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Abstract

In search of efficient electrode material with good redox sites, better wettability, high-rate transfer and rate capability, here
we adapted a linear template method like by adding CTAB as surfactant. Transition metal tungstate is a promising electrode
material for supercapacitor devices because of its exceptional electrical conductivity and electrochemical property. This work
deals with the effect of surfactant on their structure, morphology and electrochemical properties of the material, elaborately.
Through the physiochemical characterization, it is observed that morphology of NiWO, is stable and significantly altered
by different ratio of templating agent. NiWO, with 0.03 M of CTAB as surfactant delivered a specific capacitance of about
958 F/g at a current density of 2 A/g, respectively with low-charge transfer resistance of 5.6 Q.
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Introduction

Energy occupies a significant role in today’s world, from
modern electronic gadgets to portable devices used for day
to day domestic needs [1, 2]. Among various energy stor-
age technologies like Li-ion battery and fuel cell, the super-
capacitor has gained much attention due to its eminence
in electrochemical performance including high durability,
specific capacitance and rapid charging process than con-
ventional capacitor and batteries [3]. Although a wide range
of research was carried out to enhance the performance of
supercapacitor, unfortunately still the device cannot meet
the requirement of real life application due to low operating
voltage, low cyclic stability and leakage of chemicals [4, 5].
Hence, now much attention is paid on improving operating
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voltage and cyclic stability without an appreciable loss in
specific capacitance of the electrode material. To date, vari-
ous materials including RuO [6], NiP [7], CoS [8, 9] and
Ni(OH), [10] were extensively investigated as an electrode
material for capacitor. Recently, mixed metal oxide has
drawn much interest due to the presence of multiple oxida-
tion states which in turn provides the possibility of multiple
redox reactions. With this idea, metal tungstate was consid-
ered as a potential substitute as an electrode material due to
its cost effectiveness facile synthesis procedure and excellent
electrical properties [11].

Generally, metal tungstates (MWO,, here M stands for
metals like Ni, Co, Bi, Fe, Zn, Cu) and electrode materials
are highly explored due to its good environmental nature,
better electrochemical response and high electric conductiv-
ity of the range of 10" to 10> Scm™! due to the availability
of W metal. Among them, transition metal tungstates like
NiWO, and CoWO, were majorly concentrated due to its
better faradaic activity, high capacitance and energy density
when compared to other metal tungstates. Due to its better
optical, sensing and electrical properties, metal tungstates
are used in various fields like photocatalysis and memory
devices and humidity sensors [12—14].

Swarn Jha et al. [15] prepared NiWO, through a facile
method and analysed the performance in the electrochemical
behavior for a different source of nickel. The author reported
a specific capacitance of about 750 F/g at 1A/g, and the
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asymmetric-fabricated device exhibits a stability of 93%
of initial capacitance over 6000 cycles. Theoretically, the
reported specific capacitance was even more than the value
obtained experimentally. Hence, to completely explore the
efficiency of the active material optimization of different
parameters to be done, a significant modification in the elec-
trochemical performance of the prepared materials can be
achieved by slightly altering the surface area and morphol-
ogy of the active material.

In this work, NiWO, has been prepared successfully using
surfactant (CTAB), and the variation in its physiochemical
and electrochemical properties was systematically analyzed
by different analytical techniques to evaluate its applica-
tion for the high-performance supercapacitor application.
NiWO4 with 0.03 M of CTAB as surfactant delivered a
high-specific capacitance of about 958 F/g at a current den-
sity of 2 A/g, respectively with low charge transfer resistance
of 5.6 Q.

Materials and methods
Materials

Nickel chloride nonahydrate [Ni(Cl);9H,0,99%], sodium
tungstate hexahydrate (Na,WO,6H,0,98%), cetyltrimeth-
ylpyrolidene (C,yH4,BrN) (CTAB), ethanol, n-methyl-
2-pyrrolidene, polyvinylidene fluoride and acetylene black
were purchased from Merck India Pvt Ltd. Analytical grade
reagents were used in the experimental synthesis, and they
were utilized without further modification.

Preparation of NiWO,

Here, 3.2 g of nickel chloride and 3.7 g sodium tungstate
are dissolved in 30 ml of deionized water separately under
constant stirring. After some time, sodium tungstate solution
was added dropwise and stirred for 30 min. Followed by it,
0.1 g of CTAB is also added in the above solution. Later, the
solution is ultrasonicated for 30 min, and then the homoge-
neous solution is transferred to Teflon-lined stainless-steel
autoclave and maintained it for 140°C for 12 h. The obtained
products were washed with deionized water, and ethanol for
three times. Then, the collected sample is dried at 70°C for
10 h, and later the sample is calcined at 500°C for 5 h. The
resulting powder is named as NW1. Then, the process is
repeated by adding different amount of CTAB (0.2 g,0.3 g)
in the above process and named as NW2 and NW3, respec-
tively. Pure nickel tungstate (NiWO,) is synthesized by fol-
lowing the same steps without the addition of CTAB and
named as NW.

@ Springer

Characterization techniques
Physiochemical analysis

The phase purity and crystallinity of NiWO, with dif-
ferent concentrations of CTAB was analyzed using the
Rigaku smart lab X- ray diffractometer with Cu ka radia-
tion (A1=1.541874 A°). The diffracted data were collected
in the range of 10°-80°. The functional group was analyzed
through FTIR analysis using a Perkin Elmer RXII spectrom-
eter. The surface morphology and elemental analysis were
carried out using Carl Zeiss Sigma, Germany (scanning elec-
tron microscope).

Electrochemical analysis

For electrode fabrication, the as-synthesized NiWO,, car-
bon black and PVDF (polyvinyldifluoride) were mixed with
the ratio of 75:15:10. Then, the specific amount of NMP
(N-methyl 2-pyrolidene) is added with the mixture, and the
slurry was made. Then, the slurry is applied on the 1Xx 1
cm? area of nickel foam which was then dried at 70°C for
overnight for removing the solvent from the foam. The
electrochemical properties of the fabricated electrode were
analyzed in three electrode system using 1 M KOH as elec-
trolyte solution. The active material-coated foam, Hg/HgO
and platinum wire were used as the working electrode, ref-
erence electrode and counter electrode, respectively. Using
the Biologic SP-300 Modular Research grade potentiostat/
galvanostat/FRA electrochemical workstation, the elec-
trochemical analysis was done. By applying the discharge
time calculated in the galvanostatic charge—discharge (GCD)
analysis in the formula below, the specific capacitance was
calculated [16, 17]:

C, = (IA1)/(mAV) 1

where, I is the applied current density, At is discharge time,
m is the mass of active material, AV is the potential window.

Results and discussion

The analysis of phase purity and crystallinity for NiWO,,
both with and without the surfactant CTAB, was conducted
using powder XRD. In Fig. 1, the X-ray diffraction (XRD)
patterns of the prepared samples are illustrated. The primary
diffraction peaks at 20=23.9°,24.9°, 30.9°, 36.5° and 54.6°
correspond to the (011), (110), (111), (002) and (202) planes
of the hexagonal NiWO4 crystal, aligning well with the
(JCPDS.No.15-0755). For the as-synthesized NiWO4 sam-
ple, the characteristic peaks can be indexed as monoclinic
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Fig.1 XRD patterns of prepared pure nickel tungstate and nickel
tungstate at different ratio of CTAB

NiWO,. Importantly, there are no impurity peaks from reac-
tants or intermediate phases, indicating the pure and highly
crystalline nature of NiWO,. Additionally, varying weight
ratios of NiWO, with different CTAB ratios decrease the
intensities of diffraction peaks proportionally. Crystallite
size calculations using the Debye-Scherer Eq. (2) revealed
that the crystallite sizes for the prepared NiWO, and differ-
ent concentrations of CTAB (NW2, NW3) samples are 50.2,
48.3,46.2 and 29.4 nm, respectively [18].

_ Ki
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where, D is crystalline size, K is Scherrer’s constant
(K=0.98), 4 is the wavelength (1 =1.54), f is the full width
at half maximum (FWHM).

The FTIR spectral analysis was carried out to iden-
tify the functional groups present in the samples (Fig. 2).
The band observed at 834 cm™! could be assigned to the
stretching of metal oxide (W-0O) bond in terminal WO,
group and 627 cm™! to O-W-0O symmetric and asym-
metric stretching vibrational modes respectively. Further,
the band observed at 515 cm™' is due to the stretching
vibrations of NiO4 polyhedral in the crystal structure of
NiWO,. The absorption bands observed at 1587 cm™' and
2383 cm™! are typically attributed to the hydroxyl group
of physically adsorbed water in the interlayers. The FT-IR
spectra of NiWO4, prepared at various concentrations of
CTAB, show no significant differences. The absence of
absorption peaks from other organic functional groups in
the FT-IR spectra confirms the purity of the sample [19].

The impact of a surfactant on the morphology of the
prepared samples was investigated through SEM, as

-
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Fig.2 FT-IR spectrum of the nickel tungstate at different ratio of
CTAB

depicted in Fig. 3. The presence of surfactants notably
influences the structural variations observed in the pre-
pared samples. A clear distinction is apparent: particles
synthesized without a surfactant exhibit unusually large
sizes and significant agglomeration compared to those
prepared in the presence of the surfactant (nanospheres).

As shown in Fig. 3a-b, pure NiWO, exhibits an irregular
morphology with fine particles. For the closer inspection,
images were analysed at a higher magnification and lower
magnification from which the size was calculated. How-
ever, in the case of pure NiWO,, it is difficult to calculate
the exact particle size due to high degree of agglomeration.
On the other hand, from Fig. 3c—h which is CTAB-assisted
NiWO,, a spherical morphology with a controlled size and
low agglomeration rate was observed, attributed to the influ-
ence of CTAB. The addition of the surfactant (CTAB) effi-
ciently decreased particle agglomeration and promoted a
more even distribution. This is primarily associated with the
formation process of nickel tungstate crystal nuclei. In the
absence of a surfactant, the reaction between sodium tung-
state and nickel nitrate initially generates crystal nuclei, with
nickel tungstate nuclei growing as the reaction progresses. In
the presence of the surfactant CTAB, nickel ions and CTAB
form a complex through interactions between CTAB ions in
the early stages. Subsequently, nickel tungstate grows along
a specific direction, controlled by the surfactant CTAB. This
has shown a significant effect on the particle nature, nuclea-
tion and the formation of NiWO, [13].

The electrochemical performance of the NiWO, with dif-
ferent concentrations of CTAB were analyzed using cyclic
voltammetry, galvanostatic charge discharge and electro-
chemical impedance spectroscopy. Here, Fig. 4a represents
the comparative CV response of prepared samples at a scan

@ Springer



3590

lonics (2024) 30:3587-3593

45 150
(a) b)
304 1004
5 ®
< 2 504
> 154 ~
] g
c >»
@ = 04
S o- a2
3 5
£ —NW g -50- 4 p
3 154 NW1 = ———5mVs ' ——20 mVs
—Nw2 | —7mVs™! —30 mvs™!
s —NW3 ——10 mvs"— 50 mvs™’!
i T T T T T T J T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Potential (V) vs Ag/Agcl Potential (V) vs Ag/AgCI
1000
O 054 -0, -
S (e) | 3°% < w0l (@) o-ww
g g > -9~ NW1
= =N W2
} 044 — NW 30.« § 8004 DG
$ e — N2 | S 034 §
E — NW) s 3 6004
- 024 - 0.24 %0
[ - .
- -
c = i )
% 0.14 891 | R
o 8 - 3004
.e v ;3 v ;3 M v M
g - 0 10 2 3 @ %
O 90 W0 1590 00 29 W W W | o
Current Density (Ag™")

Fig.4 a Comparative CV curves of prepared samples at a scan rate
of 5 mV/s, b CV curves of NW3 at various scan rates, ¢ compara-
tive GCD curves of prepared samples at a current density of 2 A/g, d

rate of 5 mV/s. The obtained CV curve of NiWO,, at all
concentrations of CTAB, portrays the characteristic pattern
of the redox material which were different from the ideal
rectangular curve of EDLC, exhibiting its dominant pseudo-
capacitive properties. The well-resolved pair of faradic peaks
may be ascribed to the reversible redox reaction of Ni>*
and Ni**. In comparison of the area under the obtained CV
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GCD curves of NW3 at various current density, e specific capacitance
graph of synthesized materials

spectrum, NW3 has the larger integral area which suggests
its better specific capacitance with NW, NW1 and NW2.
Further to study the rate capability, CV analysis of NW3 at
different scan rates from 5 to 50 mV/s was performed and
is displayed in Fig. 4b. Although, with a tenfold increase
of scan rate, the CV curve almost retains its shape portray-
ing the good reversible reaction of NW3. As the scan rate
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increases, the intensity of redox peaks decreases due to
sluggish faradic process, which in turn effectively reduces
the specific capacitance. In addition, due to concise time
at higher scan rate, a sufficient ionic diffusion cannot be
achieved; rather, outer surface has been extensively utilized.
The two reduction peaks observed in cyclic voltammo-
gram of NiWO, prepared with CTAB denote a cascade of
redox activities of Ni and W species present in the solution
matrix at the electrode surface, or it could mean different
oxidation states of the nickel species in NiWO,. Multiple
reduction peaks can enhance specific capacitance by the fol-
lowing ways: (i) The presence of two reduction peaks may
be ascribed to involvement of nickel and tungstate active
sites on the electrode surface. This can lead to an increase
in the effective surface area available for electrochemical
reactions, thereby enhancing the overall capacitance; (ii)
the observed different reduction peaks often correspond to
distinct redox processes of nickel and tungstate at different
potentials. This diversity in redox reactions can contribute
to a broader range of charge storage mechanisms, result-
ing in a higher specific capacitance. (iii) Multiple reduction
peaks can indicate a more complex electrochemical behav-
ior, potentially involving intermediate species. This com-
plexity might lead to improved charge transfer kinetics and
enhanced overall electrochemical performance.
Galvanostatic charge discharge analysis was conducted
for the sake of evaluating the electrochemical property or
behavior of the as-synthesized samples, within the potential
window of 0 to 0.5 V. Here in Fig. 4c, the comparative GCD
curves of prepared samples at a current density of 2 A/g
were displayed. The derived comparison with the prepared
sample NW3 contains larger plateau region, and it projected
that NW3 possess highly efficient redox performance than

704
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the other active materials. Here in Fig. 4d, the GCD curves
of NW3 at various current density 2-50 A/g were portrayed
and demonstrates their current response. From the GCD
plot-specific capacitance of the synthesized sample at a cur-
rent density of 2 A/g is calculated as shown in Fig. 4e. Here,
the integrated area as well as the discharge time in both the
CV and GCD of NW3 are greater when comparing with
the other samples, and it displays its high electrochemical
ability. However, the active mass of the active material is
approximately 0.05 g in the Ni foam electrodes. The NW,
NWI1, NW2 and NW3 samples exhibited a specific capaci-
tance of 718, 848, 906 and 958 F/g at a current density of
2 A/g respectively. The efficient performance of the sample
NW3 might be due to which makes high active area for the
interaction of electrolyte. Generally, the specific capacitance
of the materials decreases with increase in current density of
the four samples which may be ascribed to low interaction
time of electrolyte with the electrode material. The sample
NW3 delivers the highest capacitance among all samples
due to its unique morphology which facilitated high active
sites compared to other samples.

Nyquist plot of prepared sample is shown in Fig. 5a,
and displays the linear line and a semicircle in low- and
high-frequency range, respectively. It is seen from the
plot that the lower diameter of semicircle for the NW3
compared to other samples represents its lower transfer
resistance. The EIS curves at a high-frequency region have
a intersect with x-axis at 0.2 Q, revealing a representing
its low-solution resistance and charge transfer resistance
due to rapid transfer of electrons across the matrix and
better contact of active material with electrolyte. Besides
specific capacitance, their cycling stability is considered
as one of the crucial properties of electrode material. The

, NW
409 o nwi
{ a4 nw2
0] * Nws
0 1000 2000 3000 4000 5000

Cycle number

Fig.5 a Nyquist plots of prepared materials with a fitted equivalent circuit, b cyclic stability at a current density of 10A/g
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charge transfer resistance (R.r) values of the electrode
materials NW, NW1, NW2 and NW3 calculated from the
fitted circuit werel.9 Q, 1.6 , 0.98 Q and 0.87 Q. Among
the electrode materials, NW3 has the least charge transfer
resistance when compared to other materials resembling
the better electrical conductivity and electrochemical
property.

Capacitance retention of all the prepared samples after
the cycling of 5000 cycles were shown in Fig. 5b. The better
cycling ability of NW3 can be ascribed to good reversibility
of faradaic reaction among its hybrid composites and also it
with electrolyte. Hence, based on the electrochemical find-
ings, it is evident that the optimal concentration of CTAB
effectively alters the particle nature, thereby improving the
mean free path and consequently enhancing the electro-
chemical performance of NiWO,. The optimized morphol-
ogy of NiWO4 prepared with CTAB provided easy electron
transfer, short ion diffusion pathways and increased penetra-
tion of the ions into the electrode materials which was com-
paratively lower in agglomerated NiWO4 prepared without
CTAB, which causes a drastic decrease in its cyclic stability.

Conclusion

Concisely, NiWO, is synthesized by a facile hydrothermal
technique method. Through various concentrations of CTAB
added to NiWO,, four different samples were prepared.
Among the samples, NW3 delivered a better performance
due to its spherical morphology compared to the other sam-
ples. The sample prepared with 0.03 M of CTAB delivers a
higher specific capacity of 958 F/g at a scan rate of 2 A/g.
It also delivered comparatively stable performance of 90%
over 5000 cycles. Therefore, from the observed results, it is
concluded that the concentration of CTAB played a key role
in altering the morphology and size of particles and turns
to play a vital role in the electrochemical performance of
NiWO, for energy storage devices.
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