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Abstract

In this paper, we present a general approach for the preparation of Cadmium ion-doped WO3
nanoparticles. This study presents the preparation of tungsten trioxide (WOs3) nanoparticles by
using sodium tungstate as a precursor. Cadmium ion-doped WO3; nanoparticles were successfully
prepared by the chemical Co-precipitation method. The synthesized samples were characterized
by relevant characterization techniques such as FT-IR (ldentification of functional groups),
scanning electronic microscopy (crystal structure, morphology). FTIR confirms the presence of
respective functional groups. Then SEM images indicate surface morphology for the prepared
samples. To access the properties of WO3 nanoparticles for their use in supercapacitors, cyclic
voltammetry and EIS (Electro Chemical Impedance Spectroscopic) measurements are performed.
Cadmium ion-doped WO; nanocrystals exhibit a maximum specific capacitance of 136 Fg™ at a
scan rate of 50mVs™. These doped WO5 nanoparticles could be a promising candidate material for
high capacity, low-cost, and environmentally friendly electrodes for supercapacitors.
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1. Introduction

Nanotechnology is creating a growing sense of excitement in life sciences especially biomedical
devices and biotechnology [1]. Nanoparticles are routinely defined as microscopic particles with
sizes between 1 nm and 100 nm that show properties that are not found in bulk samples of the
same material [2]. In this size range, the physical, chemical, and biological properties of the
nanoparticles changes in fundamental ways from the properties of both individual
atoms/molecules and of the corresponding bulk materials.Nanoparticles can be made of materials
of diverse chemical nature, the most common being metals, metal oxides, silicates, non-oxide
ceramics, polymers, organics, carbon, and biomolecules. Nanoparticles exist in several different
morphologies such as spheres, cylinders, platelets, tubes, etc. Generally, the nanoparticles are
designed with surface modifications tailored to meet the needs of specific applications they are

going to be used for. The enormous diversity of the nanoparticles arising from their wide
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chemical nature, shape, and morphologies, the medium in which the particles are present, the state
of dispersion of the particles and most importantly, the numerous possible surface modifications
the nanoparticles can be subjected to make this an important active field of science nowadays.

Tungsten Oxide (WQg) is one of the most sought-after materials for material
researchers and shows photochromic, electrochromic, and gaschromic properties[3]. WO3 has
been extensively studied in recent years due to its widespread applications in smart windows, non-
emissive displays, optical signal processing, sensors, information storage media, etc. The most
stable WO3; at room temperature has a monoclinic structure. Because of its electrochromic and
photochromic applications, most of the studies of this material are in the thin film form and
studies on nanocrystalline samples of WOj3 in powder form are rather limited. Here an attempt has
been made to synthesize nanocrystalline WO3 in a fine powder form with different average
crystalline sizes by employing a controlled chemical precipitation method.

Cadmium (Cd) is a naturally occurring metal situated in the Periodic Table of the
Elements between zinc (Zn) and mercury (Hg), with chemical behavior similar to Zn. It generally
exists as a divalent cation, complexed with other elements (e.g., CdCl,). Cd exists in the earth’s
crust at about 0.1 parts per million, usually being found as an impurity in Zn or lead (Pb) deposits,
and therefore being produced primarily as a byproduct of Zn or PbS melting. Commercially, Cd is
used in television screens, lasers, batteries, paint pigments, cosmetics, and galvanizing steel, as a
barrier in nuclear fission, and was used with zinc to weld seals in lead water pipes before the
1960s. Approximately 600 metric tons are produced annually in the United States and about150
metric tons are imported [4].

Supercapacitors have attracted growing interest, due to their high power density,
long cycle life, and fast charging rate, which is playing an important role in complementing or
even replacing batteries in many applications [5]. Supercapacitors are also known as
electrochemical capacitors have been a subject to many applications, research, and development
due to their high power density, environmental friendliness, long shelf life, long life cycle [6-8]
and it bridges the energy gap between capacitors (high power output) and fuel cells/batteries (high
energy storage)[9,10].In this work, we synthesized and characterized nanocrystals by FTIR, SEM,
and Cyclic Voltammetry Studies. Surface functional groups were identified using FT-IR analysis.
The present communication reports a cyclic voltammetric study in understanding the
electrochemical behavior of WOj3; and cadmium ion-doped WOj3; nanoparticles. The
electrochemical response and the charge storage capability of these nanoparticles had also been

investigated.
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2. Experimental

Materials and Methods

Sodium Tungstate, Concentrated Hydrochloric Acid, Cadmium chloride, and deionized water was
as used to synthesize WOz nanoparticles and cadmium ion-doped WO3 nanoparticles.

2.1. Synthesis of Undoped WO3; Nanoparticles

WOj3; nanoparticles were synthesized at room temperature by the chemical Co-precipitation
method.WQOj3; nanoparticles were synthesized by using sodium tungstate as the precursor material.
All the reagents used were of analytical grade and, used without further purification. The entire
process was carried out in deionized water for its inherent advantages of being simple and
environment friendly. In a typical preparation, a solution of 0.1M sodium tungstate was prepared
in 100ml of deionized water and then an aqueous solution of (100ml, 1M) hydrochloric acid was
added dropwise to this solution making a final volume of 200ml. This mixture was stirred well for
1h and refluxed at a temperature of about 80°C which resulted in the formation of green-colored
WOj3; nanoparticles. The precipitate was separated from the reaction mixture, washed several
times with deionized water to remove the impurities. The precipitate was dried at room
temperature.

2.2. Synthesis of Cadmium lon-doped WO3 Nanoparticles

Cadmium ion-doped WOj3 nanoparticle was prepared at room temperature by the chemical Co-
precipitation method. To a 100ml of 0.1M solution of sodium tungstate, hydrochloric acid
solution(100 ml of 1M) was added in drops. The resulting solution was stirred for 30 minutes. It
resulted in a yellow-colored solution. Then CdCl,.2H,0 in (100ml in 0.1M) deionized water was
added to the above solution. The resulting solution was stirred for about 30 min and this solution
was refluxed for 3 h at a temperature of about 80°C which resulted in the formation of Cd ion-
doped WO3 nanoparticles. The precipitate so obtained was filtered and the filtrate was washed
several times with distilled water to remove the impurities. The precipitate was dried at room

temperature[11].

3. Characterization

The FT-IR spectra were recorded using a SHIMADZU instrument. FESEM measurements are
carried by JEOL JSM-6700F field emission scanning electron microscope. The electrochemical
behavior of metal oxide nanoparticles have been investigated through CHI-650 Chemical
Workstation Instrument Inc., TX, USA.
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4. Result and Discussion
4.1. Functional Group Analysis

FT-IR spectra of undoped and doped nanoparticles were recorded in the range of
400-4000cm™. Fig.1shows the FT-IR spectra of undoped and doped nanoparticles.Fig:1a showed
a characteristic peak at 1383.85cm™ which is assigned to the O2 stretching frequency of nano
WOj3 [12]. In addition, there is a peak at 1464.63 cm™ that corresponds to the O-H bending of the
hydroxyl group present[13]. The absorption band in the region of 668.87cm™ is assigned to W—O
stretching vibration mode [14]. The absorption of CO, from the atmosphere at the WO surface
was identified from the sharp peak positioned at about 1620.70 cm™ in FTIR spectra. The broad
absorption band centered at 3397.52 cm™ is assigned to H — O — H bending vibrations mode which

were also presented due to adsorption of water in the air[15].

FT-IR spectra of Cd ion-doped WO3; metal oxide nanoparticles are shown in
(Fig.1b) Cd ion-doped WO3; metal oxide nanoparticles exhibit a broad absorption band in the
range of 3438cm™ is assigned to the O—H stretching vibration and indicating the presence of
hydroxyl groups[16]. The peaks at 1621.20 cm™ are due to -C-H- stretching. The band at 1384.44
cm™ can be attributed to the aromatic -C=C- bond. The peak observed at around 668.07 cm™
indicating the formation of stretching mode of Cd ion-doped WO3; nanoparticles[17]. These

functional groups indicate the presence of both Cd ion and Tungsten oxide in the doped sample.
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Fig:1 FT-IR Spectra of a)Undoped WO3; nanoparticles b) Cd ion-doped WO3; nanoparticles

4.2. Morphological Study
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Surface morphologies of undoped WOj3 nanoparticles and Cd ion-doped WO3; doped nanoparticles
are investigated by FESEM as shown in Fig.2. The morphology of Cd ion-doped samples is
different from undoped samples. The surface morphologies of synthesized WO3; nanoparticles
(Fig.2a) exhibited a square-like structure[18]. For the undoped sample, only aggregates are
formed whereas, for the Cd ion-doped WO3; nanoparticles, the FESEM image shows that
irregularly shaped nanoparticles (Fig.2b) are well separated[19]. Surface morphologies of
undoped WO3 nanoparticles and Cd ion-doped WOj3 doped nanoparticles are the same size but

different magnifications.

SEM HV: 100V WD: 9.96 mm
View fieid: 21.3 pm Det: SE
SEMMAG: 9.76 kx  Date({m/dy): 0307119

SEM HV: 10.0kV WD: 7.35 mm
View field: 24.1 pm Det: SE
SEM MAG: 860 kx Date(m/dly): 0307/19

Fig:2 FESEM images of a) undoped WO3 nanoparticles b) Cd ion-doped WO3 nanoparticles

4.3. Cyclic Voltammetric Studies

The cyclic voltammetric measurements were performed to evaluate the electrochemical behavior
of the electrodes between- 0.6 and 0.12 V in 0.1 M KOH. Fig. 3 shows the CV curves of WO;
nanoparticles measured at different scan rates of 50,75,100 and 125mVs™ in 0.1MKOH aqueous
electrolyte[20]. Cyclic voltammetric behavior of WO3 nanoparticles showed one oxidation peak at
0.2821 V as shown in Fig.3.

Cyclic voltammetric behavior of Cd ion-doped WO3 nanoparticles showed one oxidation peak at
0.2702V as shown in Fig.4[21]. This lower current rate indicates an efficient diffusion of
hydroxyl ions into the electrode, thereby clearly revealing the electrochemical processes. The CV
curves of all electrodes at various scan rates are given in the supplementary information [20].

The specific capacitance can be calculated from the CV curve using the following equations
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= f ivdv

2umAV

where i and v are the current and potential in the CV curve (A and V), u is the scan rate (V/s), m

is the mass of active materials (g) and AV is the potential window[22].

The cyclic voltammetry process was carried out to observe the electrochemical
performance of the synthesized WO3; nanoparticles and Cd ion-doped WO3 nanoparticles for
supercapacitor applications. The capacitance behavior of the nanoparticles was observed by the
presence of anodic and cathodic peaks. This is further confirmed that the surface redox reactions
have been taken place[23]. Fig.5 shows that the variation in the specific capacitance of doped and
undoped samples modified GCE as a function of scan rates. It could be found that the specific
capacitance decreases with the increase of scan rates from 50 to 125 mVs™. The specific
capacitance value obtained for the undoped WO3; and Cadmium ion-doped WOj3; nanoparticles
were 122 F/g and 136 F/g at a 50 mVs™ scan rate. The decrease of specific capacitance with
increasing the scan rates is due to the relatively long diffusion length for the structure of the

prepared samples and an increase of the ion transport-related resistance[24].

A lower specific capacitance was observed using a higher scan rate due to reduced
charge storage capacity. This is expected for a higher scan rate as the electrolyte ions could not
enter inside the interior part of the electrode materials. The minimum area of the electrode was
used by the electrolyte ions at a lower scan rate. This resulted in superior values for specific
capacitance. Moreover, the electrochemical capacitive behavior depends on the rate of charge
exchange. This depends on the diffusion of anions and cations towards the electrode/electrolyte
interfaces. The specific capacitance values are inversely proportional to the scan rate. At a lower
scan rate, positive ions can simply diffuse inside every accessible site of materials. This initiates
satisfactory insertion pathways for reaction. However, at a higher scan rate, positive ions can
approach the only outer surface of the electrode. The constituent materials found inside the inward
space have a minor role in capacitance behavior. This initiates a slight deviation from ideality and

fewer capacitance values[23].
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Fig:3 Cyclic voltammetric behaviour of undoped WOj3; nanoparticles at different scan rates
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Fig:4 Cyclic voltammetric behaviour of Cd ion-doped WO3 nanoparticles at different scan rates
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Fig 5: Plot of scan rate verses specific capacitance for nano WO3; and Cd ion-doped WO3

nanoparticles

4.4. Electrochemical Impedance Study

Electrochemical impedance analysis is an informative technique to evaluate the properties of
conductivity and charge transport in the electrode/electrolyte interface. Therefore, the
electrochemical properties of undoped WO3 and Cd ion-doped WOj3 nanoparticles were evaluated
using EIS techniques. The impedance measurements were performed in the presence of
0.1IMKOH with as an amplitude at scanning frequency range from 100000Hz to 0.01Hz.

The Nyquist plots for GCE and all modified electrodes in 0.1MKOH.The impedance
spectra of undoped WO3 and Cd ion-doped WO3; nanoparticles are shown in Fig:6a and
6b.Table:1 shows the Cdl values of undoped WO3 and Cd ion-doped WO3 nanoparticles. In the
low-frequency region, the impedance plot is increased sharply and tends to become vertical which
is due to the capacitive nature of the electrode. The intercept of higher frequency on the X-axis
yields the electrolyte resistance (Rs) and the diameter of the semicircle yields the charge transfer
resistance (Rct)[25]. A large charge transfer resistance was observed for Cd ion-doped WO3;

nanoparticles than WO3 nanoparticles which is due to the excellent conductivity.

Table:1 shows the Rct and Cdl values of undoped WO3; and Cd ion-doped WOs;
nanoparticles. The decrease in Cdl is attributed to an increase in thickness of the electronic double
layer in ion-doped samples. The increase in Rct value is attributed to the decrease of Cdl values
of undoped WO3 and Cd ion-doped WO3 nanoparticles. The increase in Rct value is attributed to
the formation of protective film on the metal/solution interface[26].The lower Rct value of the
WOj3; nanoparticles leads to improved charge transfer and enhanced capacitance[27]. EIS plot
with a semicircle and a linear portion corresponding to a charge transfer and mass transportation
procedure at the high-frequency region and the low-frequency region, respectively[28].
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Fig:6b Electrochemical Impedance spectra of Cd ion-doped WO3 nanoparticles

Table:1 R, R¢tand Cq values of undoped WO3; and Cd ion-doped WO3 nanoparticles
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4.4. Super Capacitive Behaviour -Bode Plot

Fig.7 and Fig.8 illustrated the analogous trend found in Bode magnitude and Bode phase angle
plots of nanoWOj3; and Cd ion-doped WOs nanoparticles. The phase angle 0 can vary between 90°
(for a perfect capacitor n = 1) to 0° (for a perfect resistor n = 0) [19]. The value of n is obtained
from the slope of frequency versus the |Z| plot. Bode plot (-phase angle (degree) vs. log f(Hz)
shown in Fig.7a, the bode phase angle for Cd ion-doped WOz nanoparticles is 97°. Bode plot (-
phase angle (degree) vs. log f(Hz) shown in Fig.7b, the bode phase angle for nanoWOQg3 is closed
to 79° lower than that for Cd ion-doped WO3 nanoparticles (97°), exhibits Cd ion-doped WO3
nanoparticles better supercapacitor behavior than tungsten oxide(WQO3) nanoparticles. The Bode
phase angle plot shows the change in phase angle concerning the applied frequency. From Fig.7b,
it is evidenced that the phase angle is nearly 79° which further confirms the pseudocapacitive

nature of the tungsten oxide modified electrodes[29].

From the bode plot as shown in Fig.8a, at the low-frequency region, the slope values for Cd ion-
doped WO3 nanoparticles is 0.5 (R,=1), which indicates the characteristic of a supercapacitor. The
plot of log |Z| versus log f (Hz)(Fig.8b) also gave a slope value in the range of 0.9 (R, = 1.000)
suggesting the pseudocapacitive behavior of nano Tungsten oxide [29]. These results suggest that
the behavior of the doped sample modified electrode changes from a pure resistor at high
frequency to pseudo capacitors at low frequency. The maximum phase angle has been achieved
for Cd ion-doped WOj3 coated GCE compared to the nano WOg; coated glassy carbon
electrode[30].
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Fig.7 Bode plot of -phase angle/ deg. versus log (f/Hz)) for a) Cd ion-doped WO3 nanoparticles
b) WO3 nanoparticles



Enhanced Super Capacitor Performance of WOz Nano Crystals by Doping Cadmium-Metal lons 33

35

30 a) — Cd/Wo;
b}— WO,

Lar e
LS LI = L

log (£ ohuim)
= o o e
o — o —r

—
. =
—
=
-

10 20 30 i 1| €0
log (Freq/Hz)

Fig:8 Bode plot of log |Z/ohm| versus log (f/ Hz )for a) Cd ion-doped WO3 nanoparticles b) WO3

nanoparticles

5. Conclusion
Nano WO3; and Cd ion-doped WO3; nanoparticles were synthesized using the chemical co-
precipitation method. The characterization of prepared samples was characterized by FTIR,
FESEM, and electrochemical studies. FT-IR spectral results revealed that the presence of M-O
bonds of the synthesized nanoparticles. Surface morphological features with particle size and
shape were confirmed by FESEM analysis. Cyclic voltammetry results show a maximum specific
capacitance of 136 F/g for Cd ion-doped WO3; nanoparticles at a 50 mV/s scan rate.EIS
measurements show that the lower Rct value of the WO3; nanoparticles leads to improved charge
transfer and enhanced capacitance. The maximum phase angle has been achieved for Cd ion-
doped WO3; nanoparticles compared to the WO3 nanoparticles. It indicates the characteristic of a
supercapacitor.
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