
Effect of surfactant on the electrochemical performance

of WO3 as supercapacitor electrode

M. Kowsalya1, S. Paulraj2,*, S. Rajagopal3, V. Premchandran4, Pandiyarasan Veluswamy5, and
V. Kathirvel1,*

1Department of Physics and Nanotechnology, SRM Institute of Science and Technology, Chennai 603 203, India
2Department of Physics, School of Science and Humanities, Vel Tech Rangarajan Dr. Sagunthala R&D Institute of Science and

Technology, Chennai 600 062, India
3Department of Physics, School of Basic Sciences, Vels Institute of Science Technology and Advanced Studies, Chennai 600 117,

India
4Department of Electronics and Communication Engineering, Erode Sengunthar Engineering College, Erode 638 057, India
5School of Interdisciplinary Design and Innovation, Indian Institute of Information Technology, Design and Manufacturing,

Chennai 600 127, India

Received: 18 May 2021

Accepted: 25 August 2021

Published online:

4 September 2021

� The Author(s), under

exclusive licence to Springer

Science+Business Media, LLC,

part of Springer Nature 2021

ABSTRACT

Tungsten oxide (WO3) nanoparticles were synthesized by microwave irradiation

method in the presence of cetyltrimethylammonium bromide (CTAB) as a

surfactant. The structural, morphological, optical and porous properties were

studied. The X-ray diffraction pattern and Raman spectroscopy show that

both the sample crystallizes in stable monoclinic structure with nanoplates

morphology which is inferred from the image of high-resolution scanning

electron microscopy. The use of CTAB as the surfactant decreased the optical

band gap of WO3 from 3.27 to 3.24 eV. In addition to which the electrochemical

measurements, cyclic voltammetry, chronopotentiometry and electrochemical

impedance spectroscopy have been recorded. It is found that the surfactant-

mediated WO3 has larger specific surface area, specific capacitance and energy

density of 135.90 m2 g-1, 393 F g-1 and 6.69 Wh kg-1, respectively, than the pure

WO3. The experimental results revealed that the use of CTAB as surfactant in

tungsten oxide synthesis enhanced its electrochemical performance, and thus, it

might be a suitable positive electrode material for supercapacitor application.

1 Introduction

The energy storage devices such as fuel cells, batter-

ies and supercapacitors play a major role in coping

up with the futuristic energy demand.

Supercapacitors do not require continuous flow of

external source as in fuel cell and has high power

density than the batteries which made them to act as

an efficient energy storage device. Among its types,

asymmetric supercapacitors (ASCs) have gained
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greater attention in the recent years because of its

high specific capacitance and cyclic stability in which

efficiency is determined by the usage of suit-

able positive electrode material [1]. Recently, it is

observed that high specific capacitance can be

achieved by using transition metal oxides (TMOs),

conducting polymers and MXenes as positive elec-

trode material in ASCs. Of which TMOs play a major

role as its faster redox reaction rate leads to higher

specific capacitance and energy density [2].

Although TMOs such as RuO2, NiO, MnO2, V2O5

and Fe2O3 exhibit attractive performance, its critical-

ity and toxicity act as a hurdle in its commercializa-

tion. High thermal stability, natural abundance,

notable compatibility, low cost, high theoretical

capacitance and wide negative operating potential

window (* 0.8 V) in aqueous electrolyte of tungsten

oxide (WO3) hindered us to study its electrochemical

performance [3]. h-WO3 synthesized on carbon cloth

exhibits a gravimetric capacitance of 373 F g-1 at 1 A

g-1 [4]. The metallic nanofilament array embedded

WO3 was reported to have specific capacity of 214 F

g-1 at 0.25 mA cm-2 [5]. The 2D h-WO3/Ti3C2

Mxene hybrid architectures were found to possess

specific capacitance of 566 F g-1 [6]. Amit Kumar Das

et al. [7] fabricated a flexible ASC device with NiSe

and WO3@PPy composite as positive and negative

electrodes, respectively, which exhibits promising

energy density of 37.3 Wh kg-1 at 2 A g-1. Similarly,

Pragati A. Shinde et al. [8] designed a flexible all solid

state ASC with MWCNT-WO3 and MnO2 as negative

and positive electrodes which achieve a specific

capacitance of 145.6 F g-1 at a current of 2 mA. It is

also known from the recent study that tuning of

surface area in TMOs will result in enhanced elec-

trochemical performance which can be done by using

additives and nano structuring [9, 10]. Backing to the

argument further, it is observed from Fig. 1 that the

use of surfactant can improve the electrochemical

performance of the active material [11–17].

In this article, we intend to study the capability of

nanostructured WO3 and the influence of surfactant

in its electrochemical performance when it is used as

a positive electrode material in supercapacitor

application. In the present study, cetyltrimethylam-

monium bromide (CTAB), a positively charged

cationic surfactant, is chosen as it plays a great role in

tuning the nucleation and growth of nanostructured

WO3 [18].

2 Materials and methods

Tungstic acid (H2WO4) and CTAB were used as

precursor and surfactant, respectively. Nickel foam,

carbon black, polyvinylidene difluoride (PVDF), and

N-methyl-2-pyrolidinone were used for working

electrode preparation.

Pure and CTAB-mediated tungsten oxide

nanoparticles were synthesized by microwave irra-

diation method in a fashion similar to our previous

work [19]. The detailed method of preparation is as

follows. Initially, 2.49 g of tungstic acid is dissolved

in 10 mL of NaOH solution and stirred for 30 min

which ended up in the formation of hydrated sodium

tungstate solution by proton exchange protocol. By

adding HCl, the pH of the solution was adjusted to 1.

Then the solution was subjected to microwave irra-

diation with a power of 240 W for 7 min. After that it

was centrifuged several times at 5000 rpm with dis-

tilled water and ethanol. The obtained sample was

dried at 60 �C for 12 h. This resulted in hydrated

tungsten oxide which was annealed at 500 �C for 5 h

to remove the water molecules and recrystallize to

form WO3. To prepare CTAB-mediated WO3, after

forming hydrated sodium tungstate solution as done

earlier, 0.5 g of CTAB was added and stirred well for

about 30 min. Later on, the same procedure was

adopted as above. The final products of pure and

CTAB-mediated WO3 have been named as S1 and S2
hereafter. The schematic of the synthesis procedure is

shown in Fig. 2.

Fig. 1 Comparison of specific capacitance of various TMOs with

and without surfactant
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The powder X-ray diffraction (XRD) measurements

of the samples were taken from D8 ADVANCE X-ray

diffractometer in DAVINCI DESIGN operated in

Bragg–Brentano geometry with Cu-K-alpha radiation

(k = 1.5406 Å) as source for X-ray. With the help of

Thermoscientific Apreo S High-Resolution Scanning

Electron Microscope (HR-SEM), the morphology and

elemental composition of the samples were studied.

SHIMADZU’s UV 3600 plus spectrophotometer was

used to record the Diffuse Reflectance Spectrum

(DRS) in UV–Vis wavelength range. LabRAM HR

evolution high spectral resolution confocal Raman

microscope manufactured by HORIBA aids in

observing the vibrating modes of the samples

(Imaging Laser-532 nm). Nitrogen absorption/des-

orption equipment from Quantachrome Instruments

(Autosorb IQ series) was used for surface area

analysis.

In order to prepare working electrode, active

material, carbon black and PVDF were taken in

85:10:5 ratios. First, carbon black and PVDF were

grinded up for 30 min. Second, the active material

was added to this mixture and ground again for

30 min. By adding N-methyl-2-pyrolidinone, this

powder was made as slurry. This slurry was coated

on the nickel foam (1 9 1 cm) which was ultrasoni-

cated in ethanol already for about 30 min. Finally,

this electrode was dried at 60 �C for 24 h and used as

working electrode for electrochemical measurements.

The mass loading was found to be 4 mg and 3.5 mg

for S1 and S2 samples, respectively. The electro-

chemical studies were carried out in SP-300 model

electrochemical workstation distributed by BIO-

LOGIC SAS. In the typical experiment, 1 M KOH,

Ag/AgCl, platinum wire and active material coated

on nickel foam were used as electrolyte, reference,

counter and working electrode, respectively, in three

electrode system model.

3 Results and discussion

The XRD pattern of both S1 and S2 is shown in Fig. 3.

The obtained patterns show major peaks at 23.6�,
24.4�, 33.4�, 34.1� and 50.15� corresponding to (020),

(200), (022), (220) and (400) planes, respectively,

indicating the stable monoclinic structure and match

well with the JCPDS: 24-0747. The lattice parameters,

average crystallite size (D), micro-strain (e) and dis-

location density (d) of both the samples were calcu-

lated using the relations given below and the

obtained values are recorded in Table 1.

D ¼ Kk
bCosh

; ð1Þ

e ¼ b
4tanh

; ð2Þ

d ¼ 1

D2
ð3Þ

where k—wavelength of the X-ray, b—full-width half

maximum, K—Scherrer constant, and h is the peak

position [20–22]. Since the exact value of K is not

known for the present system, K = 0.9 was used and

the calculations of D based on this equation are

estimates only. It is noted from Table 1 that the use of

surfactant increases the crystallite size and decreases

Fig. 2 Systematic procedure for the synthesis of pure and CTAB-mediated WO3
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the dislocation density and micro-strain as surfactant

induces the nucleation and growth of the particles.

The elmental composition of the synthesized sam-

ples was studied using Energy-Dispersive X-ray

spectroscopy (EDX) and is shown in Fig. 4a, b. It is

clear from the study that the W:O ratio was found to

be 1:3 for both pure and surfactant-mediated WO3.

Stochiometric WO3 is expected to crystalize in

stable monoclinic structure which stands with the

XRD analysis [3]. The morphology of the samples

was studied by HR-SEM and is shown in Fig. 4c, d. It

is observed from the image that S1 and S2 have

heterogeneous and homogeneous nanoplates mor-

phology, respectively. The average diameters of

nanoplates of both the samples were around 34 nm.

The mechanism involved in the formation of

nanoplate morphology is clearly shown in Fig. 5.

During the formation process, tungstic acid decom-

poses to form nuclei of WO3 which has microlayers of

octahedrons [WO6]
6-

. In the absence of surfactant,

these octahedrons in monoclinic structured WO3 will

interact and grow in all directions resulting in the

formation of heterogeneous nanoplates morphology

for S1, whereas for the sample with surfactant, the

ionized CTA? being a cationic surfactant readily

attaches to the four oxygen atoms and forms [CTA-

WO6]
2- by stereochemical effect. The attachment of

CTAB to the nuclei constrains the growth along ‘a’

direction resulting in the homogeneous nanoplate

morphology of S2 [23, 24].

The phase and fundamental vibration modes of S1
and S2 were analysed using Raman spectroscopy, and

it is shown in Fig. 6. The strongest wavenumbers

were observed around 134, 272, 716 and 807 cm-1 for

S1 and at 134, 273, 717 and 807 cm-1 for S2. The

phonon contribution is low in 200–400 cm-1 range

and is high in 600–900 cm-1. The presence of peak at

617 and 781 cm-1 indicates the WO2 phase. Since

these peaks are absent, it is understood indirectly that

both the samples crystallize in WO3 phase [25].

Raman peaks around 270, 330 cm-1 and 715,

807 cm-1 correspond to the bending and stretching

vibration modes of O–W–O bonds in monoclinic

WO3, respectively, which agree well with XRD [26].

The band-gap evaluations of both the samples were

done by recording diffuse reflectance spectra, shown

in Fig. 7. The optical band gap of semiconductors can

be calculated using the Tauc method. Relation

between energy-dependent absorption coefficient (a)
and energy gap (Eg) based on the assumptions from

the Tauc method is expressed as follows:

ahtð Þ
1
n ¼ Bðht� EgÞ; ð4Þ

where h—Planck constant, m—phonon’s frequency,

Fig. 3 XRD patterns of S1 and S2 samples

Table 1 Comparison between the calculated parameters of S1 and S2

Material Lattice parameter

(Å)

Average crystallite size

(nm)

Dislocation density

(9 10–3 nm-2)

Micro strain

(9 10–3)

Band gap

(eV)

WO3 a = 7.29

(S1) b = 7.52 13 6 9 3.27

c = 7.60

WO3

with

a = 7.28

CTAB b = 7.48 17 4 7 3.24

(S2) c = 7.65
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n—nature of electron transition (n = � and 2 for

direct and indirect transitions, respectively) and B is a

constant. To convert the reflectance data obtained

from DRS to absorbance, Kubelka–Munk function

can be used [27].

a ¼ F Rað Þ ¼ K

S
¼ ð1� RaÞ2

2Ra
ð5Þ

By incorporating (5) in (4), band-gap energy can be

calculated which is done graphically as shown in

Fig. 7. It is observed that the surfactant-mediated

WO3 nanoparticles have smaller band gap as it is

larger in size than the pure WO3 nanoparticles syn-

thesized without CTAB. This smaller band gap pro-

motes the rate of charge transfer in the electrode

material.

Fig. 4 a, b EDS of S1 & S2, c, d HR-SEM of S1 & S2

Fig. 5 Growth mechanism of pure and CTAB-mediated WO3
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In order to get a complete picture of the pore size

distribution and surface area of the active material,

the nitrogen adsorption and desorption analysis have

been performed. The absorption and desorption plot

are shown in Fig. 8. The isotherm of both the samples

falls under the Type-IV of the IUPAC classification of

physisorption. The hysteresis loop of S1 and S2 cor-

responds to the capillary condensation in mesopores.

From the obtained adsorption data, the specific

surface area and the pore size distribution (PSD) are

calculated by the Brunauer–Emmett–Teller (BET) and

Barrett–Joyner–Halenda (BJH) method. Relative

pressure P/P0 vs 1/[W ((Po/P) - 1)] within 0.05–0.30

(P/P0 range) gives the BET plot whose linear fit is

used to calculate the specific surface area of the

material given by the relation:

Specific Surface area ¼ nam � L � am
m

; ð6Þ

Fig. 6 Raman analysis of S1
and S2 samples

Fig. 7 UV-DRS spectra of S1 and S2 samples
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where nam, L, am and m is the monolayer absorbance

capacity, Avogadro number, molecular cross-sec-

tional area and mass of the adsorbent, respectively.

The specific surface area of S2 (135.90 m2 g-1) is

higher than S1 (113.39 m2 g-1). The mesoporous

structure (pore width 2–50 nm) and larger BET sur-

face area of S2 help to enhance charge transfer and

power capability by providing low resistance path-

way [11]. The PSD of the samples is shown in the

inset of Fig. 8 from which the pore radius and pore

volume were estimated as 15.47 Å and 0.19 cm3 g-1

for S1 and 16.17 Å and 0.23 cm3 g-1 for S2, respec-

tively [28, 29].

The Cyclic Voltammetry (CV) of both the samples

S1 and S2 was recorded by applying the potential

from 0 to 0.5 V at various scan rates of 5, 10, 20, 40, 60,

80 and 100 mV s-1 and is shown in Fig. 9a, b. The

plot shows the peaks corresponding to the oxidation

and reduction process indicating the pseudocapaci-

tive behaviour of the material. The redox reaction [30]

taking place at the interface is given as follows:

WO3 þ xHþ þ xe� $ HxWO3: ð7Þ

The area enclosed by the curve for the scan rate of

100 mV s-1 is higher for the sample S2 (3.25 AV) than

S1 (2.62 AV) which results in the higher specific

capacitance of sample S2. The type of electrochemical

energy storage mechanism (capacitive or semi-in-

finite diffusion) taking place within the active mate-

rial can be estimated in the following way: the

variation of current with scan rate can be mathe-

matically represented as follows:

i ¼ avb; ð8Þ

where i—current, v—scan rate, and a and b are con-

stants. If b = 0.5, the charge storage is due to the semi-

infinite diffusion and if b = 1, it is capacitive. The

slope of the plot between log (Scan rate) and log

(peak current) will result in b value (see Fig. 9c) [31].

The b value for the anodic and cathodic peaks of both

S1 and S2 has been calculated and is shown in inset of

Fig. 9c. It is seen that b value falls around 0.7 which

indicates that the charge is stored in the active

material by semi-infinite diffusion and capacitive as

well.

The charging and discharging taking place at the

interface of active material and electrolyte have been

studied using the chronopotentiometry (CP) analysis.

The charge and discharge mechanisms have been

recorded for various current densities of 0.5–10 A g-1

and are shown in Fig. 10a, b. The CP plot has two

regions indicating the charging and discharging due

to the redox reaction conformed from the CV analysis

which is the typical behaviour of the pseudocapaci-

tive material. The drop at the starting of charging and

discharging cycle is known as IR drop which is due to

the ohmic resistance. It is also noted from the fig-

ure that the time taken for the process reduces dras-

tically as we increase the current density. This

reduction affects the magnitude of specific capaci-

tance calculated using the relation:

Cp ¼
I � Dt
m� DV

; ð9Þ

where i is the discharge current, Dt is the time taken

for complete discharge, m is the active mass of the

material coated on the nickel foam and DV is the

potential window [4]. The calculated specific capaci-

tances for both S1 and S2 have been tabulated in

Table 2. The Cp is found to decrease with the increase

in current density (Fig. 10c). As indicated by the

larger sweep area in CV and larger surface area in

BET analysis, the specific capacitance of the sample S2
(393 F g-1) is higher than S1 (199 F g-1) at 0.5 A g-1.

The electrochemical impedance spectroscopy (EIS)

was recorded for both the samples S1 and S2 in the

frequency range of 1 Hz to 10 kHz in open-circuit

potential mode which is shown in Fig. 11. The

amplitude of the potential was given as 5 mV where

the Z0 and Z00 represent the real and imaginary parts

of the impedance, respectively. It is observed from

the figure that the Warburg impedance in the low-Fig. 8 N2 adsorption–desorption isotherm of S1 and S2 samples
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frequency region is steeper for S2 than S1. This

implies that the sample S2 has low diffusive resis-

tance than S1. Hence, the charge transfer between the

active material and electrolyte is faster for WO3 with

surfactant than pure WO3 [16].

The efficiency of the electrode material and its

applicability are determined by the energy and

power density which are plotted against each other

using the Ragone plot. The energy and power density

can be calculated from the chronopotentiometry data

using the equations:

E ¼ 1

2
CV2 � 1

3:6
; ð10Þ

P ¼ E

t
� 3600; ð11Þ

where C is the specific capacitance at a particular

current density, V is the potential window, t is the

discharge time, and the constants 3.6 and 3600 were

included in the equations for the unit conversion [9].

The calculated E and P values for S1 and S2 are shown

in Table 2 and their Ragone plots are compared in

Fig. 12. It is obvious that the energy density of the

electrode with surfactant is twice that of the one

without surfactant.

4 Conclusion

In summary, pure and CTAB-mediated WO3

nanoparticles have been synthesized by microwave

irradiation method. The XRD analysis revealed that

both the samples have been crystallized in the

stable monoclinic structure. The samples S1 and S2
have heterogeneous and homogeneous nanoplate

morphologies. It is observed that the presence of

surfactant plays a major role in tuning the morphol-

ogy of the sample. The stretching and bending

Fig. 9 a, b CV plot and c charge storage mechanism in S1 and S2
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vibrational modes of O–W–O have been observed in

Raman analysis. The charge transfer rate is increased

by the lower band gap of S2. BET analysis showed

that WO3 with surfactant is found to have larger

surface area of 135.90 m2 g-1 which enhances the

specific capacitance of the active material. The elec-

trochemical examination shows that the specific

capacitance of S1 and S2 is 199 and 393 F g-1 at 0.5 A

g-1, respectively. The energy density of the active

material is doubled by adding the surfactant into it.

These results show that the addition of surfactant

(CTAB) during the synthesis of WO3 enhances the

electrochemical performance of the material. We

suggest that the use of WO3 with CTAB as a positive

electrode material in ASCs will be a promising can-

didate for pseudocapacitive applications.
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