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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini Tungstate-based nanostructures improve electrochemical performance and offer many advantages due to their
charge transport capabilities, excellent corrosion resistance, and superior optical and electrical characteristics.
The main purpose of this study is to synthesize the calcium tungstate and dysprosium (Dy) doped calcium
tungstate nanomaterials by using the hydrothermal method and investigate the effect of Dy doping on the
electrochemical properties of calcium tungstate nanomaterials. The Dy doping changes the structural properties
of materials such as a decrease in crystallite size, change in lattice parameters, and volume of the unit cell. The
band gap of CaWO4 reduces from 3.32 eV to 3.06 eV with increasing Dy concentration. SEM images reveal the
spherical shape of the CaWO4 and Dy (0.8%) doped CaWO,4 nanomaterials. The electrochemical properties show
that Dy doping enhances the performance of CaWO4 nanomaterials as a supercapacitor. The specific capacity
increases to 624 C/g with 0.8% Dy doping in CaWO4 as compared to 115 C/g of undoped CaWO, at a sweep rate
of 5 mV/s. The theoretical evaluation shows that the diffusion-controlled mechanism dominates with the
increasing sweep rate which presents the potential of Dy (0.8%) doped CaWO4 for supercapattery-based hybrid
devices.
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1. Introduction

Non-renewable energy sources are depleting as an outcome of eco-
nomic growth [1] along with additional issues related to the usage of
fuels including high cost, toxicity, and global warming [2]. To overcome
the erratic nature of renewable sources of energy and boost the amount
of electricity delivered to the grid, energy storage systems (ESS) are
essential. The two essential areas of technology for energy storage that
drew the most interest are supercapacitors and batteries. Super-
capacitors are recognized for their high specific power, whereas batte-
ries are distinguished by their high specific energy values [3,4].
Supercapacitors have been the subject of extensive study to meet the
energy needs of the present and the future. Supercapacitors offer high
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power capacities, rapid rates of charging/discharging, longer life-cycle,
and environmentally friendly designs that might replace or work with
batteries [5,6]. This has made it possible to create more sophisticated
hybrid ESS for both stationary and onboard applications [2]. Super-
capacitors can be used in hybrid electric automobiles since they charge
quickly. This technology can be used in the fields of aircraft, industry,
road transportation, and flexible/wearable electronics. Supercapacitors
fall into two categories: pseudo capacitors which store energy by redox
processes, and electric double-layer capacitors, where energy is stored
electrostatically. Typically, the hybrid ESS store energy using electro-
chemical and electrostatic processes simultaneously. In every device for
energy storage, the electrode material is the most important part. The
supercapacitor’s charging/discharging efficiency is significantly aided
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by the electrode material [1,7,8]. Graphene, fluorene, and other carbon
derivatives serve as the typical electrode material, separated by an inert
porous sheet [9]. Theoretical models predict that better optical and
electrical features of tungstate-based nanostructures can improve elec-
trochemical performance [10,11].

Calcium tungstate (CaWO4) can be a potential material for energy
storage applications due to its unique properties such as excellent me-
chanical strength, binary transition state, high oxide ion conductivity,
oxidation states, and favorable thermal and chemical stabilities [12].
CaWO4 has received a great deal of attention over the past century
because of its intriguing luminescence and structural characteristics
[13-16]. CaWOy4 can be regarded as a useful material that contains ca®t
ions and W03~ groups with a coordination number of eight for Ca** and
four for W8t [17]. CaWO,4 emits a sky-blue glow when exposed to
shortwave ultraviolet light [18]. CaWOy4 crystallizes into bipyramidal
pseudo-octahedra and belongs to the tetragonal crystal system. CaWO4
nanomaterials have been reported for several applications such as op-
tical characteristics [19], photocatalysis [20], and laser [21].

Dy-doped nanomaterials have presented potential in applications
such as photocatalytic degradation [22,23], sensor [24], super-
capacitors [25], batteries [26], light emitting diode [27,28], and
data-storage applications like hard drives since these are particularly
susceptible to magnetization. Dy doping is also reported in different
materials which increases the electrochemical performance of the host
material manifold. Aghazadeh and Ganjali (2018) reported that
Dy-doped Fe304 nanoparticles (NPs) for anode materials with a 93.9%
capacitive retention rate for use in supercapacitors [29]. Bagwade et al.
(2021) highlighted the Dy,Ss composite for the asymmetric super-
capacitors with 86% stability for 5000 cycles, and 82% flexibility at a
bending angle of 165° [9]. Deepti Gangwar et al. (2019) observed an
increase in capacitance with the rise in Dy concentrations in manganese
oxide. The capacitance increased by two times for (15 mol%) Dy doped
as compared to undoped a-MnO; [30]. Raja et al. (2021) reported syn-
ergic properties and improved capacitance performance up to 752 Fg'1
at 1 Ag™? current density by redox additive-based Dy,WOg-ZnO com-
posite electrodes, which also provided cycling stability of 89% up to
2000 cycles [25]. Alhashmialameer et al. synthesized Dy (0.05 M) doped
NiMnOs nanoflakes by hydrothermal method and observed specific
capacitance and energy density of 2006 F/g and 72.35 W/kg respec-
tively. The higher electrochemical response of the materials was
attributed to the higher ionic charge of Dy species as compare to Ni and
Mn [31]. These studies have shown that Dy can be useful for electrode
material in next generation energy storage devices [24,32]. However,
reports on CaWOy, for supercapacitor application are very rare. In the
current study, a hydrothermal method has been used to synthesize
CaWO4 and Dy-doped CaWO4 nanomaterials and probe their potential
as a working electrode for the supercapacitor. The synthesized materials
have been characterized by XRD, SEM, EDS, XPS, UV-Vis spectroscopy,
and FTIR spectroscopy. Then CaWO4 and Dy (0.8%) doped CaWO4
nanomaterials are evaluated as potential electrode materials for
supercapacitors.

2. Experimental section
2.1. Chemicals

Calcium chloride dihydrate (CaCl,.2H,0, SIGMA-ALDRICH, 99%),
sodium tungstate dihydrate (NaWO4-2H;0, DAEJUNG, 98%), dyspro-
sium (III) nitrate pentahydrate [Dy (NO3)3-5H20, Alfa Aesar, 99.9%],
and Polyethylene glycol [H(CH2,CH20),0H, DAEJUNG]. All the mate-
rials were used without any further purification.

2.2. Preparation of materials

In a typical synthesis, 0.25 M NayWO4. 2H50 (sodium tungstate
dihydrate) was added to 100 ml of distilled water, and the solution was
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stirred for 20 min. The 0.5 M solution of CaCl,. 2H50 (calcium chloride
dihydrate) was prepared separately. The two solutions were mixed by
adding sodium tungstate solution dropwise. The PEG (0.2 g) was
introduced into the solution as a surfactant. The prepared mixture was
put into a Teflon-lined autoclave to undergo a 15 h hydrothermal
treatment at 200 °C. The attained precipitates were centrifuged and
washed three times with distilled water, then dried overnight in a vac-
uum oven at 60 °C. The dried product was ground with a pestle and
mortar to obtain the CaWO,4 nanomaterials. The Dy-doped CaWO4
nanomaterials were prepared by adding dysprosium (III) nitrate penta-
hydrate with the concentration of 0.4%, 0.6%, and 0.8% and following
the above procedure. The obtained products were elaborately charac-
terized using state-of-the-art facilities.

2.3. Characterization tools

The X-ray diffraction investigation performed using an X-ray
diffractometer (Bruker D2 Phaser) with a Cu-Ka beam (A = 0.15406 nm)
showed the crystalline nature of synthesized nanomaterials. The
morphology of prepared nanomaterials was examined by employing the
Nova Nano SEM. Using a (Cary-630) FTIR spectrophotometer, Fourier
transforms infrared spectroscopy was performed for the identification of
functional groups of the nanomaterials. The optical characteristics of
prepared nanomaterials were evaluated by employing a UV-Vis spec-
trometer (T80). Surface and functional analysis were performed by
Raman spectroscopy and X-ray photoelectron spectroscopy (PHI-Versa
Prob II, PHI, Chanhassen, MN, USA) under a high vacuum (1077 pa).
Atomic resolution TEM -200F with 2 CS correctors, attached with Gatan
software was used for structural analysis. The elemental analysis is
further done by ICP-OES (Model: iCAP 6500, Thermo Scientific UK) at
RF power of 1150 Watt.

2.4. Electrochemical studies

The electrochemical behavior of calcium tungstate and dysprosium
(0.8%) doped calcium tungstate electrodes were analyzed by CV, GCD,
and EIS in a 2 M KOH solution (electrolyte) using CS310 Electrochemical
workstation. Three electrode systems were used: the nanomaterials-
modified Ni foam served as the working electrode, the Pt wire worked
as a counter electrode, and the Ag/AgCl electrode was used as a refer-
ence electrode. The graphite, PVA (Polyvinyl Alcohol), and synthesized
nanomaterials with a mass ratio (1:1:8) respectively were used to
manufacture the working electrode. The prepared paste was coated on 1
x 1 cm? nickel foam and then dried in air at 90 °C for 20 min.

3. Results and discussion
3.1. Characterization of materials

The structural and phase information of calcium tungstate nano-
materials are determined by XRD analysis as shown in Fig. 1.The
diffraction peaks are appeared at 20 values of 29.03°, 34.42°, 39.45°,
43.56°, 45.71°, 47.37°, 49.36°, 53.35°, 54.56°, 56.54°, 58.15°, and
59.73° matched with calcium tungstate [33], JCPDS card number
01-077-2234 and depicts the tetragonal phase [34]. The XRD patterns of
Dy-doped CaWOy4 present a slight shift in peaks towards lower 26 values.
The peak shifting increases as the Dy concentration rises. This transfer
may be associated with the difference in ionic radii of dopant and host
atoms (Dy = 116.7 p.m. and Ca = 114 p.m.), consequently inducing
micro-strain in the lattice [35]. We also observe that certain peaks
vanish with the increase in Dy doping which indicates effective disper-
sion of Dy ions in the host lattice [36]. Using Scherrer’s formula, crys-
tallite size is calculated and it is observed that crystallite size decreases
from 21 nm to 14 nm after doping, also evident with peak broadening
with rising Dy doping level. The calculated lattice cell parameters of
CaWO4 and Dy-doped CaWO, are provided in Table 1 along with
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Fig. 1. XRD patterns of synthesized CaWO, and Dy (0.4%, 0.6%, 0.8%) doped
CaWO4 nanostructures in the 2 thetas range from 20° to 60°.

Table 1
Comparison of the lattice constant, crystallite size, and volume of doped and
undoped CaWOg,.

Concentrations (x) Lattice Crystallite Size Volume
Constant (A) (nm) (A%
a c
JCPDS value 5.21 11.31
CaWO4 5.22 11.29 21 307.63
Dy (0.4%) doped 5.22 11.31 19 308.17
CaWOy4
Dy (0.6%) doped 5.20 11.35 15 306.904
CaWO4
Dy (0.8%) doped 5.23 11.32 14 309.63
CaWO,

standard values obtained from the JCPDS card. The values of lattice
constants vary with the addition of Dy atoms due to the change in ionic
radii as discussed above [37].

Fig. 2a represents the FTIR spectrum of different as-synthesized
CaWOy-based nanomaterials. In the FTIR spectrum, the bands found at
1644 cm™! and 922 cm™! are related to Dy-O and Ca-O bonding
respectively [33,38,39]. The band at 1644 cm ! also indicate the wate
molecules adsorbed on the surface of the nanomaterials [40,41]. The
transmittance band at 766 cm ™! belongs to (WO4)’2 [33]. The presence
of different inorganic bands confirms the formation of CaWO4 and the
presence of dopant in the host lattice. The UV-Vis absorption spectrum
is used to study the optical properties of the synthesized Dy-doped
CaWO4 nanomaterials. The bandgap and the type of electronic transi-
tions can be determined from the absorption spectrum. When a semi-
conductor absorbs photons of energy larger than the bandgap of the
semiconductor, an electron is transferred from the valence band to the
conduction band, there occurs an abrupt increase in the absorbance of
the material to the wavelength corresponding to the bandgap energy
[42]. In Fig. 2b, the absorbance curves of CaWO4, Dy (0.4%) doped
CaWOy4, Dy (0.6%) doped CaWO4, and Dy (0.8%) doped CaWOy4 show a
peak at 262 nm, 241 nm, 245 nm, and 251 nm respectively [43]. The
band gap is determined using Tauc plot method. Fig. 2¢ shows band gap
curves for different materials. The undoped CaWO4 has a band gap of
3.32 eV [18], whereas rising Dy concentration reduces the band i.e.
3.11 eV, 3.08 eV, and 3.06 eV respectively. According to the quantum
size effect, the smaller the size of the NPs, the wider the energy bandgap.
However, the decrease in energy bandgap for doped materials with Dy
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concentrations from 0.4% to 0.8% indicates that several structural de-
fects are generating allowed states between the valence and conduction
band [44].

SEM is used to examine the grain size and morphology of the
nanomaterials. In Fig. 3 (a-b & d-e), the presence of nanosized particles
is witnessed in both materials [45]. The spherical grains can be seen in
the SEM images of CaWO, and Dy (0.8%) doped CaWO,4 nanomaterials.
The average grain sizes of CaWO4 and Dy (0.8%) doped CaWOQy;, are 88.1
+ 21.4 nm and 28.5 £+ 7.1 nm respectively, as deduced from the sta-
tistical histograms (Fig. 3c and f). The higher values of grain size than
crystallite size indicate that grains are composed of more than one
crystal. The polydispersity index of CaWO4 and Dy (0.8%) doped CaWOy4
are 0.05 and 0.06 respectively and exhibit monodisperse size distribu-
tions. Fig. 3g shows the X-ray energy dispersive (EDS) spectrum of Dy
(0.8%) doped CaWO4 nanomaterials and indicates the presence of Dy,
Ca, W and O. The EDS spectrum confirms the doping of Dy metal in the
CaWOy4 and also chemical purity of the material. The atomic percentages
of Dy, Ca, W, and O are 0.7%, 12.48%, 14.43%, and 72.39% respectively
in the Dy (0.8%) doped CaWOy. The ICP-OES is trace element detection
technique which uses emission spectra to identify and quantify element
present in the sample. The Dy concentration of 1.14% is observed in
doped CaWO4 sample. The difference in Dy concentration in two tech-
niques i.e. EDX and ICP may be linked with the reason that EDX is
usually provided chemical information of a specific portion of the
sample, consequently.

The morphology of Dy (0.8%) doped CaWO4 NPs is further studied
by using transmission electron microscopy (Fig. 4a-c). The low magni-
fication bright field image shows spherical shape of the particles as
observed in the case of SEM analysis. The sizes measured on different
NPs also show the consistency with size distribution histograms deter-
mined from SEM images (Fig. 4a). The high-resolution images present
high crystallinity of the NPs whereas fringe spacing of 0.412 nm
(Fig. 4b) and 0.389 nm (Fig. 4c) represent (101) and (112) planes
respectively. However, these d spacing values vary as compare to JCPDS
card (01-077-2234) as discussed in the XRD results. This variation in
interplanar distance can be linked with the incorporation Dy ions in the
CaWOy lattice.

The surface states and chemical composition of Dy (0.8%) doped
CaWO4 nanomaterials are further investigated by X-ray photoelectron
spectroscopy (XPS). Fig. 5a shows the XPS survey spectrum of Dy (0.8%)
doped CaWOy. The presence of different elements i.e. Dy, Ca, W, and O,
is evidenced in the survey spectrum. To determine surface states, high-
resolution XPS spectrums are recorded for all the elements (Fig. 5b-e).
The structure of Dy 4d is more complicated than the basic doublet
usually predicted due to spin-orbit splitting, however, due to identical
primary quantum numbers of the two shells in this instance divided into
four parts at 151.3 eV, 153.4 eV, 165.4 eV, and 167.7 eV [46]. In the
case of Dy 4d, two peaks are observed at 151.3 eV and 153.4 eV which
correspond to Dy 4d and 4ds,/ respectively [47]. The additional peaks
are present at 165.4 eV and 167.7 eV which represent Dy 4d3 , satellites
(Fig. 5b). The Ca spectrum has peaks at binding energies of 344 eV, 347
eV, and 350.4 eV and indicate Ca 2p, 2ps,», and 2p states respectively
(Fig. 5¢) [48,49]. The Auger peaks are evident in Fig. 5d at 30 eV and
31.82 eV [50], which equate to the metallic state of W along with peaks
at binding energies of 34.02 eV and 36.22 eV indicating the 6 oxidation
state of W [3]. The binding energies of oxygen vacancies are located at
528.2 eV and 532.2 eV, where, 528.2 eV and 532.2 eV indicate the O
and O, respectively. The O indicates the lattice oxygen and O, is related
to OH on the surface (Fig. 5e) [51].

3.2. Electrochemical analysis

Cyclic voltammetry (CV) is an excellent and potent analytical tool for
evaluating chemical responses incorporating an electron transfer [52].
CV analyzes the electrochemical characteristics and charge storage
mechanism of calcium tungstate and dysprosium (0.8%) doped calcium

18898



H.T. Hasnain Rana et al.

Ceramics International 49 (2023) 18896-18905

(@) (b)[— o,
> —— Dy, doped CaWO,
5 —— Dy 4, doped CaWO,
. (Ca-0) s i B :
Dy-0) -2 Yo.s0, doped CaWO,
— (Dy-0) (WOy) =
] 3
< g
8 =
£ S
G 230 248 250 20 270 280 290 360
Z z
H <
=
<
(=l
w— DY, 5+, doped CaWO,
e Dy, doped CaWO,
Dy, dOped CAWO,
— CaWO,
2500 20‘00 15‘00 10'00 200 300 400 500 600 700 800 9200
Wavenumber (cm'l) ‘Wavelength (nm)
(©
504 Cawo,
—— Dy 4, doped CaWO,
—— Dy, ¢y, doped CaWO,
. 404
< Dy, g, doped CaWO,
£
o
E 30 4
o~
=
2 204
X
10 4
0 T T T T
1 2 3 4 5 6 7

Energy (eV)

Fig. 2. (a) FTIR spectrums of CaWO, and Dy-doped CaWO, nanomaterials, (b) UV-Vis absorption spectrums of synthesized materials, (c) Tauc’s plots used for the

determination of energy band gaps.
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Fig. 3. (a-b) SEM images of CaWOQy, (c) Statistical size distribution histogram of CaWOy,, (d—e) SEM micrographs of Dy (0.8%) doped CaWOy, (f) Size distribution of
Dy (0.8%) doped CaWO,4 nanomaterials. (g) EDS spectrum of Dy (0.8%) doped CaWO,4 nanomaterials.

tungstate nanomaterials. The cyclic voltammograms for CaWO4 and Dy
(0.8%) doped CaWO4 are shown in Fig. 6a and b, with sweep rates
ranging from 5 to 50 mV/s and optimum potential window range from
—0.1 to 0.5 V. CV profiles portray the anodic and cathodic peaks of
CaWO4 and Dy (0.8%) doped CaWOy4 corresponding to the oxidation and
reduction response respectively. In the case of CaWOQy, the reduction
doublet is positioned at 0.23 V and 0.31 V. The multiple redox peaks
represent the cluster of redox activities of involved identical or distinct
elements present in the solution at the surface of the electrode. It means
that different oxidation states of the elements involved such as calcium
(+2) and dysprosium (+3) in the electrochemical reaction [53]. The
symmetric cyclic voltammogram of Dy (0.8%) doped CaWOy, illustrates
the reversibility of the redox reactions, revealing the charging and dis-
charging behavior. The peak current shifts horizontally and vertically
with increasing sweep rates. An increase in sweep rates offers more

energy to electrolyte ions to speed up the redox processes. As a conse-
quence, the flow of electrons and ions contacting on the surface of the
electrode is significantly augmented at fast sweep rates, whereas at slow
sweep rates, it is substantially lower. The peak shifting at higher sweep
rates is a result of the rapid motion of charges due to the lack of sufficient
time to react. The Dy (0.8%) doped calcium tungstate exhibits a
significantly high value of peak current than the calcium tungstate,
indicating an enhanced electrochemical response. The charge storage
capacity is evaluated by the area of the CV curves and can be seen in
Fig. 6¢. The CV curves of Dy-doped material exhibit a considerably large
area than the undoped confirming the improved specific capacity of Dy
(0.8%) doped CaWOy4 [54]. The specific capacity (Q;) is calculated by
using equation (1)
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Fig. 4. TEM analysis of Dy (0.8%) doped CaWO4 nanomaterials; (a) low magnification image, (b—c) high resolution images showing different fringe distances.

Q=" M

vf
Where / Ix VdV = area under the CV curve, m is the active mass (g),
Vi
and v = sweep rate (mV/s). Fig. 6d displays the specific capacity trend
for the fabricated CaWO4 and Dy (0.8%) doped CaWOy4 electrodes for
different sweep rates. Fig. 6d shows that the specific capacity decreases
at fast sweep rates, indicating rapid kinetics [55]. At 5 mV/s, the Dy
(0.8%) doped CaWO4 depicts the dominant value of specific capacity
(624 C/g) whereas, CaWOy, has a specific capacity of 115 C/g at the
same sweep rate. The CV analysis shows that Dy (0.8%) doped CaWO4
modified electrode offers an enhanced electrochemical response as
compared to undoped CaWOg.

The estimation of the redox contributions is accomplished by using
the Randles-Sevick plot. The linear relationship between sweep rate and
current is estimated and the findings are shown as a Randles-Sevick plot
(Fig. 7a). The slope values are calculated for oxidation (3.8892) and
reduction (—3.6813) currents from a linearly fitted Randles-Sevick plot.
The linear slope confirms the identical oxidation and reduction process
with different sweep rates [56]. The R? values for anodic and cathodic
peaks show identical behavior for oxidation and reduction, continuing
the excellent reversibility and stability of the material.

The charge storage nature of fabricated electrodes is also identified
by the theoretical aspect. The powers law (equations (2)-(4)), which
illustrates the relation between sweep rate and current, has been
applied.

I=al’ (2)
log(I) =log(a) + b log(v) 3)
log(I)

Tog(v) b + log(a) @

Where a, b = constants, I = oxidation or reduction peak current, v =
sweep rate

According to the principle, log(I) v/s log (v) plot symbolizes the
value of b. The value of b varies from 0.5 to 1, where 0.5 represents pure
battery-grade material (diffusion-controlled process) and 1 indicates
complete capacitive nature (surface-controlled process). Fig. 7b shows a
linear trend in the plot of log (Ip) v/s log (v), with a b value of 0.61,
significantly close to the theoretical assumption to reveal a diffusion-
controlled process. The b values are also extracted at various fixed po-
tentials (0.20-0.44 V) (Fig. 7c). The b values are observed in the range
from 0.58 to 0.78, confirming both diffusive and surface-controlled
processes as reported by Igbal et al. (2022) [54,57].

Dunn’s model is used to determine the quantitative contribution of
the diffusive and surface-controlled processes. Equation (5) is given
below

Ip(V) =Kv + Kov*? 5)
equation (5) can be modified further to equation 6
Ip(v) / W =K 4K, ©)

The surface current is represented by the first part (K; v) of equation
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Fig. 5. XPS analysis of Dy (0.8%) doped CaWO, nanomaterials; (a) Survey spectrum. High-resolution spectra of (b) Dy 4d, (c) Ca 2p, (d) W 4f, (e) O 1s.

(5), while the diffusive current is represented by the second term (Ko

vV2). Fig. 8 displays the percentage contribution of surface-controlled
and diffusion-controlled processes at different sweep rates determined
by using equation (6). The bar chart demonstrates that at lower sweep
rates diffusion portion is dominating because the ions have sufficient
time to react. The particles are unable to engage with the electrode for a
longer duration at higher sweep rates due to the lack of reaction time
[54]. Fig. 8 illustrates that as the sweep rate increases, the
surface-controlled mechanism rises and dictates the electrochemical
reaction, whereas the diffusion-controlled process diminishes. The Dy
(0.8%) doped CaWO, exhibits a 63% diffusion while a 37%
surface-controlled contribution at a scan rate of 50 mV/s. These out-
comes reveal that Dy (0.8%) doped CaWO4 appears to be a novel ma-
terial for supercapattery application in the future and doping of Dy can
improve the electrochemical performance of the hybrid device.

The galvanostatic charging-discharging (GCD) has been further used
to investigate the electrochemical behavior of fabricated electrodes. The
GCD tests are conducted at current densities of 10, 20, 30, and 50 A/g at
a fixed potential of 0.5 V. Fig. 9a and b represent the GCD curves of
CaWO4 and Dy (0.8%) doped CaWO4 modified electrodes respectively.
The obtained GCD patterns have a non-linear appearance for both
electrodes. The hump in the middle of the discharge curve shows the
redox-active nature of the material [58]. The discharging time continues
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to decrease as the current density increases (Fig. 9a & b)). When the
current density is at its lowest, the hydroxyl ions have a longer time to
incorporate, resulting in high capacity and longer discharge times [52].
Additionally, equation (7) has been utilized to compute the specific
capacity of fabricated electrodes using the parameters from GCD
measurements.

I x At
T m

Q, 7
Where, m, I, and At, symbolize the deposited mass, current, and dis-
charging time respectively. The calculated specific capacity for CaWO4
and Dy (0.8%) doped CaWO4 at 10, 20, 30, and 50 A/g current densities
are displayed in (Fig. 9¢). The decline in the specific capacity trend is
due to the slower rate of intercalation on the electrolyte/electrode
interface at higher current densities [58,59]. The Dy (0.8%) doped
CaWOy4 electrode exhibits excellent electrochemical behavior with a
specific capacity of 396 C/g at a current density of 10 A/g. The addition
of dysprosium in CaWO4 enhances its conductivity and reduces the
charge transfer resistance. Consequently, it has been proven that
dysprosium-doped calcium tungstate can be an important electrode
material for energy storage devices. The obtained specific capacity is
found to be significantly higher as compared to other related materials
(Table 2).
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The electrochemical impedance spectroscopy (EIS) technique is
employed to investigate electron transfer at the electrode interface [52].
In EIS, the electrode impedance is determined based on the frequency
ranges from 0.3 Hz to 100 kHz at a fixed potential of 10 mV [62]. The
Nyquist plots for CaWO4 and Dy (0.8%) doped CaWO4 electrodes are
obtained to display the behavior of the imaginary impedance and the
real impedance. The Nyquist plot reveals the essential details: equiva-
lent series resistance (ESR) refers to the resistance that accumulates
during a chemical process at the electrolyte and electrode contact can be
estimated by the x-intercept at the higher frequency, whereas the
semi-circle in the high-frequency region represents the charge transfer
resistance (Rct). The accretion of OH ions provides a straight line at the
low-frequency domain to investigate the Warburg impedance (W) [55,
57-59]. It is believed that Dy>* can create more oxygen vacancies due to
higher charge as compare to Ca?". This formation of vacancies can in-
crease the electrical conductivity which develop higher current in CV
graph and lesser Rect [31]. On the other hand, W remains intact during
the electrochemical reaction, however, enhances the conducting chan-
nels for electrolytic ions which increases specific capacity [3]. This

(a) 0.6

Ceramics International 49 (2023) 18896-18905

caused easy access of electrolyte ions transport from KOH solution to the
nanomaterial’s surface. provides stability. The comparative EIS spec-
trums of undoped CaWO,4 and Dy doped CaWOy4 electrodes are portrayed
in Fig. 10a whereas the high-frequency region is displayed in the inset.
At the high-frequency region, the R values for CaWO, and Dy (0.8%)
doped CaWOy electrodes have been determined to be 15 Q and 12 Q
respectively. The Dy(0.8%) doped CaWO, electrode exhibits smaller
charge transfer resistance which demonstrates enriched redox reactions
and higher electrical conductivity of Dy (0.8%) doped CaWOy4 [55]. The
EIS tests reveal promising ionic conductivity. The equivalent circuit
modeling was also performed (Fig. 10b). The equivalent circuit R(QR)
(CR)(CR)) is shown in Fig. 10b (inset) and consists of three staircases
parallel R—C circuit. The components of the equivalent circuit symbolize
the solution resistance (Rs) of activated electrode and KOH electrolyte,
constant phase element (Q), charge transfer resistance (Rct) between
electrode/electrolyte interface. The high frequency R1-C1 circuit rep-
resents resistance and capacitance of nanomaterials’ surface whereas
medium range R2-C2 circuit corresponds to double layer capacitance
and charge transfer resistance [63-65].

4. Conclusion
In summary, facile hydrothermal method was employed for the

fabrication of CaWO,4 and dysprosium-doped CaWO4 nanomaterials
with different concentrations (0.4%, 0.6%, 0.8%). The XRD, SEM, EDX,

Table 2
A comparison between the present study and previously reported work.
Sample name Specific capacity/ Current Refs.
capacitance density
®-MnO;: Dy (15%) 100 F/g 0.1A/g [30]
Ligy/3Tis.2x/3Dyx012 (x  181.8 mAh g 20C [60]
=0.02)
Dy-IONPs 202 F/g 0.5A/g [29]
MnWO4 219F/g 0.4A/g [61]
Dy (0.8%) doped 396 C/g 10A/g Present
CaWO0, study
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Fig. 9. (a) GCD profiles of CaWO, (b) GCD profiles of Dy (0.8%) doped CaWOy, at different current densities (c) Specific capacity variation for current density.
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Fig. 10. Nyquist plot: (a) Comparative EIS spectrums of undoped and Dy doped CaWO4electrode, (b) Fitting on Dy (0.8%) doped CaWO4 EIS spectrum. (Inset)

Equivalent circuit modeling.

FTIR, XPS, and UV-Vis spectroscopy were utilized for the character-
ization of nanomaterials. The electrochemical studies showed that the
electrochemical performance of CaWO4 was considerably improved
with Dy addition. The GCD of prepared Dy (0.8%) doped CaWOj4-based
electrode shows the highest specific capacity of 396 C/g than 146 C/g of
CaWO, at 10 A g~! current density. The CV curves show that surface-
controlled mechanism increases with the scan rate. There is a 37%
surface-controlled process and 63% diffusion-controlled mechanism at a
scan rate of 50 mV/s. This outcome makes it a unique material for
supercapattery applications in the future.
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