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High-performance solid polymer electrolytes are regarded as one of the most promising materials to be used in the development of lithium |
ion batteries with improved extended life, increased recyclability and increased safety for electric vehicles and energy storage. In this |
work, a microwave-assisted hydrothermal technique was used to produce SiO,-doped rGO-WOs composite, which possesses outstanding
supercapacitor capabilities. This method is simple, low-cost method without using any other capping and reducing agents. The obtained |
Si0, doped rGO-WO; composite structural, morphology and components have been examined by XRD, FT-IR, FE-SEM, TEM, EDX, |
UV-visible techniques. It was found that the SiO, doped rGO-WO; composite well crystalline and the size range is about 20-30 nm. The |
SEM morphology results showed that the nanoparticles were stabilized by rGO, having cavity like structure and randomly distributed on |
the rGO-WO; matrix. The solid state electrolyte revealed superior lithium ion transference number and cyclic stability. The SiO, doped
rGO-WO; composite shows improved ionic conductivity of 2.74 x 10° S cm™ at room temperature. I
|
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INTRODUCTION

Developing materials with charge storage capacity, rapid
response time, high durability, high power density and long
life cycle is a major focus of engineering and scientific research
due to the increasing use of renewable energy sources [1-3].
The electrochemical materials with high power and low-cost
energy storage devices and their application can be found in
solar, wind, hybrid cars, power supply and renewable energy
system. Modern Li-ion batteries have been used in a lot of port-
able electronics and electric cars during the last few decades.
This is because of its good life cycle, high energy density and
environmental friendliness [4-7]. However, most of the comm-
ercially available Li-ion batteries are high energy density but
higher safety risk and lower thermal stability [8,9]. Critical
safety issues are one of the biggest problems in Li-ion batteries
based on liquid organic electrolyte, which has a low flash point
around room temperature [ 10]. Although, solid-state electrolyte
has shown a safer alternative to liquid electrolyte due to leakage

free, non-flammability, non-volatility and production of high
energy density [11-13].

Among various metal oxides, WO; belongs to the II-VI
semiconductor material which are have wide band gap of 3.0
eV and large excitation binding energy of 284 eV [14,15]. The
key advantages of WOs; are low cost, visible light catalyst, good
sensor, easy availability and high stability [16,17]. WOs; is also
commonly used in UV lasers, solar cells, emitting diodes, dyes,
adhesives, sensors. However, the poor rate capability and capa-
city retention is an important challenge for the solid-super-
capacitor application. To overcome this problem, we prepared
the composite is hybridization of rGO with WOs;. The rGO is
a atomic-scale, honey-comb, two-dimensional structure. This
is an exceptional optical, thermal, electronic application due
to grate chemical and mechanical stability, high specific area
[18,19].

Thus, we propose to synthesize the SiO, doped rGO-WO;
(1:1 ratio) by microwave-assisted hydrothermal method with
high crystalline, enhanced supercapacitor application. The
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produced nanoparticles and composites underwent extensive
structural and SEM morphological investigations. The elem-
ental composition and SEM morphology of the solid state elect-
rolyte were examined using EDAX and field emission scanning
electron microscopy (FESEM), respectively. Through the use
of electronic impedance spectroscopy (EIS), the conductivity
studies were computed.

EXPERIMENTAL

Reduced graphene oxide (rGO), sodium tungstate (Na, WO,-
2H,0), sodium bisulfate (NaHSO,-H,0) and tetraethy] silicate
(C,H5)4S10, were purchased from Sigma Aldrich in AR grade.
Ethanol was purchased from Chem-O-Chem chemicals. All
reagents were used without further purification.

WO; nanoparticles preparation: The hydrothermal
synthesis was used to synthesize WOj; nanoparticles, In brief,
2 g of NaHSO,, 1 g of Na,WO,-2H,0 and 50 mL of distilled
water were mixed vigorously for 30 min. After transferring
the yellow-coloured mixture into a Teflon autoclave, heated it
to 150 °C for 24 h and then the precipitation was allowed to
mature for another 24 h at ambient temperature. Ultimately,
the precipitate was recovered by centrifugation and the sample
was then baked for 3 h at 500 °C.

Preparation of SiO, doped rGO-WOj; composites: The
synthesis of Si0,-doped rGO-WO; composite was carried out
using a microwave-assisted hydrothermal technique. To obtain
a homogenous solution, 2.31 g of WO; and 2 g of tetraethyl
silicate were dispersed in 100 mL of a mixed solution that
contained 85 mL of deionized water and 15 mL of sodium
bisulfate. The mixture was then sonicated for 1 h. After dissol-
ving 2.04 g of rGO in deionized water, the mixture was magne-
tically swirled for 1 h. Every precursor was placed in a micro-
wave oven and heated for 15 min, after stirring for 1 h. In order
to improve the crystallinity, the resulting SiO, doped rGO-
WO; was finally washed with ethanol followed by deionized
water until become neutralized and finally dried for 2 h at 500
°C in an oven.

Characterization: Using an X-ray diffraction (XRD) pattern
obtained on a Bruker D8 Advance (Germany) with CuKo: radi-
ation (A = 1.5406 A) at an acceleration voltage of 40 kV and a
diffraction angle 20 range of 10° to 80°, the crystalline nature
of the produced nanoparticles and nanocomposite was studied.
Fourier transform infrared (FT-IR) spectra were obtained using
the KBr pellets methods (Perkin-Elmer 1725 spectrometer,
USA) in the 400-4000 cm™" wavenumber range in order to study
the existence of nanoparticles and nanocomposite. The field
emission scanning microscope (FESEM) images of the nano-
particles and nanocomposite were obtained using an FEI-Quanta
FEG 200F (Netherlands) microscope running at an accelerating
voltage of 30 kV and equipped with energy dispersive X-ray
(EDX) spectra for elemental analysis. Using a reflectance sample
of BaSO,, the optical characterization was performed in the 200-
500 nm range using a Cary 100 UV-visible spectrophotometer
(USA) to estimate the energy band of the sample.

Electrochemical impedance spectroscopy: Electronic
impedance spectroscopy was used using a CHI 660 electro-
chemical workstation to calculate the conductivity and activation

energy. The ionic conductivity (6) was measured with ampli-
tude of 5 mV for open circuit potential and in the frequency
range of 10 Hz — 100 kHz and temperature range of 25 °C to
70 °C. The membranes were placed between the stainless steel
(SS) electrodes at room-temperature. Using the high frequency
AC impedance approach, the conductivity (G) was determined
using the following formula [20,21]:

L
o=——
(R,S)
where L, R and S correspond to the thickness of the polymer
electrolyte, bulk resistance and area of the stainless steel (SS)
electrode, respectively.

Discharge characteristics: In battery, the cathode consists
of graphite (C) whereas the anode is composed of solid polymer
lithium electrolyte. The cell’s discharge characteristics were
examined under a 100 KQ load. A number of battery-related
cell metrics were evaluated including the power density, energy
density, current density, short circuit current (SCC) and open
circuit voltage (OCV).

RESULTS AND DISCUSSION

Structural and morphology properties: The crystallinity
and crystal phases of prepared pure WO; and SiO, doped rGO-
WO; were analyzed by XRD studies (Fig. 1). The appearance
of six strong characteristic diffraction peaks at 20 = 13.52°,
22.26° 25.48°, 35.14°, 50.42°, 55.34° were assigned to the
(101), (001), (200), (201), (220), (202) planes of WOs crystalline
with hexagonal structure (JCPDS No: 85-2460) (Fig. 1a). In
Si0,-doped rGO-WO; (Fig. 1b), a distinct diffraction peak is
found at 26.45° and 54.61°, corresponding to the (002) plane,
which is associated with rGO, moreover, the common diffra-
ction peaks of WOs were also appeared. The peak intensity of
WO; is marginally lower in the SiO,-doped rGO-WO; comp-
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Fig. 1. Powder XRD pattern of (a) WO; (b) SiO, doped rGO-WO; composite
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osite suggesting that the diffusion of SiO, and rGO into the
WO; crystalline region has partially destroyed its crystallinity.
The particle sizes of pure WO; and SiO,-doped rGO-WO; comp-
osite were determined using the Debye-Scherrer formula,
yielding the mean crystalline sizes of around 32 nm and 24
nm, respectively.

The surface morphology and physical properties of pure
WO; and SiO»-doped rGO-WO; composite were examined via
FE-SEM analysis. Fig. 2a illustrates that the images of pure
WO; exhibit a slight qualitative difference in porous and sphe-
rical structures. The HR-SEM images of SiO, doped rGO-WO;
(Fig. 2b) revealed that the samples exhibit a spherical morp-
hology, alongside a sheet-like structure associated with rGO,
with no observable aggregation among the particles. Signifi-
cantly, the nanocomposite architecture is facilitated by the rGO
matrix fiber framework, wherein WO; nanoparticles exhibit
interfacial interactions with the rGO matrix. The detection of
carbon, oxygen, hydrogen, silica and tungsten elements in SiO,
doped rGO-WOs indicates that the prepared composite was
successfully formed.

FT-IR spectral studies: The chemical structure of pure
WO; and SiO, doped rGO-WO; composite were analyzed by
FT-IR spectra. Fig. 3 shows the characteristic peaks of WO;
appear in 1476- 559 cm™' region attributed to the vibration mode
of W-O and C=0 stretching vibration mode [22,23]. In SiO,
doped rGO-WO; composite, the FI-IR peaks at 559 cm™, 856
cm’, 1476 cm’!, 1645 cm™ and 3443 cm™ were correspond to
W-0, C=0 stretching vibration, C=C skeletal vibration, C-O
stretching vibration, O-H water vibration, respectively. As can
be seen in FT-IR result of composite C=C and O-H stretching
vibration appeared, which is confirm the formation of rGO-
WO; composite.

UV-Visible spectral studies: Fig. 4 shows the UV-visible
spectra of pure WO; and SiO, doped rGO-WO; composite
samples. A broad reflection band at 456 nm was attributed to
the absorption peak of WOs nanoparticles and at 485 nm for
Si0; doped rGO-WO; composite confirmed the impregnation
of rGO matrix in the formation of SiO, doped rGO-WO; com-

Fig. 2. Powder FE-SEM images of (a) WO; (b) SiO, doped rGO-WO; composite
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Fig. 4. UV-Visible spectra of WO; and SiO, doped rGO-WO; composite
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posite. Based on the absorption spectra, the optical band gap
of the samples was determined from the Kubelka-Munk
function ohv = A(hv — E,)"* with v is the frequency of light, h
is Plank’s constant, A is the absorbance, E, is the optical band
gap [22,23]. The band gap energies of WO; and SiO, doped
rGO-WOscomposite were found to be 2.96 and 2.74 eV,
respectively.

Ionic conductivity

Electronic impedance spectroscopy: The ionic conduc-
tivities of the samples were analyzed using electrochemical
impedance spectroscopy (EIS) using a three electrode setup
at room temperature. At room temperature or at 30 °C, the
electrolyte conductivity (G) of solid state composite was com-
puted. Table-1 displays the addition of SiO, and rGO to the
WOj; nanoparticles along with the related conductivity values.
The composition of SiO,-doped rGO-WOs; composite demons-
trates a high conductivity value of 2.74 x 10° S cm™. The incor-
poration of SiO, and rGO into WOs nanoparticles improved
the conductivity. The addition of rGO to WOjs also increases
the amorphous phase and generates segmental mobility in the
hexagonal phase, both of which improve the ionic conductivity.
Incorporating SiO, as a filler into the rGO matrix enhances
the conductivity due to the dissociation of metal ion aggregates
into free ions, even though this is caused by the composite effect
and the formation of a conducting space-change double layer
between the WO; nanoparticles and solid state electrolytes.

TABLE-1
IONIC CONDUCTIVITY VALUES OF POLYMER
ELECTROLYTES WO: AND SiO, DOPED
rGO-WO, AT ROOM TEMPERATURE

Sample Conductivity at room temperature (S/cm)
Pure WO, 5.84 x 107
Si0, doped rGO-WO, 2.74x 107

Additionally, the ionic conductivity (6) values of the WO;
and Si0,-doped rGO-WO; composite electrolytes were deter-
mined and displayed in Fig. 5. The ionic conductivity of the
synthesized composite seems to be increasing; however, the
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ionic conductivity of the solid-state electrolytes is improved
by the combination of rGO and SiO,. Solid state composite
electrolytes have excellent ionic conductivity values at ambient
temperature, which makes the sample a potential material for
the development of solid-state electrochemical devices such
lithium ion batteries.

Discharge characteristics: The SiO,-doped rGO-WO;
composite solid state electrolytes were used to fabricate a solid
state electrolyte battery and their discharge characteristics were
assessed (Fig. 6). The lithium (anode), SiO»-doped rGO-WO;
composite and graphite (cathode) were the configurations used
to develop the solid state electrochemical cells. Graphite was
employed as positive electrode while compounds based on
lithium are used as negative electrode. These three elements
were combined into a pellet and subjected to multimeter anal-
ysis. Table-2 summarizes the evaluation and values for the
open circuit voltage (OCV), short circuit current (SCC) and
other cell parameters for these cells. The observed discharge
capacity around 458 LA at current density 341 A/cm” suggests
the SiO, doped rGO-WOscomposite electrolyte cells exhibit
improved performance and better stability.

TABLE-2
VARIOUS CELL PARAMETERS OF SiO,
DOPED rGO-WO; COMPOSITE ELECTROLYTE

C SiO, doped rGO-WO,
ell parameters .

composite electrolyte
Open circuit voltage (OCV) 1.012V
Short circuit current (SCC) 458 pA
Area of the cell 1.34 cm’
Weight of the cell 128 ¢
Thickness of the cell 136 pm
T.F. plateau region 78 h
Power density 3.62 W/Kg
Energy density 282.24 Wh/Kg
Current density 341 pA/cm?

Conclusion

The present work demonstrates eco-friendly, cost-effective
approach to prepare SiO, doped rGO-WO; composite with solid
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Fig. 5. Nyquist plot of (a) pure WOjs electrolyte and (b) SiO, doped rGO-WOj; composite
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Fig 6. Discharge characteristics of SiO, doped rGO-WO; composite

electrochemical cell electrolyte

state electrode developed by a single-step hydrothermal method.
Synthesized SiO, doped rGO-WO; composite were analyzed
using different analytical techniques (XRD, FE-SEM, FT-IR,
UV-visible). The synthesis method and annealing temperature
were found to have a crystallinity structure with 24 nm average
size, porous morphology and efficiency solid state electrode.
The XRD spectra exhibited the crystalline peaks of WO; nano-
particles, whereas the FE-SEM observations revealed that the
synthesized composite have spherical in nature and WO3 nano-
particles firmly attached on the rGO surface. The UV-visible
spectra confirmed the formation of SiO, doped rGO-WO; comp-
osite by the SRP peaks around at 485 nm. At room temperature,
the battery exhibits an initial discharge capacity of 458 LA
with a current density of 341 wA/cm?. The SiO»>-doped rGO-
WOs; composite solid state electrode demonstrated an increase
inionic conductivity of 2.74 x 10° S cm™ confirmed the efficacy
of the novel approach to improve the high-energy materials.
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