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ABSTRACT
In this research, the synthesis of lithium silicon vanadium pentaoxide
compounds is performed by the solid-state reaction and heated by a
microwave. This combines the advantages of a solid-state reaction
and the microwave method. The precursors were lithium nitrate,
vanadium pentaoxide, and silica from rice husk ash. The conditions
were studied according to grinding time and microwave heating.
Each condition was examined for electrochemical properties by cyclic
voltammetry. The grinding time at 6 hr and heating at 600W for
5min provided the highest specific capacitance of 376 F g�1. The
product morphology was determined to be irregular in shape by
scanning electron microscopy. The X-ray diffraction and transmission
electron microscopy results identify that the product was
Li3.6Si0.6V0.4O4. X-ray absorption near edge structure technique found
the oxidation of vanadium was V4þ and V5þ. Fourier transform infra-
red spectroscopy and resonance Raman spectroscopy exhibited the
bonds of Si�O, Li�O, V�O� V, V¼O and Si�O�Si.
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Introduction

Solid-state reaction with the microwave assisted method is a fast and ecofriendly reaction
which also reduces the effect of solvents during the reaction. This combines the advantages
of a solid-state reaction and the microwave method. The solid-state reaction with the
microwave assisted method is developed to prepare cathode materials and supercapacitors.
The principle of the solid-state reaction with microwave assisted method is that reactants
can produce heat through the absorption of electromagnetic energy. The microwave has
strong penetration ability and the surface and the object can be heated simultaneously [1].
The microwave solid-state method is popular with inorganic synthesis involving the metal
alloying process [2], metallic materials [3], metal-organic frameworks (MOFs) [4], and gra-
phene-based materials [5]. Some metal powders or bulk metals (e.g. Fe, Co, V, Zn, Sn, Na,
and K) are good microwave susceptors and heat up rapidly [6]. Since microwave offers
rapid volumetric and penetrated heating, high reaction rates and selectivity, chemical syn-
thesis by microwave solid-state synthesis is very efficient and energy saving. Thus, the
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materials can be synthesized more quickly by the microwave solid state method than
the conventional solid-state synthesis method. In regards to the sites of three Liþ ions in
the unit cell of the material, this rapid crystal growth can lead to a dramatic deviation
between microwave solid-state and conventional solid-state synthesis methods [7].
Supercapacitors, a system for electrochemical energy storage and conversion, has

attracted numerous interests because of its rapid charge and discharge rates, high power
density, long cycle lifetime, and high reliability compared to conventional batteries [8].
The exploration of suitable electrode materials is the key challenge for the application of
supercapacitors. Electrical-energy-storage devices with high power density and long
cycling life hold great promise for a broad spectrum of applications, such as hybrid elec-
tric vehicles and power tools [9]. To boost the specific capacitance of supercapacitors, the
specific capacitor of the electrode materials must be as high as possible to promote elec-
trical capacitance [10]. Supercapacitors can be sorted into electrochemical double layer
capacitors and pseudo capacitors based on their charge storage mechanism [11]. The syn-
thesis method is one of the main factors influencing the electrochemical performance of
cathode materials. The solid state reaction with microwave assisted method will give the
product a higher purity from reactions that are directly affected by microwave waves [2].
The microwave field gives rise to a current traveling in phase of materials with the field
and causing resistive heating in the sample. Generally, this mechanism is the dominant
effect in solid materials and is referred to as conduction heating. The materials can con-
tribute some pseudo capacitance to the composite electrode, yet the electrochemical stabil-
ity of the supercapacitor often becomes poor due to the inherent instability of doped
species under the electrochemical conditions, which is not desirable in practical applica-
tions [12]. The Li3.6Si0.6V0.4O4 compound shows higher lithium ion conductivity than
Li2SiO3 which has less conductivity than the main phase Li3.6Si0.6V0.4O4. The Liþ vacan-
cies which are current carriers in Li2SiO3 composition increase with formation of solid
solution with Li2SiO3 [13]. Kitchen et al. found that Li2SiO3 has good electrical conductiv-
ity and can enhance the conductivity of the material [14]. Li3VO4 has been reported by
Li et al. which found that it can be used as an electrode material but has low electrical
conductivity when other phases were in the experiment. Silica has been widely used and
employed to create high-performance or highly functional materials over the last few dec-
ades. The excellent electrical and dielectric properties of silica are extensively used in
dynamic random access memory and field effect transistors. The highly porous silica con-
tributes to good electron transfer, thus increasing electrical conductivity [15].
In this research, LiNO3, V2O5, and SiO2 from rice husk ash were the precursors to

synthesize the capacitor materials by the solid-state reaction with microwave assisted
method. The various techniques were the tools for characterization. Specific capacitance
was measured by the cyclic voltammetry method.

2. Experiments

2.1. Materials preparation and Synthesis

2.1.1. Preparation of silica from rice husk ash
Rice husk ash was soaked in 0.5M of hydrochloric acid for 30min and filtered, washed
with deionized water and subsequently dried at 100 �C. The dried rice husk ash was cal-
cine at 900 �C for 9 hr and analyzed by X-ray fluorescence (SiO2 95.34%).
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2.1.2. Synthesis of material
The mixture of lithium nitrate monohydrate (8.87 g), vanadium pentaoxide (18.37 g),
and silica (6.14 g) was 7:2:1 by mole ratio with excess lithium nitrate. The mixture was
crushed and ground into powder using a mortar by manual operation. The parameters
included varied grinding time for 4 and 6 hr and heating power at 400 and 600W for
5min in a microwave oven.

2.2. Characterization

Fourier transform infrared spectroscopy (Perkin Elmer Spectrum RXI) was measured
with 4 cm1 resolution, 16 scanning and recorded spectra from 4000 to 400 cm�1.
Resonance Raman spectroscopy (Jobin Yvon Horiba T64000) measurement was con-
ducted using triple monochromator at 50� microscope with a 532 nm exciting laser
source. Phase identification of the products was conveyed by X-ray diffraction (Rigaku
mini flex II) with Cu Ka radiation.
Synchrotron X-ray absorption near edge structure spectroscopy (XANES) at the van-

adium K-edge using transmission mode was conducted at the Synchrotron Light Research
Institute (Public Organization) Beamline (BL5.2), Nakhon Ratchasima, Thailand. Cyclic
voltammetry (CH instruments (CH 1230, USA) was used for all electrochemical measure-
ments. Ag/AgCl electrode (3M KCl) was used as a reference electrode with a scan rate of
5 to 60mV s�1 and the applied potential was studied in the range of �0.4-0.5 volts.
Scanning electron microscopy (TESCAN, VEGA3) and transmission electron micros-

copy (JEOL JEM-2010) were performed on all powder samples to study the shape of
the products.

2.3. Electrochemical Measurement

2.3.1. Preparation of the working electrode (WE)
Nickel foam substrate (1� 2 cm) (initial weight recorded) was used as a working elec-
trode (WE). Each material including 32mg of active material, 4mg of carbon black, and
4mg of polyvinylidene difluoride (PVDF) were mixed and then added to 400 mL of N-
methyl-2 pyrrolidone (NMP). After mixing, 70 mL of the prepared solution was dropped
onto the nickel foam electrode surface and dried at 70 �C overnight. The prepared elec-
trode was compressed at 10MPa to smooth out the electrode surface. Finally, the weight
of the obtained electrode was recorded. The difference between electrode weights before
and after modification provided the weight of substance modified onto the electrode
surface. Electrochemical properties were tested by cyclic voltammetry (CV).

2.3.2. Calculation of the specific capacitance
The specific capacitance (C) from the GCD technique by Yan et al. can be calculated
with Equation (1) [16].

C ¼
Ð
IdV

�mV
(1)
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where
C is the specific capacitance (F g�1)
I is the response current density (A cm�2)
V is the potential (V)
� is the potential scan rate (mV s�1),
and m is the mass of the electroactive materials in the electrodes (g),

3. Results and Discussion

3.1. Fourier Transform Infrared Spectroscopy (FTIR)

Figure 1 presents the FTIR spectra of products from lithium nitrate, vanadium pentaox-
ide, and silica from rice husk ash with a milling time of 4 and 6 hr, and heating by
microwave at 400 and 600W for 5min. Interpreting the FTIR spectra results identifies
the bands �(Si�O) of SiO2 at 670 cm�1 at the grinding time 4 hr, �(Si�O�Si) at
732 cm�1 at 4 and 6 hr, and (V�O�V) at 826 cm�1 (V¼O) bond at 1118 cm�1 [17,
19]. The band at 1384 cm�1 was assigned to nitrate [20].

3.2. Resonance Raman Spectroscopy (RR)

The RR spectra shown in Figure 2 indicate the Raman shift at 941 cm�1 assigned to the
(V¼O) stretching was obtained as V2O5 precursor. When the microwave heating watt-
age increased, the intensity of the (V¼O) stretching peak increased gradually due to
the higher crystallinity of 600W products. In addition, the peaks at 877, 811, and 656
according to stretching of �(Si�O) and 515 following to vibration of �(Si�O� Si),
vibration at 642 and 121 cm�1 were assigned to the vibrations of �(Li�O) and
227 cm�1 can be assigned to the vibration of �(V�O�V) [18, 19]. The Resonance
Raman technique allows the vibrations of the Li�O bond to occur in the product,
which helps confirm that the product is lithium vanadium silicon oxide. Koroleva et al.

Figure 1. FTIR spectra of conditions (a) 4 hr-400W, (b) 4 hr-600W (c) 6 hr-400W and (d) 6 hr-600W.
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(2007) found that when the synthesis temperature increases, the product mold of the
silicate compound produced a significant increase in temperature [21].

3.3. X-Ray Diffraction (XRD)

The XRD results in Figure 3 show phase of product were mixed phase of
Li3.6Si0.6V0.4O4, Li3VO4 and Li2SiO3. The higher crystallinity considering from sharp
and higher intensity diffraction peaks were observed at the higher heating power
(600W) with the impurity of Li2SiO3. XRD pattern of product at 4 hr of griding time
produced, an impurity phases were Li3VO4 and Li2SiO3, and the intensity of
Li3.6Si0.6V0.4O4 was lower than 6 hr grinding time. The griding time for 6 hr found
Li3.6Si0.6V0.4O4 with higher intensity peak and the impurity was only Li2SiO3. Hu et al.
[22] reported Li2SiO3 could improve the electrochemical capability of oxide materials.
Also, Quifen et al. [23] used Si-based material as Li2SiO3 to improve the electrical per-
formances. On the other hand, the electrical conductivity of Li3VO4 is low (<10�10 S
m�1) [24]. The performance was improved by Al insert into the structure of Li3VO4

[25]. It would be expected Li3.6Si0.6V0.4O4 contaminated with Li2SiO3 would show
higher the specific capacitance than contaminated with Li2SiO3 and Li3VO4. Based on
the XRD, the conditions at 6 hr of grinding time with both 400 and 600W were further
analyzed with other techniques due to the higher intensity than 4 hr of grinding time.

3.4. X-Ray Absorption near Edge Structure Analysis (XANES)

The XANES spectra in Figure 4 were compared with the V2O4 (V4þ) and V2O5 (V5þ)
standard samples to identify the oxidation state of vanadium in all the samples. It is evi-
dent that their edge energies lie between V4þ and V5þ. The energy positions of the pre-
edge, white line zone, and after absorption edge peaks in all samples match with the
energy positions of the V2O3 and V2O5. For comparison, the XANES spectra in this
work is similar to the results presented by Laorodphan et al. [26]. Moreover, the edge
energies of all samples nearly overlap with the spectrum of V5þ standard, which implies
that V in all samples exhibited a majority phase of V5þ. The whole of the spectra

Figure 2. RR spectra of conditions (a) 4 hr-400W, (b) 4 hr-600W (c) 6 hr-400W and (d) 6 hr-600W.
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showed an identified peak for vanadium edge and energy characteristic position of van-
adium. The energy position of pre-edge peak is correlated with the charge of the van-
adium ions. The high of pre-edge peak can also be useful for analyzing the local
environment surrounding vanadium ions [27]. From the XANES spectra, vanadium
with the oxidation number is V5þ corresponding to the phase found in XRD, which
can help to confirm the formation compound of Li3.6Si0.6V0.4O4.

3.5. Electrochemical Measurement

Figure 5 shows the CV curves of the products at conditions 6 hr-400W and 6 hr-600W
at different scan rates from 60 to 5mV s�1 in 1M KOH electrolyte solution. Each
change profile shows a nearly flat region around 0.2-0.4 V. The redox profiles of V5þ

correspond to the V4þ/V5þ redox couple at 0.25-0.38 V. XANES analysis indicates the
mixed oxidation state of vanadium (V4þ and V5þ) of all products. The limitation of the
cyclic voltammetry and Ag/AgCl reference electrode explain the V4þ/V5þ redox couple
which is expected to be observed around 1.00V [11, 22]. The calculated specific capaci-
tance of the samples can be obtained from the integrated area of CV curve at a scan

Figure 3. XRD patterns of the conditions(a) 4 hr-400W, (b) 4 hr-600W (c) 6 hr-400W and (d)
6 hr-600W.

Figure 4. XANES spectra of conditions (a) V2O5 (b) V2O3 (c) 6 hr-400W and (d) 6 hr-600W.
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rate of 60-5mV s�1 using Equation (1). The calculated specific capacitance of all the elec-
trodes at lower scan rates are significantly higher than those at higher scan rates, as
depicted in Figure 6. The specific capacitance of condition 6hr-400W and 6hr-600W in
range of 237-350 and 253-376F g�1, respectively. The 6 hr of grinding time and heating at
600W provided the highest specific capacitance was 376 F g�1 at 5mV s�1 of scan rate.
In Figure 6, the specific capacitance at 6 hr-600W was higher than 6 hr-400W as

expected. Thus Li2SiO3 would enhance the specific capacitance of Li3.6Si0.6V0.4O4. The
heating in a maximum magnetic-field of the standing wave can be efficient for samples
with high electric conductivity. The high volumetric nature of microwave heating in sili-
con is relative with high conductivity [28]. Therefore, the condition at 600W had higher
conductivity than at 400W.

3.6. Scanning Electron Microscopy (SEM)

Figure 7 presents the analysis using SEM techniques to analyze silica sources with Figure 7a
and b at 400W and (c and d) at 600W of microwave heating. The products from the syn-
thesis of silica from rice husk ash found that the crystalline products were clearly highly
porous. This explains why products using silica from rice husk ash have a higher specific
capacitance valence because of porous crystal [29]. There was an effect on the electron trans-
fer in the reaction, causing the specific capacitance of different material. Considering the
conductivity of silica, Bok et al. [30] found porous silica electrode synthesized with NaCl
salts has high specific capacity. The microwave watt effect directly affects the porosity of the
silica compound. The interaction of the electromagnetic wave from microwave oven with
each molecule in solution at high heating can be influence during the hydrolysis-condensa-
tion process [31]. In the SEM image, 5000� magnification is evident that at 600W micro-
wave heating, the crystals have a significant increase in porousity. The increased porosity is
the reason the synthesis at 600W has a better specific capacitance than 400W [32].

3.7. Transmission Electron Microscopy (TEM)

The bright field image in Figure 8 is the high magnification images that show the par-
ticles are porous in nature. Figure 8b, crystal was clear and thick layers which indicated
the black solid part was very high content of vanadium and highly crystalline micro-
structure of Li3.6Si0.6V0.4O4 [33, 34]. The results of TEM-EDX will be used to calculate

Figure 5. Cyclic voltammograms of conditions(a) 6 hr-400W and (b) 6 hr-600W.
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mole atoms from the percentage of atoms. In Figure 8a and c, the mole ratio of Si:V is
49:1. The high amount of Si is the remaining Si from the reactants during the synthesis
and Li2SiO3 regarding to XRD results. This corresponds to the specific capacitance of
synthesized product at 400W has poor specific capacitance due to incomplete the for-
mation of Li3.6Si0.6V0.4O4. In the Figure 8b and d, the mole ratio of Si:V is 1.3:1 simi-
larly with the mole ratio of Si:V in Li3.6Si0.6V0.4O4. The mole ratio calculation from
EDX corresponded with the specific capacitance at 600W is higher than 400W due to
the completed forming of Li3.6Si0.6V0.4O4.

4. Conclusion

Li3.6Si0.6V0.4O4 was synthesized by solid-state reaction with the microwave-assisted
method with rapid condition with shorter time than conventional solid state combined

Figure 6. Plot of specific capacitance versus scan rate of 6 hr-400W and 6 hr-600W.

Figure 7. SEM images of (a) 6 hr-400W-3000� (b) 6 hr-400W-5000� (c) 6 hr-600W-3000� and (d)
6 hr-600W-5000�.
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sintering. This synthesis method is very simple, rapid, safe, free solvent and easy to
work on. Such a synthesis process is a challenging for the synthesis of vanadium silicate
compounds, as previously it was done by closed-system method. The heating at 600W
provided the highest specific capacitance was 376 F g�1 at 5m V�1 of scan rate. The
impurity phase at 600W as Li2SiO3 could enhance the specific capacitance of the prod-
uct. The specific capacitance of the product indicated its performance could be used as
an electrode material. The results of XRD, SEM, and TEM-EDX are the reasons to
explain the specific capacitance of synthesized Li3.6Si0.6V0.4O4 by solid-state reaction
with microwave-assisted method.
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