO4 compound is one of the attractive approaches [4].
Sodium’s choice substitutes Li, since Na is much more abundant
than Li in nature. Although, theoretically, Na2FeSiO4 only
produces a specific capacity of about 278 mAhg-1, smaller than
Li2FeSiO4 [5]. However, its electrical conductivity and ionic
conductivity are more excellent than Li2FeSiO4 compounds
[6]. This character allows Na2FeSiO4 to be used directly as a
cathode material without adding other materials to increase
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its conductivity. Based on these factors, the researchers believe
that Na2FeSiO4 has the potential to become a cathode material
in rechargeable battery systems.

Several methods have been successfully applied to
produce Na2FeSiO4 compounds, including solvothermal, solid-
state reaction and sol-gel methods [6-10]. Kee et al. [7] succe-
eded in obtaining the Na2FeSiO4 compounds by applying the
solvothermal method. This process produces Na2FeSiO4, which
is accompanied by secondary phases such as Na2SiO3 and Fe3O4,
however, The disadvantage of this method is that it takes a
long time. Meanwhile, Kaliyappan & Chen [8] successfully
prepared Na2FeSiO4 using the solid-state reaction method. This
process produced a sample with the main phase Na2FeSiO4

and secondary phases such as Na2SiO3 and Fe3O4. Again, as
usual, the disadvantage of this reaction approach is that it requires
a high temperature; nevertheless, the reaction happens swiftly.
Besides that the product produced has a relatively low homo-
geneity. Meanwhile, Feng et al. [9] reported that relatively
high purity Na2FeSiO4 compounds might be created using the
sol-gel route followed by thermal passing for 9 h at 600 ºC. In
another study, Guan et al. [10] successfully prepared Na2FeSiO4

from FeC2O4·2H2O, CH3COONa, TEOS, citric acid and ethanol
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by applying the sol-gel method followed by a thermal process
for 8 h at 600 ºC. In these studies, it was also reported that the
Na2SiO3 accompanied the primary phase.

In various studies, the silica is used to prepare Na2FeSiO4

was usually from TEOS. It may be replaced with organic silica
derived from rice husks so that the cost needed to produce
Na2FeSiO4 becomes relatively low. According to previous
studies [11,12], rice husk ash contains silica with a percentage
of about 79-98% of rice husk ash weight and the silica can be
extracted with a purity reaching 99%. In addition, amorphous
rice husk silica is reactive, so it may be used as a raw material
to prepare several silica-based materials [13]. The feasibility
of silica from rice husks as raw material for making Na2FeSiO4

has been demonstrated by Riyanto et al. [14]. According to
the study, the Na2FeSiO4 precursor was sintered at 800 ºC for
10 h and produced a crystal phase of Na2FeSiO4, accompanied
by secondary phases Na2SiO3 and SiO2. Previous studies also
successfully utilized rice husk silica for fabricating several
materials such as cordierite, forsterite and bituminous composite
[15-18].

The high purity Na2FeSiO4 phase was quite challenging
to obtain other phases were formed following it, even with
different thermal treatments [6-10,14]. Several phases, which
are usually accompany Na2FeSiO4 including Na2SiO3, Fe3O4

and SiO2 [7,8,10,14]. However, these studies also mainly report
limited phase composition in the qualitative analysis without
informing quantitative phase composition. Furthermore,
Na2FeSiO4 is consistently prepared at a maximum temperature
of 800 ºC, as reported by Riyanto et al. [14]. Therefore, studies
can predict the phase composition quanti-tatively in Na2FeSiO4

samples sintered at higher  temperatures (< 800 ºC) are required
to identify the phase compositions. To achieve this goal,
Na2FeSiO4 samples were prepared by sol-gel route follwed
by thermal process at 805, 810 and 815 ºC. Furthermore, the
purpose of this research is to investigate the electrical properties
of Na2FeSiO4 synthesized from rice husk silica, such as its
band gap and electrical conductivity.

EXPERIMENTAL

The materials used to synthesize Na2FeSiO4 were rice husk,
ferric nitrate nonahydrate (99%, Merck), sodium hydroxide
(90%, Rp Chemical Product), citric acid monohydrate and
nitric acid.

Amorphous silica extraction: A reported method was
used to prepare silica powder from dried rice husks [14]. In
brief, rice husks (50 g) and 500 mL of NaOH (5%) solution
were mixed and then heated for 30 min in a beaker glass until
a dark brown sol was obtained. The mixture was cooled for 24 h
at room temperature. Afterward, it was filtered using micro-
pores paper to acquire the sol and finally discard the rice husk
residue. After that 10% nitric acid solution was added dropwise
into the sol until the solution’s pH was equal to 7 to obtain
silica gel. The gel was washed thoroughly by deionized water
and then subjected to thermal at 110 ºC to transform silica gel
into solid. It was crushed and sieved using a 200 meshes sieve
to procure fine amorphous silica powder.

Preparation of Na2FeSiO4 precursor: Na2FeSiO4 was
prepared using the sol-gel method by following procedure [14].
The precursor was prepared from NaOH, ferric nitrate nona-
hydrate, amorphous silica powder and citric acid monohydrate
with a mole ratio of 2:1:1:1. The prepared amorphous silica
powder (0.3 g) was dissolved in NaOH solution under conti-
nuous stirring at 60 ºC for 30 min followed by the addition of
ferric nitrate nonahydrate solution and then citric acid was
added dropwise into the solution till the pH becomes 1. The
solution was refluxed at 80 ºC for 5 h before being placed into
a beaker for continuous stirring at 75 ºC until the solvent was
evaporated and a gel was obtained, which was finally dried at
130 ºC. Furthermore, it was ground to obtain Na2FeSiO4

precursor before being sintered for 10 h at 805, 810 and 815
ºC with a heat flow of 3 ºC/min.

Characterization: Nicolet iS10 Fourier transform infrared
(FTIR) was used to detect the functional groups of sintered
Na2FeSiO4 precursor samples in the wavelength range of 4000-
400 cm-1 using KBr pallets. The phase of the sintered sample
was characterized using X’Pert Powder PW 30/40 X-ray diffra-
ction (XRD) with CuKα radiation operated at 40 kV and 30
mA. The step size used was 0.02º/min with 25 range of 10-
80º. The collected XRD pattern data was characterized by quali-
tative and quantitative analysis. The qualitative analysis was
performed using QualX version 2.24 software, which is used
to identify several phases present in the sample by matching
experimental data with a crystallographic open database (COD)
[19]. The quantitative analysis (Rietveld refinement) was carried
out using the Rietica software applying the Le-Bail method.
The band gap was estimated from the reflectance data in the
200-800 nm wavelength range using Shimadzu UV-2450
ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis
DRS) spectrophotometer. Furthermore, the band gap’s value
was estimated using the Kubelka-Munk theorem (eqn. 1) and
the Tauc relation (eqn. 2):

2(1 R )K
F(R )

S 2 R
∞

∞
∞

−= = (1)

2
g[F(R )h ] A(h E )∞ ν = ν − (2)

where F(R∞) is the Kubelka-Munk function, K is the absorption
coefficient (m2/kg), S is the scattering coefficient (m2/kg), R∞

is the diffuse reflectance, h is the Plank constant (6.6 × 10-34

m2 kg/s), A is the proportionality constant (J), u is the frequency
(Hz), dan Eg is the band gap energy (eV).

The cylindrical pellet was prepared by compacting 1.2 g
of a sintered sample under a pressure of 78,400 KPa. The elect-
rical conductivity of the pellet was measured using the HIOKI
3520-52 LCR meter in the frequency range of 10-1500 Hz.
The conductance was converted into electrical conductivity
using eqn. 3. The output measurement was conductance , which
depend upon frequency.

s G
A

= l
(3)

where s is the electrical conductivity (S/m), l and A are the
thickness (m), G is the conductance (Siemens) and the cross-
section of cylindrical pellet (m2), respectively.
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RESULTS AND DISCUSSION

The FTIR spectra of the samples sintered at 805, 810 and
815 ºC are depicted in Fig. 1a-c. The spectrum reveals chemical
bonds related to the tetrahedral structures of NaO4, FeO4 and
SiO4, characterized by several absorption peaks associated with
Na-O, Fe-O, Si-O and also Si-O-Si groups. The absorption
peak at 462.92-478.35 cm-1 is associated to the Na-O group’s
stretch vibration [20]. The existence of Fe-O groups is indicated
by absorption peaks in the range of 632.65-648.08. cm-1, which
is correlated with the stretching vibrations [21]. Meanwhile, the
absorption peaks at 802.39 cm-1 and 918.12-925.83 cm-1 are attri-
buted to the Si-O symmetric bending and stretching vibrations,
respectively. Moreover, the absorption peak at 1188.15 cm-1 corres-
ponds to the bending symmetry of the Si-O-Si groups [22-24].

The presence of absorption peaks at 1627.92-1635.64 cm-1

indicates the presence of bending vibrations of hydroxyl group
(-OH) [22,24]. Moreover, the absorption peaks at 3271.27,
3425.58, 3880.78-3819.06 cm-1 are also related to the vibration
of the O-H group [22,25,26]. The group normally comes from
water molecules trapped in the samples or associated with the
silanol group in Si(OH)4 [17]. The C=O group is detected from
the appearance of the absorption peak at 1774.51 cm-1, while
a strong absorptions at 1442.75, 2368.59 and 2337.72 cm-1

peak marks the presence of the C-H group [27-30]. The C=O
and C-H groups possibly arise from the chelating agent citric
acid monohydrate, which remained in the sample [31].

XRD studies: The experimental X-ray patterns were
compared to the crystallographic databases of several polyanion
compounds such as Na2ZnSiO4, Na2MnSiO4, or Na2CaSiO4,
because the phase database of Na2FeSiO4 is not yet available
in COD [7]. The polyanion compounds were selected as refer-
ences because they resemble the crystal structure of Na2FeSiO4.
The samples were analyzed qualitatively by matching the experi-
mental data with a COD in the QualX program using the search-
match method. The analysis reveals that the diffraction data
are close to the phase database of Na2CaSiO4 (COD 00-101-
0111). The diffraction peak indicates this match with the
highest intensity at angle 2θ 33.97º, the highest peak of the
Na2FeSiO4 phase and at 2θ of 20.64º and 45.05º, which are
the typical peaks of the phase (Fig. 2). The search results also
agreed with the results of previous studies [6,32], which showed
that the typical peaks of Na2FeSiO4.
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Fig. 2. Diffractogram of samples sintered at different temperatures, (a) 805
°C, (b) 810 °C and (c) 815 °C

This qualitative analysis also revealed several oxide phases,
such as Na2SiO3, SiO2, Fe2O3 and Fe2SiO4. The existence of
Na2SiO3 phase is indicated by the diffraction peaks at 2θ 46.44º
and 68.04º, with the highest intensity at 2θ 29.51º (COD 00-
231-0858). while the central peak of SiO2 is situated at 2θ
19.97º. Further several other diffraction peaks are related with
the existence of the phase at 41.35º and 59.85º (COD 00-810-
4322). The prominent peaks of the Fe2O3 phase are located at
33.25°, while other peaks are located at 2θ 54.91º and 62.28º
(COD 01-154-6383). Meanwhile, Fe2SiO4 phase’s prominent
peak is situated at 31.52º and several other diffraction peaks
associated with this phase are located at 35.74º, 41.35º, 54.91º,
57.56º and 65.72 (COD 00-100-0064). The presence of several
oxide phases in each sample is well supported by FTIR studies
since the phases are made up of Si-O, Si-O-Si, Na-O and Fe-O
functional groups. These phases have different crystal struc-
tures and space groups. The crystal structure and space groups
of each phase identified are shown in Table-1.

The qualitative phase analysis results were used as input
in the Rietveld refinement analysis. The output of the Rietveld
analysis of each sample is shown in Fig. 3, while the values of
the refinement parameters, including Rexp, Rwp and Rp, are shown
in Table-2. According to Kisi [33], the values of Rexp, Rwp and
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Fig. 1. FTIR spectra of samples sintered at different temperatures, (a) 805 °C, (b) 810 °C and (c) 815 °C
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TABLE-1 
CRYSTAL STRUCTURE AND SPACE GROUP OF EACH PHASE 

Phase Unit cell Space group 
Na2FeSiO4 Cubic P213 
Na2SiO3 Orthorombic C mc21 

SiO2 Tetragonal P41212 
Fe2O3 Trigonal R-3c:H 

Fe2SiO4 Orthorombic Pbnm 
 

TABLE-2 
RIETVELD REFINEMENT PARAMETER OF EACH SAMPLE 

Sample 
sintered (°C) 

Rwp (%) Rp (%) Rexp (%) GoF (%) 

805 8.8 6.42 7.60 1.13 
810 8.6 6.58 7.67 1.16 
815 8.4 6.57 7.70 1.14 

 
Rp for each sample have appropriate the standard. Rietveld
refinement analysis is characterized by a GoF parameter less
than 4% and Rwp less than 25% [34]. Therefore, this Rietveld
analysis confirms the accuracy of the qualitative analysis results,
revealing several phases, including Na2FeSiO4, Na2SiO3, SiO2,
Fe2O3 and Fe2SiO4 in the samples.

The weight percent (wt.%) of each phase in the samples
is another conclusion of the Rietveld analysis. According to
Table-3, the phase composition is dominated by SiO2 and
Na2FeSiO4, followed by Fe2O3, Fe2SiO4, Na2SiO3, respectively.
Although the diffraction peak with the highest intensity on
the diffractogram belongs to the Na2FeSiO4 phase and the SiO2

phase composition is slightly more because several diffraction
peaks are associated with that phase. Compared to previous
study, the samples subjected to thermal higher than 800 ºC
exhibit more phases than those subjected to thermal less than
800 ºC [14]. It indicates that sintering at high temperatures
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Fig. 3. XRD rietveld plot for samples sintered at different temperatures (a) 805 °C, (b) 810 °C and (c) 815 °C

TABLE-3 
WEIGHT PERCENT (wt.%) OF EACH PHASE FOR THE  

SAMPLES SINTERED AT DIFFERENT TEMPERATURES 

Temp. 
(°C) 

Na2FeSiO4 SiO2 Fe2O3 Fe2SiO4 Na2SiO3 

805 23.51 25.67 21.28 18.64 10.98 
810 23.50 25.64 21.25 18.69 10.91 
815 23.53 25.58 21.21 18.75 10.91 

 
higher than 800 ºC triggers the crystallization of some oxide
compounds and silicate derivatives. In the temperature range
of 805-815 ºC, the sintering temperature increase does not
cause significant changes in weight percent of the phases found
in the samples. However, the volume of unit cells in each phase
increases linearly with increasing sintering temperature (Table-
4), which means that the distance between the atoms in the
crystal structure is farther apart as the sintering temperature
increases.

TABLE-4 
UNIT CELL VOLUME (Å3) DATA EACH PHASE FOR THE 
SAMPLES SINTERED AT DIFFERENT TEMPERATURES  

Temp. 
(°C) 

Na2FeSiO4 SiO2 Fe2O3 Fe2SiO4 Na2SiO3 

805 406.2763 477.4479 343.9838 306.6965 299.0868 
810 408.7002 479.8727 345.5215 309.4688 301.4121 
815 411.0010 480.7717 346.1445 311.3046 302.8009 

 
The band gap values were estimated using the Kubelka-

Munk theorem and the Tauc plot, as shown in Fig. 4. Tauc
plot gradient intersects the x-axis or band gap axis at 1.84 eV,
which indicated that they have identical band gap values. In
the temperature range of 805-815 ºC, the increasing tempe-
rature does not significantly influence the samples’ band gap
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since they have a relatively similar phase composition (Table-
3). Meanwhile, the electrical conductivity values revealed the
considerable differences. The value of the electrical conductivity
in the frequency range of 10-1500 Hz is shown in Fig. 5. The
value of the electrical conductivity of each sample increases
gradually with the increasing frequency following a logarithmic
function. The conductivity of the samples sintered at 805, 810
and 815 ºC was 0.10 × 10-5 – 6.92 × 10-5 S/m, 0.25 × 10-5 –
7.04 × 10-5 S/m and 1.90 × 10-5 – 20.83 × 10-5 S/m, respectively.
The tendency of increasing the electrical conductivity as the
sintering temperature increases is strongly suspected to be
related to the rise in the volume of each unit cell, as shown in
Table-4. The increase in the unit cell volume causes the distance
between the atoms to be further apart. As a result, the bonds
between atoms are getting weaker so that electrons can be
released with lower energy to be free electrons [35,36].

3.0×10–4

2.5×10–4

2.0×10–4

1.5×10–4

1.0×10–4

5.0×10–5

0

E
le

ct
ric

al
 c

o
nd

u
ct

iv
ity

 (
S

/m
)

150 300 450 600 750 900 1050 1200 1350 1500
Frequency (Hz)

805 °C
810 °C
815 °C

Fig. 5. Electrical conductivity at range frequency of 10-1500 Hz of samples
sintered at different temperatures

Conclusion

This study demonstrated that Na2FeSiO4 precursor derived
from rice husk silica and annealed at 805-815 ºC produce some
phases, such as Na2FeSiO4, SiO2, Fe2O3, Fe2SiO4 and NaSiO3.
In the studied temperature range, the weight percent of the
phases and band gap of samples did not significantly differ
from one to the other. However, it’s unit cell volume increased
with increasing sintering temperature, followed by increasing
its electrical conductivity.
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