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This study aimed to explore the effect of thermal treatments on the phase composition and electrical properties of an Na2FeSiO4 
precursor. Samples were prepared from NaOH, Fe(NO3)3·9H2O, rice husk silica, and C6H8O7·H2O using the sol-gel method. 
The samples were thermally treated at a temperature range of 350 – 475 °C with a holding time of 10 hours. The functional 
groups of each sample were identified using Fourier transform infrared (FTIR) spectroscopy, and their phases were identified 
using x-ray diffraction (XRD) coupled with a qualitative and quantitative analysis. Meanwhile, the band gap and electrical 
conductivity of each sample were characterised using UV-Vis DRS and LCRmeter, respectively. The FTIR spectrum identified 
the functional groups of Na-O, Fe-O, and Si-O, which are associated with the tetrahedral structure of NaO4, FeO4, and 
SiO4. The XRD analysis reveals that the samples were dominated by Na2FeSiO4, followed by FeSiO3 and SiO2. The weight 
percent (wt. %) and unit cell volume of the Na2FeSiO4 phase tend to increase with an increasing temperature and change 
in both influences of their band gap and electrical conductivity. The band gap value tends to decrease with an increasing 
temperature, inversely proportional to the wt. % and unit cell volume, however, the electrical conductivity is opposite to their 
band gap value.

INTRODUCTION

	 Lithium-ion batteries have dominated the 
international market in energy storage for electronic 
device applications for many years [1]. This battery is 
composed of several components, including a cathode, 
an anode, an electrolyte, and a separator. The cathode 
plays a significant role in determining the specific 
capacity of the battery [2]. Orthosilicate materials are 
one of the favourites materials used for the cathode be-
cause they can accommodate energy in a high specific 
capacity [3]. For example, the orthosilicate material 
Li2FeSiO4 theoretically can save a specific capacity of 
about 330 mAh-1 [4]. However, the increasing utilisation 
of lithium-ion batteries in various applications can be a 
problem because lithium raw materials are not abundant 
in nature. The limitations of lithium have caused the 
production cost of Li2FeSiO4 to be expensive. In addi-
tion, Li2FeSiO4 has low electrical conductivity. Liu et al. 
(2018) reported that the electrical conductivity of 
Li2FeSiO4 is in the order of 10-8 – 10-14 Sm-1, depending 
on the temperature [5]. This weakness prompted re-
searchers to create a new orthosilicate compound with 

the formula Na2FeSiO4. The abundant availability of 
sodium in nature and the similar characteristics of so-
dium with lithium became the basic idea for making the 
compound [6]. This idea is also motivated by the fact 
that sodium and lithium almost have identical ionic, 
electronegativity, and electrochemical charges because 
they are in the same group in the periodic system [7-8]. 
	 The Na2FeSiO4 compound is constructed of NaO4, 
FeO4, and SiO4 tetrahedral anion units, and its structure 
can generally be viewed as a distorted hexagonal 
close packing network of oxygen ions whose half of 
the tetrahedral site are occupied by sodium, iron, or 
silicon [9]. All the atoms in the Na2FeSiO4 structure 
are covalently bonded. A robust covalent bond in the 
structure causes Na2FeSiO4 to have excellent chemical 
and structural stability, although it is classified as a poly-
morphic material [10]. The band gap value of Na2FeSiO4 
is also relatively small, in a range of 1.23 – 2.51 eV, 
depending on the type of its polymorph structure 
[11]. It also has better electrical conductivity than the 
Li2FeSiO4 compound. Our previous study reported that 
the electrical conductivity of the Na2FeSiO4 compound is 
in the order of 10-5 S∙m-1 [12]. In addition, it theoretically 
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can accommodate energy with a high specific capacity  
of around 278 mAh·g-1, the approximate specific capacity 
of Li2FeSiO4 [13]. These properties make it possible for 
it to be potentially used as a new cathode candidate to 
replace Li2FeSiO4. The electrical conductivity plays a sig- 
nificant role in determining the properties of a battery cell, 
including its capacity and life cycle. A cathode material 
with an electrical conductivity of about 10-7 – 10-2 S∙m-1 
is suitable enough for its use as a cathode in a battery 
system [14].
	 Many methods, such as the solvothermal method 
[15], sol-gel method [7, 16], and solid reaction method 
[7, 17], have been used to prepare Na2FeSiO4 compounds. 
Kee et al. (2016) have successfully produced Na2FeSiO4  
by using the solvothermal method [15]. They obtained 
a sample with the primary phase being Na2FeSiO4, but 
it is also accompanied by an impurity phase, such as 
Na2SiO3 and Fe3O4. The advantage of this method is that 
it can produce samples with a controlled particle size 
and structure, but the preparation process takes a long 
time. Meanwhile, Kaliyappan and Chen (2018) obtained 
Na2FeSiO4  by applying the solid state reaction method 
[17]. They obtained a sample with high crystallinity 
and purity, but a high temperature is required so that 
the reaction can occur in a short time. Previous studies 
reported that they have succeeded in producing the 
Na2FeSiO4  compound by applying the sol-gel method, 
but the second phase of Na2SiO3 is also present to 
accompany the primary phase [6, 18]. This method can be 
operated at low temperatures and produces particles with 
relatively homogeneous morphology. All these methods 
have been proven to be applicable to produce Na2FeSiO4  
regardless of the advantages and disadvantages.
	 Silica is one of the raw materials in the preparation 
of Na2FeSiO4 compounds. The need for silica to prepare 
this compound is generally supplied from tetraethyl 
orthosilicate (TOES) or fumed silica [6, 15, 17, 19]. 
The utilisation of silica from organic materials has 
become one of the trends in producing several silica-
based materials to reduce production costs. Our previous 
study utilised rice husk silica to prepare Na2FeSiO4  
compounds by applying the sol-gel method followed 
by thermal treatment at 800 °C. We obtained a high 
crystalline Na2FeSiO4 phase, but slightly accompanied 
by other phases, namely Na2SiO3 and SiO2. This study 
shows that rice husk silica is potentially usable to prepare 
Na2FeSiO4 compounds [12]. Some of our previous 
studies also demonstrated the possibility of rice husk 
silica to produce silica-based materials, such as cordierite 
[20-22], forsterite [23-24], and geopolymers [25]. Our 
success in utilising amorphous silica from rice husks as 
the raw material is supported by the excellent rice husk 
silica properties, such as its high purity, amorphous level, 
and large surface area [26-28]. In addition, amorphous 
rice husk silica is easily dissolved in base solutions, even 
at room temperature, so that it readily reacts with other 
solutions [29].  

	 In various studies, Na2FeSiO4 compounds have 
generally been prepared by thermal treatment methods 
at high temperatures of about 500 °C or greater [16, 30-
31]. At this temperature, a Na2FeSiO4 phase is generally 
formed with high crystallinity, but several impurities are 
also present following the primary phase. Until now, no 
previous study reported the phase state equipped by the 
primary and impurity phase percentage from samples 
sintered at temperatures below 500 °C. Therefore, this 
study reports the effect of the sintering temperature on 
the functional groups and phase of Na2FeSiO4 precursor 
samples sintered under 500 °C. The samples were pre-
pared according to our previous method, followed by 
thermal treatment at 350 – 475 °C with a holding time of 
10 hours at the peak temperature. This study also reports 
their band gap and electrical conductivity because these 
properties are essential in cathode development. 

EXPERIMENTAL

	 The Na2FeSiO4 compound was prepared from 
materials consisting of dry and clean rice husk, 
Fe(NO3)3·9H2O 99 % (Merck), NaOH 90 % (Rp 
Chemical Product), and C6H8O7·H2O (chelating agent).

Extraction of the Amorphous Silica 
 from the Rice Husk

	 The amorphous silica powder was extracted from 
rice husk following the procedure in our previous study 
[12]. A total of 50 g of clean and dry rice husks were 
added to 500 ml of a NaOH 5 % solution and then heated 
for 30 minutes to form a sol. The sol was placed under 
atmospheric pressure at room temperature for 24 hours, 
then filtered to separate the sol from the remaining rice 
husks. The sol was added with a HNO3 10 % solution 
dropwise until a gel with a pH of 7 was obtained. The gel 
was washed using deionised water until clean, then dried 
at 110 °C to obtain a solid. The solid was ground using 
a mortar and pestle and then sieved using a 200-mesh 
sieve to obtain amorphous silica powder.

Na2FeSiO4 Preparation 

	 Na2FeSiO4 was prepared using the sol-gel method 
following our previous study [12]. The samples were 
prepared from NaOH, Fe(NO3)3·9H2O, amorphous 
silica powder from rice husks, and C6H8O7·H2O with  
a mole ratio of 2:1:1:1. As much as 0.4 g NaOH, 2.02 g 
Fe(NO3)3·9H2O, and 2 g of C6H8O7·H2O were dissolved in 
10 ml, 25 ml, and 20 ml of deionised water, respectively. 
As much as 0.3 g of SiO2 was put into a NaOH solution 
and then heated at 60 °C for 30 minutes under magnetic 
stirring to obtain a silica solution. The Fe(NO3)3·9H2O 
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solution was added to the silica solution, and then the 
C6H8O7·H2O solution was added until the pH of the 
solution was 1. The solution mixture was then put in a 
reflux system at 80 °C for 5 hours under magnetic stirring 
until a yellowish solution was formed. The solution was 
then poured into a beaker and heated to 75  °C under 
magnetic stirring until the solvent evaporated and a gel 
was formed. The gel was then dried at 130 °C to form a 
solid. Furthermore, the solid was ground using a mortar 
and pastel to obtain a powder. The powder was thermally 
treated at a temperature of 350 – 475 °C with a heating 
rate of 3 °C·min-1 and held for 10 hours at the peak 
temperature. The sample was then ground and sieved 
using a 200-mesh sieve.

Sample Characterisation 
	 Analysis was performed using Fourier transform 
infrared (FTIR) spectroscopy and X-Ray Diffraction 
(XRD) techniques to determine the functional groups 
and phases that formed in the sample. The functional 
groups of Na2FeSiO4 were analysed using a Nicolet 
iS10 FTIR in a wavenumber range of 4000 – 400 cm-1. 
The samples were prepared by grinding a mixture of the 
sample powder and KBr and then pressed into pellets. 
The data analysis was carried out by comparing the FTIR 
spectra with previous studies. The phases of the samples 
were characterised using X'Pert Powder PW 30/40 XRD 
on Cu-Kα radiation operated at 40 kV and 30 mA. The 
step size used was 0.02° per minute in a 2θ range from 
10° – 100°. The qualitative phase analysis used the QualX 
software version 2.24 by applying the search-match 
method, namely comparing the experimental data with 
the database that had been installed [32]. Meanwhile, 
the quantitative analysis was performed on the Rietica 
program using the Rietveld method.
	 The band gap and electrical conductivity of the sam-
ples were analysed using a UV-Vis spectrophotometer 

and an LCRmeter.  The samples were measured using  
a DRS Shimadzu UV-2450 UV-Vis spectrophotometer at 
a wavelength range of 200 – 800 nm to obtain the diffuse 
reflectance data to estimate the band gap. The diffuse 
reflectance data was processed using the Kubelka-Munk 
theorem and Tauc relation to predict the band gap value, 
namely

and  
                          [F(R∞)hυ]2 = A(hυ − Eg)

where F(R∞) is the Kubelka-Munk function, K is the 
absorption coefficient (m2∙kg-1), S is the scattering 
coefficient (m2∙kg-1), R∞ is the diffuse reflection, 
h is Planck constant (6.6 × 10-34 m2 kg∙s-1), A is 
proportionality constant (J), υ is the frequency (Hz), and 
Eg is the band gap energy (eV). Meanwhile, to analyse 
the electrical conductivity, 1.2 g of the sintered powder 
was compacted at a pressure of 78,400 KPa to form a 
cylindrical pellet. The conductance of the samples was 
measured using an HIOKI 3520-52 LCRmeter in the 
frequency range of 50 – 60 Hz. From the conductance 
data, the electrical conductivity of the sample was 
calculated using σ  =  G∙(L/A), where σ is the electrical 
conductivity (S∙m-1), L is the thickness of the sample 
(m), G is the conductance (S), and A is the cross-section 
of the sample surface (m2).

RESULTS AND DISCUSSION

	 The functional groups in the sample were identi-
fied using FTIR, and their spectra are depicted in Fi-
gure  1a-f. The spectra indicate the presence of bonds 
related to the Na-O, Fe-O, and Si-O groups of the NaO4, 
FeO4, and SiO4 tetrahedral structures that characterise 

a) 350 °C b) 375 °C
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Figure 1. FTIR spectra of the samples thermally treated at different temperatures.                                             continues on next page ...
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the existence of the Na2FeSiO4 phase in the samples  
as reported by previous studies [12]. The absorption 
peak in the area of wave number 455.20 – 432.05 
cm-1 indicates the presence of bending vibrations of 
the Na-O group of the NaO4 tetrahedral [33]. The 
absorption peak of wave number 686.65 – 509.21 cm-1 
is related to the stretching vibration of the Fe-O group 
of FeO4 tetrahedral [34-35]. The sharp absorption peak 
of wave number 910.40  –  871.82 cm-1 indicated the 
presence of stretching vibrations of the Si-O group of 
the SiO4 tetrahedral [36]. In addition to the existence 
of Na-O, Fe-O, and Si-O groups, the FTIR spectra also 
indicate the -OH groups marked by the broadband at 
3433.29  –  3425.58 cm-1 [37]. This functional group is 
predicted to come from the water molecules trapped in 
the samples.  This group may also come from the silanol 
group (Si-OH) because the existence of the group was 
detected at the absorption peak of 3749.62 cm-1 [38-
39]. In these spectra, the C-H and C=O groups are also 
identified. The C-H group is detected in the wavenumber 
of 2368.59 – 2337.72 cm-1 and around a strong absorption 

peak of 1458.18 – 1450.46 cm-1, and the C=O group is 
detected in the wavenumber of 1766.17 – 1789.94 cm-1. 
The C=O and C-H groups probably came from the che-
lating agent C6H8O7∙H2O remaining in the samples [40].
	 The phases in the samples were analysed using the 
search match method operated on the QualX software, 
namely by comparing the experimental diffraction data 
with the open crystallography database (COD), which 
was installed in the program. However, the COD has not 
yet been provided with the database of the Na2FeSiO4 
phase. According to previous studies, the Na2FeSiO4 
phase is an isostructure with polyanionic compounds 
such as Na2ZnSiO4, Na2MnSiO4, and Na2CaSiO4 [15]. 
Therefore, the experimental data were matched with 
the COD of the polyanion compound. As a result, the 
crystallographic data of each sample matched the da-
tabase of the Na2CaSiO4 phase with the card number 
COD 00-101-0111. The diffractogram of each sample 
is depicted in Figure 2. The diffraction peak, which in-
dicates the Na2FeSiO4 phase, is located at 2θ 33.97° as 
the prominent peak that characterises the phase. This pha-

c) 400 °C

Figure 1. FTIR spectra of the samples thermally treated at different temperatures. 

d) 425 °C

e) 450 °C f) 475 °C
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se was also identified by the appearance of diffraction 
peaks at angles of 2θ 20.54° and 45.05°, which were also 
associated with this phase. This analysis agrees with a 
previous reported study [7,30]. This analysis also finds 
the FeSiO3 phase with a dominant peak at 2θ 29.36° and 
several diffraction peaks at 2θ 34.09°, 37.98°, 43.53°, 
and 47.82° (COD 00-900-1627). In addition, there are 
also diffraction peaks related to the SiO2 phase (COD 
00-900-7171) at 2θ 29.38°, 31.90°, and 32.49°. Based on 
this analysis, the Na2FeSiO4 phase has a cubic structure 
with a P 21 3 space group, and the FeSiO3 phase has 
a monoclinic structure with a P 1 21/c 1 space group. 
Meanwhile, the SiO2 phase has a triclinic structure with 
a C 1 2/C 1 space group. The presence of these three 
phases in the sample indicates the suitability of the 
functional group analysis, which indicates the presence 
of the Na-O, Fe-O, and Si-O bonds. The presence of the 
three phases in the sample indicates compliance with the 
functional group analysis, which shows the presence of 
the Na-O, Fe-O, and Si-O groups in the sample, because 
the Na2FeSiO4, FeSiO3, and SiO2 phases are formed 
by a covalent bond from one or a combination of these 

groups.
	 The crystallographic database of each phase 
obtained from the qualitative analysis is then used as 
the input data in the refinement analysis. This analysis 
was performed with Rietica software by applying the 
Rietveld method. The output of this analysis is depicted 
in Figure 3, while the refinement parameters are shown 
in Table 1. Table 1 reveals that all the samples have 
Rexp, Rw, and Rp values less than 11 % and Goodness of 
Fit (GoF) values less than 1 %. According to previous 
studies, if the GoF value is less than 4 % and the Rwp is 
less than 25 %, the refinement mechanism has met the 
standard Rietveld method [20,41]. Thus, this analysis 
confirms the accuracy of the qualitative analysis, which 
revealed that there are Na2FeSiO4, FeSiO3, and SiO2 
phases in the samples. The output of this refinement 
analysis also includes the weight percent (wt. %) of each 
phase, as shown in Table 2. The wt. % of each sample is 

Figure 3. XRD Rietveld plot for the samples thermally treated at different temperatures. The observed data are shown by the (+) 
sign and the calculated data by a solid line.                                                                                                     continues on next page ...

Figure 2. The XRD pattern of the samples thermally treated at 
different temperatures, a) 350 °C, b) 375 °C, c) 400 °C, d) 425 
°C, e) 450 °C, f) 475 °C.

Table 1. The figure of merit from the refinement of the XRD 
data for the samples thermally treated at different temperatures. 

Temperature	 Rwp	 Rp	 Rexp	 GoF
(°C)				  
350	 6.79	 4.94	 10.70	 0.40
375	 6.36	 4.78	 9.37	 0.46
400	 6.75	 4.71	 9.97	 0.45
425	 6.22	 4.85	 9.00	 0.47
450	 6.73	 5.33	 10.10	 0.44
475	 6.52	 4.80	 9.38	 0.48

a) 350 °C a) 375 °C

Table 2. Wt. % from the refinement of the XRD data for the 
samples thermally treated at different temperatures. 

Temperature	 Na2FeSiO4	 FeSiO3	 SiO2
(°C)			 
350	 73.44	 19.03	 7.53
375	 73.46	 18.94	 7.60
400	 73.66	 18.91	 7.43
425	 74.08	 19.33	 6.59
450	 73.74	 19.29	 6.97
475	 74.23	 18.76	 7.01
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dominated by the Na2FeSiO4 phase followed by FeSiO3 
and SiO2. The presence of secondary phases such as 
FeSiO3 and SiO2 indicates that the gelation and solid-
state reaction leading to the formation of a Na2FeSiO4 
phase was not achieved because the reactants were not 
stoichiometrically mixed or the solid-state reaction was 
not kinetically achieved. However, the composition of 
the Na2FeSiO4 phase tends to increase with an increasing 
thermal treatment temperature. However, it decreased in 
the sample thermally treated at 450 °C. The increase in 
the wt. % of the Na2FeSiO4 phase was followed by an 
increase in the unit cell volume of the Na2FeSiO4 phase, 
as shown in Table 3. The change in the wt. % and cell 
volume of Na2FeSiO4 is related to the thermal treatment 
temperature and crystal growth function. Meanwhile, the 
wt. % and the unit cell volume of the secondary phase 
tend to decrease with an increasing temperature. 
	 The band gap values of the samples were estimated 
using the Kubelka-Munk equations and Tauc relation. 
The Tauc plot is shown in Figure 4. The estimated band 
gap of the samples sintered at 350 °C, 375°C, 400 °C, 
425°C, 450 °C, and 475 °C are 2.00 eV, 1.99 eV, 1.98 eV, 
1.92 eV, 1.98 eV and 1.95 eV, respectively. This estimate 
agrees with previous studies that stated that the band 
gap of the Na2FeSiO4 phase ranges from 1.23 to 2.51 eV 
[11]. Therefore, the band gap of the samples mainly 
comes from the contribution of the Na2FeSiO4 phase 
because it is the main phase, and the number reaches 

more than 73 % in each sample, as shown in Table 2. 
Meanwhile, the secondary phase is less than 27  %, 
divided into two different phases. Thus, the secondary 
phase only provides a small influence to the samples’ 
band gap. Changes in the band gap value show a close 
relationship with the wt. % and the unit cell volume of 
the Na2FeSiO4 phase. The band gap value is inversely 
proportional to the wt. % and the unit cell volume. The 
unit cell volume plays a significant role in determining 
the band gap of the phase because changes in the unit 
cell volume influence the state of the band structure. The 
larger the unit cell volume, the higher the band gap [42]. 
Table 3 shows that the unit cell volume of the primary 
phase tends to increase with an increasing thermal 
treatment temperature so that the band gap value of the 
sample tends to decrease inversely proportional to its 
unit cell volume. The downward trend in the band gap 

Table 3. Unit cell volume from the refinement of the XRD data 
for the samples thermally treated at different temperatures (in 
units of Å3)

Temperature	 Na2FeSiO4	 FeSiO3	 SiO2
(°C)			 
350	 409.841	 462.666	 639.556
375	 412.661	 460.501	 638.606
400	 412.827	 464.143	 632.414
425	 417.421	 448.285	 477.686
450	 416.915	 447.650	 505.531
475	 417.040	 435.186	 522.446

c) 400 °C d) 425 °C

e) 450 °C f) 475 °C
Figure 3. XRD Rietveld plot for the samples thermally treated at different temperatures. The observed data are shown by the (+) 
sign and the calculated data by a solid line.
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is also supported by the tendency to narrow the unit cell 
volume of the secondary phases as the thermal treatment 
temperature increases, as shown in Table 3. It causes the 
cell volume of samples to be dominated by unit cells of 
the primary phase, thereby causing changes in the band 
structure which triggers the band gap width to narrow.
	 Meanwhile, the conductivity value increases as the 
sintering temperature increases as depicted in Figure 5 
and Table 4. All the samples have electrical conductivity 
in the order of 10-5 S∙m-1, similar to the results of our 
previous study [12]. The electrical conductivity of each 
sample is closely related to the band gap. Samples 
with small band gaps allow electrons to move from the 
valence band to the conduction band with lower energy. 
Thus, the smaller band gap sample has a more excellent 
electrical conductivity [43]. Therefore, the electrical 
conductivity of the Na2FeSiO4 sample shows a pattern 

a) 350 °C b) 375 °C

c) 400 °C d) 425 °C

e) 450 °C f) 475 °C
Figure 4. Tauc plot of the samples thermally treated at different temperatures.

Figure 5. Electrical conductivity in a frequency of 50 – 60 Hz 
from the samples thermally treated at different temperatures.
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that is inversely proportional to the band gap.

CONCLUSIONS

	 This investigation succeeded in revealing the effect 
of the thermal treatment on the formation of the Na2FeSiO4 
phase and the band gap and electrical conductivity. The 
study showed that each sample was dominated by the 
Na2FeSiO4 phase, followed by the FeSiO3 and SiO2 
phases. The weight percent and unit cell volume of the 
Na2FeSiO4 phase tended to increase with an increasing 
thermal treatment temperature, but the band gap values 
showed an inverse trend to the weight percent and unit 
cell volumes. At the same time, the value of the electrical 
conductivity is proportional to the percent by weight and 
volume of the unit cell of the Na2FeSiO4 phase.
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