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ABSTRACT

The present work demonstrated simple, cost-effective, and efficient synthetic

approach for producing two-dimensional (2D) nanosheets (NSs) of oxygen-de-

ficient monoclinic c-tungsten oxide (c-WO3), which exhibit desirable properties

used for super capacitor application. The hydrothermal method was employed

at a temperature of 120 �C for 12 h to synthesize c-WO3. Structural and optical

properties of the c-WO3 NSs were analyzed by using various techniques such as

X-ray diffraction, Raman spectroscopy, diffused reflectance spectroscopy, and

photoluminescence analysis. Morphological characterization was performed

using field emission-scanning electron microscopy and high-resolution trans-

mission electron microscopy. Furthermore, the electrochemical properties of the

c-WO3 NSs were evaluated for supercapacitor applications. The as-synthesized

c-WO3 NSs electrode exhibited a remarkable specific capacitance of 386 F g-1 at

a low current density of 5 mA cm-2. Also, the c-WO3 NSs electrode displayed

excellent stability, emphasizing its potential for energy storage device applica-

tions (ESDA).
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1 Introduction

Nanomaterial with two-dimensional (2D) structures

have received immense attention owing to their

specific structural anisotropy and several fascinating

electrical properties [1–3]. The transition metal oxide

(TMO) semiconductors [4–11] with well-known

physical and chemical properties in hierarchical

nanostructures have attentive for wide applications

in electrochemical energy storage devices (EESDs).

However, the electrochemical activity of nanostruc-

ture tungsten oxides (WO3) strongly depends on

morphology and crystal system based on synthesis

techniques, besides this, are also useful in water

splitting, [12] visible light driven photo catalysts,

photochromic devices, buffer layer in organic light-

emitting diodes and sensor. EESDs play the central

role in ongoing sustainable carbon-free energy tech-

nologies such as solar cells, batteries, and super

capacitors, where the key factor in up and down

streams of energy and power density devices trying

to be resolved for both the purpose of TMOs are

preferred. Due to the excellent electrochemical sta-

bility, low cost and easy to obtained WO3 motivated

to the material scientist to make a new avenue in the

field of EESDs [13]. The recognition of these tech-

nologies heavily trusts on the fundamental properties

of the electrode materials that are being used to fab-

ricate EESDs. WO3 has been materialized as a pro-

jecting metal oxide for next EESDs development by

its inherently tunable nonstoichiometric, surface-ac-

tive redox states augmented to improve the electrode

kinetics in super capacitor applications. For the same,

various synthesis techniques have been employed to

engineer 2D materials with designated and control-

lable morphology. [14, 15] Recently, Mandal et al. [16]

reported the lack of synthesis techniques with high

quality WO3 nanostructures. Yin et al. [17] presented

the NSs of anchored WO3. The quality of nanostruc-

tures used for the supercapcitor is depends on the

contact between electrode and electrolyte, the NSs

possesses the sufficient area for the contact due to

aspect ratio. Yang et al. [18] reported the NSs of WO3

doped with MnO2 for super capacitor. The quality of

nanophase WO3 also been improved by compositing

with post transition metals [19].

In the context, the 2D c WO3 Nano sheets (NSs) is

synthesized by hydrothermal technique in mild

conditions and tested for electrode material in super

capacitor applications resulting as a promising

material. By using the nanostructures reported the

enhanced nano-technological applications. The super

capacitor is one of the most important EESD which

works as a faster delivery of energy than batteries

and is superior to conventional capacitors [20]. To

date, various electrode materials have been synthe-

sized for use in supercapacitors, including conduct-

ing polymers, metal–organic frameworks, siloxenes,

transition metal oxides, transition metal sulfides,

carbonaceous materials, chalcogenides, polyoxomet-

alates [5, 9, 11], Tungsten oxides in the forms of NSs

is an n-type semiconductor with an indirect bandgap

having good optical, chemical, and thermal stability,

making it appropriate for super capacitor applica-

tions [21–23]. Extensive research and numerous

studies have focused on WO3 based super capacitors,

highlighting their notable pseudo capacitive behavior

arising from the presence of multiple oxidation states,

rapid surface reactions, and a crystal structure con-

ducive to the intercalation of electrolyte ions. Huang

et al. [24] observed a high specific capacitive of WO3

NSs.

In this work, we report the synthesis of stable, cost-

effective, and oxygen deficient 2D-c- WO3 NSs by

hydrothermal method and their performance in

super capacitor applications. The synthesized mate-

rials were characterized by different spectroscopic

techniques. Then, the as-synthesized materials were

tested for super capacitive properties in the three-

electrode system with the potential window of

0.0–0.6 V in the presence of 3 M KOH. The as-syn-

thesized 2D NSs of c- WO3 demonstrated excellent

electrochemical performance with the specific

capacitance of 386 F g-1 at a constant current density

of 5 mA cm-2.

2 Experimental section

2.1 Synthesis of c-Tungsten oxide
nanosheet (c-WO3 NSs)

The precursors used in this synthesis are of analytical

grade and utilized as received. In a typical reaction,

an equivalent amount of lead acetate Pb(C2H3O2)2
and sodium tungstate (Na2WO4) (2 mmol) were dis-

solved in 50 ml 0.1 M nitric acid (HNO3) solution.

The mixture was stirred vigorously for 75 min in a

hot water bath and obtained a white color suspen-

sion. This white color suspension of lead tungstate
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(PbWO4) turns to yellow at pH 2.9 [15] which is

subjected to the hydrothermal treatment at 120 �C for

12 h in a Teflon reactor jacketed with stainless steel

autoclave. After the completion of the reaction, the

product was filtered at room temperature and then

washed with DI water and dried at 100 �C for 2 h.

2.2 Characterizations

The structural analysis and phase purity of the sam-

ple was examined by X-ray diffraction (XRD) on a

Bruker D8 Advance X-ray diffractometer. X-ray

photoelectron spectroscopy (XPS) analysis was per-

formed using an ESCALAB-MKII spectrometer. The

absorption properties were measured by a UV–Vis

diffuse reflectance spectrophotometer (UV-3600, Shi-

madzu). The Photoluminescence properties were

measured by a spectrofluorophotometer (RF-5301PC,

Shimadzu). Room-temperature micro-Raman scat-

tering analysis was performed using an HR

800-Raman spectrometer (Horiba Jobin Yvon), with

excitation at 532 nm. The morphological features of

the synthesized samples were analyzed by Field-

Emission Scanning Electron Microscopy (HITACHI

S4800) and Transmission Electron Microscopy (FEI

Technai T20, Netherlands). For SEM analysis, the

sample was mounted on an aluminum stub using

conductive sticky pads. For TEM analysis, the as-

synthesized sample was dispersed onto TEM grids

using ethanol, and air-dried before imaging.

2.3 Electrochemical measurement

Electrochemical properties of the electrodes fabri-

cated from nanosheet-like c-WO3 were measured

through a three-electrode assembly in 3 M KOH

electrolyte using a Versa STAT 3 electrochemical

workstation. The three-electrode assembly was com-

posed of WO3 as a working electrode, platinum as a

counter electrode, and saturated calomel electrode

(SCE) as a reference electrode. The cyclic voltamme-

try (CV) analysis was performed by varying the scan

rates from 5 to 100 mV s-1 within a potential window

of 0–0.6 V vs. SCE. A Galvanostatic charge–discharge

(GCD) investigation was carried out at various cur-

rent densities ranging from 5 to 10 mA cm-2. The

electrochemical impedance spectroscopy (EIS) was

conducted over a frequency range of 1 Hz–100 kHz.

3 Results and discussion

Figure 1a–d illustrates the XRD, Raman, DRS, and PL

study of c-WO3-x NSs, respectively. The peak posi-

tions in Fig. 1a correspond to the monoclinic struc-

ture of WO3 (c-WO3) with lattice parameters,

a = 0.7301, b = 0.7539, and c = 0.7688 nm (JCPDS

Card No 01-083-0950). The monoclinic structure of

WO3 is referred to as the gamma phase of tungsten

oxide (c-WO3). The strong intensity peak located at

23.1� indicates domination of the (002) crystal plane

as a preferred orientation [25]. Comparison to the

XRD pattern of bulk WO3 reported by Boruah et al.,

[26] corresponds to c-WO3 NSs. In addition, the

shape of the peak located at 34.19� is not the same as

bulk WO3. This could indicate the oxygen deficiency

in WO3 NSs [15]. The Raman peaks observed at 720

and 813.5 cm-1 in Fig. 1b correspond to the stretch-

ing vibrations [t (O-W-O)] and the peak at

280.5 cm-1 belongs to the bending vibrations [d (O-

W-O)] of the c-WO3 NSs [27–29]. Unlike in the bulk

WO3, the peaks are slightly blue-shifted, this again

could attribute to the oxygen deficiency in the NS

[23]. From the UV–Vis diffuse reflectance spectrum

shown in Fig. 1c., the electronic band gap of the NSs

is estimated as 2.86 eV. The band gap was evaluated

by the Tauc method using the following Eq. (1):

a:hvð Þ1=c¼ Bðhv� EgÞ ð1Þ

where, a is the absorption coefficient, h is the Planck

constant, m is the photon’s frequency, Eg is the band

gap energy and B is a constant. The c factor depends

on the nature of the electron transition and is equal to

1/2 for direct and 2 for indirect band gaps. [26] The

band gap of the NSs is higher than that of the com-

mercial bulk WO3 (2.54 eV) partially due to quantum

confinement effects [15]. The major cause of the

enhancement in the band gap is due to the shortage

of O2- ions at the intrinsic sites, although oxygen

deficiency ultimately helps in the formation of the

NSs [26, 27]. Fig. 1d reveals the PL spectrum of c-
WO3 NSs obtained at an excitation wavelength of

325 nm in dichloromethane. The strong peak at

433 nm reveals a bandgap of 2.86 eV (* transparent

WO3) and other weak peaks are at the border of

quantum confinement. However, quantum confine-

ment is difficult to attain in metal oxides because

their exciton Bohr radii are of the order of a

nanometer [28]. This border quantum confinement
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and oxygen deficiency are indicated by the peaks at

433 and 459 nm, respectively.

The possible reaction of our as-prepared samples is

given as follows. The reactions involved as,

PbAC2 þNa2WO4 �!D PbWO4 þ 2NaAC

PbWO4 þ 2Hþ ! PbWO3H2O ! WO3 þH2O

FE-SEM images of the c-WO3 NSs with different

magnifications are displayed in Fig. 2a and b. From

Fig. 2a, the morphology of the as-synthesized c-WO3

can be concluded as NSs. From the high magnifica-

tion image provided in Fig. 2b, the average lateral

size and thickness of the NSs are estimated to be 50

and 100 nm respectively. It shows that these NSs are

loosely stacked together leading to a large meso-

porosity, which could be one of the factors con-

tributing to the good electrochemical properties. The

surface area plays an important role in enhancing the

supercapacitor properties. Therefore, the 2D NSs can

provide better optimization routes including the

modulation of the materials’ activity, surface polar-

ization, and rich oxygen vacancies. Hence, this is

synthesized c-WO3 NSs could be very effective for

supercapacitor applications.

The TEM images of c-WO3 NSs are given in Fig. 2c

and d show the growth of a thin layer of uniform c-
WO3 NSs. Figure 2c show c-WO3 NSs with irregular

morphology. By analyzing the TEM images (Fig. 2c),

Fig. 1 a XRD, b Raman spectra, c Diffused reflectance spectra (DRS), and d Photoluminescence (PL) of c-WO3 NSs
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it is estimated that c-WO3 NSs have a broad distri-

bution in lateral size ranging from 20 to 100 nm. The

observed NSs-like morphology is favorable for

supercapacitor application. HR-TEM images of the

NSs displayed in Fig. 2d, clearly show lattice fringes,

whose resolution is estimated to be 0.38 nm. This

corresponds to the interplanar distance of the (002)

planes of WO3 (in good agreement with JCPDS data

01-083-0950), supporting the dominance of (002)

peaks in the XRD patterns shown in Fig. 2a. The

SAED pattern of the NS is given in inset Fig. 2d.

From the figure, it is clear that the NS are crystalline

and the corresponding planes match very well with

the XRD data given in (Fig. 1a).

Elemental and oxidation state analysis was per-

formed using XPS and are presented in Fig. 3a–c. The

XPS survey spectrum of the NSs presented in Fig. 3a

displays no other peaks than that of ‘W’ and ‘O’. The

W4f spectrum with spin–orbit doublet 7/2–5/2 for

the ‘W’ valance state is demonstrated in Fig. 3b. In

Fig. 3c, the deconvoluted O1s spectra of the c-WO3-

NSs are displayed. The peak located at 529.6

and 530 eV corresponds to the stoichiometric O2
-

ions, while the slightly shifted peak located at

532.5 eV corresponds to oxygen deficiency [15]. The

XPS results further support the XRD and Raman data

to confirm the presence of oxygen deficiency in the

nanosheet [29].

Figure 4 shows the supercapacitive properties of

the c-WO3 thin films prepared using the hydrother-

mal method at a temperature of 120 �C for a constant

deposition time of 12 h. Figure 4a shows the CV

measurements of the c-WO3 thin films with various

scan rates from 5 to 100 mV s-1 in the potential

window of 0 to - 0.6 V, respectively. The CV curves

indicate the scan rates increase in the area under the

CV curves and the reduction peaks intensity also

increases. The values of specific capacitances of the c-
WO3 thin film can be calculated using standard

relations [29]. The calculated values of the Cs are

shown in Fig. 4b, the obtained Cs values of 451, 409,

314, 190, 171, and 161 F g-1 for 5, 10, 20, 50, 80, and

100 mV s-1, respectively. The Cs values of the c-WO3

thin film show larger than the reported values in the

literature review. The calculated values of Cs are

more than the previously reported values because the

vertical growth of the nanoplates like surface mor-

phology provided higher surface area and easy axis

Fig. 2 a–b FESEM images of

c-WO3 NSs c TEM images of

c-WO3 NSs d high resolution

image and SAED pattern

(inset) of c-WO3 NSs

synthesized by hydrothermal

method
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of the ions transfer from the electrode/electrolyte

interface. Numerous researchers are currently

engaged in the study of WO3 nanomaterial for its

potential use in electrochemical applications [30]. Sun

et al. [31] synthesized the hexagonal nanorod-like

WO3 electrodes for negative electrode material by

hydrothermal method for the supercapacitors appli-

cation, and they reported a higher specific capaci-

tance of 415.3 F g-1 at 0.5 A g-1. Mineo et al. [32]

reports the WO3 electrode material using hydrother-

mal method. Also they reported the value specific

capacitance of 325 F g-1 at fixed scan rate 2 mV s-1

with hexagonal nanostructures. Also, they reported

the effect of, structural morphology and electrical

properties of WO3 electrodes. Similarly, the

supercapacitor properties of the as-synthesized

nanoplates like the nanostructure of c-WO3 thin films

were studied by GCD measurements with the same

potential window (0.0 to - 0.6 V) in the 3 M KOH

electrolyte. Figure 4c shows the typical GCD mea-

surements of c-WO3 thin films at different current

densities from 5 to 10 mA cm-2 in the constant

potential windows of 0.0 to 0–0.6 V, respectively. The

charging-discharging curves show a non-linear-like

nature which is typical behavior of electrical double

layer capacitor (EDLC) super capacitors. This types of

behavior indicate the presence of faradaic reaction in

the as-synthesized nanoplates like c-WO3 thin films

and electrolytes. The calculated values of the Cs of

the as-synthesized nanoplates like c-WO3 thin films

Fig. 3 a XPS survey scan spectrum b W4f XPS spectrum, and c O1s XPS spectrum of c-WO3 NSs
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using standard relations. The calculated Cs values

were 383, 261, 201, 173, 179, and 130 F g-1 at different

current densities of 5, 6, 7, 8, 9, and 10 mA cm-2 (as

shown in Fig. 4d) [32–35]. Kumar and Karup-

puchamy [36] prepared the Co doped WO3 electrode

composite with CNT using solution growth method.

They mentioned the value of the specific capacitance

of 60 F g-1 at 1 A g-1, respectively. The calculated Cs

values are better than the previously mentioned

study [37], which indicates the highly porous-like

surface supply more active surface area for electro-

chemical properties, which is useful for faster ion

transformation during the electrochemical reaction

[33, 34].

For more details study of the electrical mechanism

of the as-synthesized nanoplates like a c-WO3 thin

film as shown in Fig. 5. We used the EIS techniques

in the constant frequency of 1–100 kHz with an open-

potential 0.39 V. The calculated values of the solution

resistance (Rs) and charge-transfer resistance (Rct) of

Fig. 4 a CV curves of WO3 electrodes at various scan rates, b specific capacitance with scan rates, c GCD curves of WO3 electrodes at

different current densities, and d specific capacitance with different current density
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c-WO3 thin film fitted data with the Z-SimpWin

software. The fitted data provided the values of the

Rs and Rct are 9.1 and 1.19 X, respectively. The cal-

culated values of the charge-transfer resistance indi-

cate the as-synthesized nanoplates like c-WO3

electrode provided higher conductivity for the

enhanced electrochemical properties [34, 35].

4 Conclusions

In conclusion, high-quality c-WO3 NSs were synthe-

sized by an inexpensive hydrothermal route at low

temperatures. The as synthesized materials were

characterized by different techniques such as X-ray

diffraction, Raman spectroscopy, diffused reflectance

spectroscopy, and photoluminescence analysis, field

emission-scanning electron microscopy and high-

resolution transmission electron microscopy. The as-

prepared c-WO3 NSs have a monoclinic structure

with the (002) plane as the preferred orientation. The

as-synthesized c-WO3 has nanosheet-like morphol-

ogy having a thickness of * 50 nm. The band gap of

the nanosheet is calculated to be 2.86 eV using DRS

results. In the Raman study of c-WO3 NSs, the peaks

at 720 and 813.5 cm-1 corresponds to the stretching

vibrations [t (O-W-O)] and 280.5 cm-1 belong to the

bending vibrations [d (O-W-O)]. Furthermore, c-WO3

NSs were tested for electrochemical properties for

supercapacitor application. The as-synthesized c-
WO3 NSs electrode shows a high specific capacitance

of 451 F g-1 at a scan rate of 5 mV s-1. In addition,

the c-WO3 nanosheet electrode displayed excellent

stability, emphasizing its potential for energy storage

applications. It opens up a new avenue to produce a

new phase of WO3 that will be extremely useful for

supercapacitor applications as well as other opto-

electronic applications such as a photodetector,

photo-switches, high-performance ultraviolet radia-

tion sensors, optical keys, optical memory, etc. Fur-

ther research in this direction is highly anticipated.
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