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Excessive consumption of fossil fuels over the years has severely impacted the global environment, causing

air pollution and climate change. Thereby, developing renewable and efficient energy storage systems has

become essential to overcome these challenges. In this context, supercapacitors (SCs) have attracted

significant attention due to their rapid charge—discharge performance, higher power density (PD), longer
cycle life, and environmental friendliness. In this study, NiWO,/MXene composite electrodes were
synthesized via a hydrothermal route with the aim of achieving enhanced cation mobility and

accelerated ion transport,

thereby

improving electrochemical efficiency and charge storage

performance. The material's electrochemical performance was tested using cyclic voltammetry (CV) for

redox behavior and galvanostatic charge—discharge (GCD) for charge storage capacity and stability. The

NiWO,/MXene electrode delivered a high specific capacitance of 154542 F g™* at a current density of
15 A g7 along with an energy density (ED) of 107.32 Wh kg™! and a PD of 199.9 W kg~% The
chronoamperometry results confirm that the composite exhibits excellent electrochemical stability over

50 hours and 95.80% capacitance retention from GCD after 2000 cycles. A systematic correlation was

observed between the structural features such as the reduction in diffraction peak intensity due to
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MXene coverage and the preservation of NiWO, crystal planes and the ion transport dynamics, indicating

that the structural modulation directly influences cation mobility and overall charge transport. These
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1. Introduction

As global populations grow, the need for natural energy
resources rises quickly. Currently, fossil fuels contribute to
climate change and severely threaten human survival. In this
situation, there is an urgent need to find eco-friendly, sustain-
able, and renewable energy sources.'” As a result, technologies
like batteries, fuel cells, and SCs have been developed to meet
the increasing demand for energy storage and supply. Electro-
chemical energy storage (EES) devices and their materials are
now essential for solving long-term energy problems. Recent
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in composite electrode materials.

findings demonstrate that careful tuning of the material's structure can effectively enhance ion transport

breakthroughs in electrochemical processes have led to high-
performance batteries and SCs that provide more power and
last longer than traditional models. Since weight and cost
limitations in conventional batteries have driven interdisci-
plinary research, efforts are focused on creating innovative
solutions to performance, efficiency, and
affordability.*®

However, SCs were discovered as an attractive option for
electrochemical energy conversion and storage, offering supe-
rior benefits such as higher ED than conventional capacitors
and higher PD than batteries, with remarkable cycle life and
improved performance. Additionally, they have demonstrated
greater PD than batteries for powering portable and flexible
electronic devices, making them an attractive alternative for
next-generation energy storage applications.” SCs are generally
classified into three categories based on their charge storage
mechanisms: electrical double-layer capacitors (EDLCs), which
store charge electrostatically at the electrode-electrolyte inter-
face; pseudocapacitors (PCs), which store charge through fast
and reversible Faradaic redox reactions at or near the electrode
surface; and battery-type capacitors, which store charge via

improve
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slower bulk Faradaic reactions involving ion intercalation.®®
The NiWO,/MXene composite studied here primarily exhibits
pseudocapacitive behavior, driven by the rapid redox reactions
of NiwWO, and the EDLC contribution from MXene.

To enhance the energy storage capabilities of SCs,
researchers focus on several key strategies: developing innova-
tive electrode materials and elevating cell voltage. Two prom-
inent approaches have emerged to achieve these
enhancements: using organic electrolytes and designing asym-
metric SCs, both of which offer promising pathways to optimize
SC performance.' SCs use a variety of electroactive materials,
including conducting polymers, metal oxides (MOs), and
carbon, among others.' Nanostructured inorganic compounds,
particularly transition metal oxides (TMOs) and their derived
substances using elements such as Mn, Ca, Ni, W, Fe, and Zn,
have become highly promising for energy storage devices
because of their outstanding aspects, including a greater
surface area, more excellent stability, and outstanding electrical
properties.*

Transition-metal tungstates are of interest because they
exhibit unique physical, chemical, and energy-storage proper-
ties.”® Transition metal tungstate typically follows the chemical
formula AWO,, in which A represents a divalent cation (A**) that
functions as a network modulator.” Nonetheless, bivalent
cations like nickel functions effectively in SCs due to their lower
ionic radii (less than 0.77 A). In contrast to other substances,
tungsten dioxide and related metal tungstates offer several
advantages, including safe and inexpensive production,
extreme resistance to ultraviolet radiation, and adaptability.*®
Furthermore, metal tungstates are bimetallic compounds that
offer superior energy storage capabilities compared to mono-
metallic compounds such as NiO and WO,;. Among these
tungstates, NiwWO,, COWO,, and Bi,WO, have garnered signifi-
cant attention due to their outstanding faradaic activities,
which enable enhanced energy storage capacities, and these
qualities make them viable choices for energy conservation
applications.'® Notably, Ni-O and NiWO, have distinct electro-
chemical characteristics, are ecologically harmless, and have
better specific capacitance (Cs,)."” However, single-metal tung-
states have significant drawbacks, including low energy storage
capacity, poor high-speed performance, and a short
lifespan.*®*>

To address the limitations of pure NiWO,, various carbon-
based materials, including activated carbon (AC), graphene
oxide (GO), carbon nanotubes (CNTs), and MXene, have been
investigated. Among these, MXene features a 2D layered struc-
ture with high electrical conductivity, a large surface area,
strong stability, magnetic properties, and durability." Notably,
combining MXenes with MOs has shown significant improve-
ments in electrochemical performance. Moreover, the interplay
between structural features and ion-transport dynamics is
pivotal for optimizing the performance of nanomaterial-based
composites. Recent studies have shown that incorporating
nanomaterials can significantly alter ion-conduction pathways.
For instance, the arrangement of polymer chains and the
presence of inorganic fillers can impact ion transport proper-
ties. Research by Choi et al.>* demonstrated that the medium's

© 2025 The Author(s). Published by the Royal Society of Chemistry
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structural characteristics influence ion mobility in confined
spaces. Additionally, a review by Gerdroodbar et al. elucidated
the intricate interplay between ions, solvents, salts, and the
electrolyte matrix, emphasizing the importance of structural
considerations in ion transport.*

Although significant progress has been made in developing
advanced electrode materials for SCs, a major knowledge gap
persists in correlating ionic transport phenomena—including
ionic conductivity, diffusion kinetics, and cation mobility—with
the ultimate electrochemical performance. Most reported
studies emphasize composition or morphology optimization,
while overlooking the fundamental ion-electron coupling
mechanisms that dictate real device efficiency. Herein, we
present a rationally engineered NiWO,/MXene composite that
demonstrates not only high active surface availability and rapid
electron pathways but also markedly enhanced ion mobility and
diffusion dynamics, enabling faster charge transport across the
electrode—-electrolyte interface. By systematically probing the
structure-transport-performance relationship, this work
reveals how ionic motion contributes to superior capacitance
and rate capability. The novelty of our study lies in unifying
material design with deep transport property investigation,
providing new scientific insights that guide the development of
next-generation SCs with high PD and long-term stability.

2. Experimental section

2.1. Materials

In the preparation of sample NiWO, and NiWO,/MXene,
chemicals used include nickel nitrate hexahydrate (Ni(NO;),-
-6H,0) purchased from Irritant, sodium tungstate dihydrate
(Na,WO,-2H,0) from Thomas Baker, potassium hydroxide
(KOH) from Duksan, and additional MXene chemicals were also
used. Analytical-grade substances were used throughout
production, and no further purification was required.

2.2. Synthesis of MXene

TizAlC, MAX powder (0.1 g) and KOH (0.35 g) were ground for 2
hours, with 2.5 mL of deionized water (DIW) added dropwise
during grinding, yielding a thick, jelly-like paste. The paste was
then transferred to a Teflon-coated stainless-steel autoclave and
heated at 180 °C for 24 hours. After hydrothermal synthesis, the
sample was washed with DIW and ethanol, maintaining a pH of
6-7. The washing process exfoliated the MXene layers, which
were then separated by centrifugation and dried at 60 °C for 12
hours.

2.3. Synthesis of NiWO,

A typical procedure, the hydrothermal method, was used to
produce nickel tungstate (NiWO,): 60 mL of DIW was used to
dissolve 5.23 g of Ni (NO;),-6H,0 and 7.3 g of Na,WO,-6H,0.
The mixture was stirred continuously for 50 minutes at room
temperature, yielding a greenish-colored solution with a few
precipitates. The colored solution was made transparent by
adding dropwise KOH solution (to maintain a pH of 10). The
resulting solution was transferred to a 100 mL Teflon-lined
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autoclave and heated to 160 °C for 4 hours. After an 8-hour rest
and subsequent cooling, the samples were collected and
transferred into washed and filtered centrifuge tubes. The
samples were rinsed three times with DIW and once with
ethanol to remove contaminants. After drying at 80 °C, the
material was ground into a fine powder using a mortar and
pestle. Finally, the powder was annealed at 450 °C for 4 hours.
The finished product was stored in an Eppendorf tube for
characterization.

2.4. Preparation of NiWO,/MXene

The NiWO,/MXene composite (75:25 wt%) was prepared by
dispersing 150 mg of NiWO, and 50 mg of MXene into 60 mL of
DIW under continuous magnetic stirring for 50 minutes. Then,
the material was transferred to an autoclave at 160 °C for 4
hours. After that, the material was taken out and cooled to
ambient temperature. It was then centrifuged three times with
DIW and ethanol to remove impurities; finally, the sample was
transferred to a Petri dish and dried at 80 °C. Subsequently, the
material was ground into a powder and stored for further
analysis.

2.5. Fabrication of the working electrode

For the fabrication of the working electrode (WE), nickel foam
(NF) was cut into small sections measuring 1.5 x 1.5 cm” and
cleaned via ultrasonication with ethanol, HCl (10%), and
distilled water. Afterward, NF was dried in a thermal oven at 50 °
C for 30 minutes. To prepare the electrode ink, 0.012 g of active
material (NiWO4/MXene), 0.0015 g of carbon black, and
0.0015 g of PVDF were mixed with 75 pL of NMP solvent (N,N-
dimethylformamide). After mixing for 1 hour, the catalytic ink
was drop-cast onto the NF. Following deposition, the functional
(active) material was dried in an oven at 70 °C for 24 hours. The
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Fig.1 Schematic profile of sample synthesis.
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active material loading for WE fabrication was 2 mg. Before
electrochemical testing, the Pyrex glass cell was thoroughly
cleaned with ethanol and distilled water to remove contami-
nants. All electrodes were prepared using the same protocol,
and the WE was used to investigate the electrochemical char-
acteristics of SCs. The procedure for synthesizing the NiWO,/
MXene nanomaterial and fabricating the electrode is illustrated
in Fig. 1.

2.6. Materials characterizations

XRD analysis was used to determine the crystalline structure of
pure NiwO, and composite NiWO,/MXene (Bruker D8 Phaser).
High-resolution surface topography images were obtained
using a field-emission scanning electron microscope (FEI Nova
450 Nano SEM). Elemental analysis was performed using an
EDX instrument from Oxford Instruments. Chemical composi-
tion analysis of the materials was conducted using XPS on the
Thermo Fisher Nexsa-XPS system (Queen Mary University of
London, UK). Electrochemical measurements were performed
using a Corrtest CHI 660 with an Ag/AgCl reference electrode,
a NiwO, or NiWO,/MXene working electrode, and a platinum
wire as the counter electrode in 3 M KOH.

Subsequent eqn (1) was utilized to calculate Cy, employing
the cyclic voltammetry curve:**>¢

Ji(V)dV

Cop = W(F gh) 1)

where [i(V)dV represents the area under the curve, m denotes
the mass of active material (2 mg) on the electrode, V signifies
the voltage window (V), and S indicates the sweep rate (mV
s ).

Eqn (2) was utilized to determine Cjj, using the galvanostatic

charge-discharge curve:*”

O
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I x Az

sp = m( gh) (2)

Here, I represents current (A), At denotes discharge duration, m
signifies mass of active material, and AV indicates potential
difference.

ED is measured in terms of Wh kg™" from eqn (3):2%%°

1 Cy x AV?

ED=3"735%

(Wh kg™) (3)

Here, PD is measured by eqn (4):*®

ED x 3600
At

PD = (W kg™) (4)

3. Results and discussion

3.1. Structural analysis

The structural analysis of the materials was performed using X-
ray diffraction (XRD). The XRD patterns of pure NiWO, and the
NiWO,/MXene composite are presented in Fig. 2(a), confirming
the crystalline phases of the samples. Samples were scanned
over a range from 10° to 80°. The peaks in each diffraction
pattern for pure NiWO, are observed at 26 = 15.61°, 19.28°,
23.96°, 24.92°, 30.92°, 31.21°, 36.57°, 39.11°, 41.66°, 44.74°
46.40°, 49.04°, 51.43°, 52.32°, 54.62°, 62.34°, 65.52°, 68.94°, and
72.37°, corresponding to the lattice planes (010), (100), (011),
(110), (111), (020), (002), (200), (102), (112), (211), (022), (220),
(130), (202), (113), (311), (041), and (141), respectively. All
observed diffraction peaks can be indexed to monoclinic NiWO,
and match well with JCPDS card No. 00-015-0755. The main
reason for the reduction in the diffraction peak intensity is the
coverage of the NiWO, basal planes with MXene nanosheets.
Therefore, the MXene peaks appear at 19.1°, corresponding to
the hkl value (004), and another peak at 35.63°, aligned with the
(111) crystal plane, as indexed in JCPDS card no. 00-032-1383.
Additionally, the successful synthesis of the NiwO,/MXene
nanocomposite is confirmed by the presence of both NiwO,
and MXene phases, as evidenced by their respective peaks. The
absence of additional peaks in NiWO,/MXene indicates the
material's high purity. The reduction in the intensity of all

View Article Online
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diffraction peaks is due to the growth of MXene nanosheets on
NiWO,. Furthermore, the crystal structure of NiWO, was
modeled using VESTA software and is displayed in Fig. 2(c).
Rietveld refinement was performed to confirm the crystal
structure and phase purity of the sample. The refinement
pattern of the parent sample (NiWO,) is shown in Fig. 2(b).

3.2. X-ray photoelectron spectroscopy (XPS) analysis

XPS was used to examine the oxidation states and surface
chemical bonding of the NiWO, and NiWO,/MXene specimens,
as shown in Fig. 3(a-f). The XPS spectrum overview, as seen in
Fig. 3(a), confirms the presence of W, Ni, and O based on their
characteristic binding energies. High-resolution spectra for Ni
2p, W 4f, O 1s, C 1s, and Ti 2p are shown in Fig. 3(b-f). As shown
in Fig. 3(b), the Ni 2p spectrum features doublet states of Ni 2p4,
, and Ni 2p;, at binding energies of 873.1 and 855.8 eV,
respectively, along with two satellite peaks, indicating that Ni is
mainly in the +2 oxidation state.'® Fig. 3(c) presents a detailed
XPS analysis of W 4f, showing a spin-orbit doublet with W 4fj/,
at 37.42 eV and W 4f;, at 35.02 eV, indicating that W exists in
the +6 oxidation state in the synthesized material. In Fig. 3(d),
the primary O 1s XPS spectrum of the NiWO,/MXene hybrid
showed two dominant peaks. The peak at 530 eV corresponds to
metal-oxygen linkages (M-0O), related to Ni-O and W-O bonds
in NiWOy,, as well as Ti-O bonds in the MXene. The secondary
peak at 531 eV is associated with oxygen deficiencies, surface
imperfections in NiwO,, and hydroxyl (-OH) groups on the
MXene surface. This dual assignment highlights the synergistic
contributions from both components in the hybrid. The C 1s
spectrum in Fig. 3(e) shows that carbon, characterized by a peak
at 285.6 eV, is associated with the MXene. The detailed Ti 2p
XPS spectrum (shown in Fig. 3(f)) can be deconvoluted into Ti
2pss, and Ti 2p4), peaks. The Ti 2p;/, peak appears at 454.2 eV,
indicating titanium-carbon (Ti-C) bonds, while a' peak at
459.2 eV corresponds to titanium dioxide (TiO,).

3.3. Morphological analysis

The surface topography of synthesized materials was analyzed
using FESEM. Fig. 4(a) shows that NiWO, has a dense, highly
clustered granular structure made up of irregular micrograins.
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.‘2 (a) Niwo, ? R,, =62.83 Izw, (b) ( ) 4 [ ————
= 'S |pstat=004 .. I, Y o
= = |2=16s .
-Q. . Diff. plot v l
S ’_’ﬁ‘;\;,ﬁa(ﬁ«-,n—_;n‘_j‘“‘—« Y, 8 OIS SIS ¥ e e o
g o &) |
2 g g i i 4
- o g & s L2 ‘@ T {
.2 38 |, Ye€a2a8 SR BN A T S : i
SES = 18185268 SHEa| S| i # A Ashdiadd Adanl )
S 8 & e T A o g
E E :
20 30 40 50 60 70 20 30 40 50 60 70
20 (degree) 20 (degree)

Fig. 2

© 2025 The Author(s). Published by the Royal Society of Chemistry

(a) XRD spectra of NiWO,4 and NiWO4/MXene, and (b) Rietveld refinement pattern of NiWO4 and (b) crystal structure of NiWQOj,.
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Table 1 Elemental composition of NiIWO, and NiWO4/MXene

Wt% Wt% Wt% Wt% Wt%
Sample (Ni) w) (0) (Ti) (9]
NiwO, 23 71 6 0 0
NiwO,/MXene 18 58 5 15 4

This agglomeration may occur due to the surface energy
inherent to nanomaterials. In contrast, Fig. 4(b) displays the
FESEM image of the NiwO,/MXene composite, revealing
a significant change in morphology. The NiWO, particles
appear to be dispersed over wrinkled, layered MXene sheets,
indicating effective integration. The layered structure of MXene
provides a large surface area and serves as a supporting
framework to prevent NiWO, particle agglomeration, thereby
enabling more accessible active sites and enhancing electro-
chemical performance. EDX spectra further verify the successful
synthesis of both samples. Fig. 4(c) confirms the presence of W,
Ni, and O in pure NiWO,, with peaks of Ni, W, O, and distinct
signals of Ti and C, corresponding to elements from MXene.
The composition of the prepared samples is displayed in Table
1.

EDX analysis with elemental mapping (Fig. 5) was used to
examine the elemental composition and spatial distribution
within the NiWO,/MXene composite. Mapping results
confirmed the consistent presence of W, Ni, O, C, and Ti
elements across the sample, verifying the successful integration

Ni Lal,2

| r-ee—|

Fig. 5 Elemental mapping of NiWO4/MXene.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of NiwWO, onto the MXene matrix. The even distribution of these
elements indicates strong interfacial interaction between
NiWO, nanostructures and conductive MXene sheets. This
uniformity is essential for ensuring efficient charge transport
and improved electrochemical performance. Additionally, the
absence of any extra elemental peaks confirms the chemical
purity and successful fabrication of the NiWO,/MXene
composite.

3.4. Electrochemical analysis

The charge storage capabilities of NiWO, and NiwWO,/MXene
were evaluated using CV, GCD, and electrochemical impedance
spectroscopy (EIS) in 3 M potassium hydroxide (KOH) aqueous
solution, with a three-electrode setup. The charge storage abil-
ities of NiwWO, and NiWO,/MXene electrodes were assessed
from their CV curves (Fig. 6(a-c)) at various scan rates (5 to
40 mV s™') within the —0.05 to 0.65 V range. The CV curves
exhibit redox peaks, indicating electrochemical reactions at the
electrode surface driven by electron transfer between the elec-
trode and the electrolyte. As the scan rate increases, anodic
peaks (oxidation) tend to shift toward higher potentials due to
increased internal resistance, kinetic limitations, or mass
transport issues, while cathodic peaks (reduction) shift toward
lower potentials. Additionally, the current response increases
with scan rate, resulting in a larger area under the CV curve,
indicating enhanced charge storage capacity and electro-
chemical activity through faster charging/discharging and
greater electrochemical engagement. This behavior provides

O Kal

——y)

0207 ym Hova Hano SEM - LUMS
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Fig. 6 (a) CV curves of NiWQ,, (b) CV curves for NiWO,/MXene at different scan rates, (c) CV curves both samples at 5 mV s, (d) CV curves of
NiWO4/MXene before and after 3500 cycles, (e) specific capacitance of both samples at 5 mV s7%, and (f) chronoamperometric stability of

NiWO4/MXene.

valuable insight into the material's electrochemical properties,
making CV an essential tool for assessing electrochemical
performance. In Fig. 6(a) and (b), all graphs display clear
oxidation and reduction peaks, confirming the faradic nature of
the peaks. The curves of pure NiWO, and NiWO,/MXene at fixed
potential windows and various scan rates exhibit two distinct
peaks in the positive and negative current regions: cathodic
peaks, where reduction occurs, and anodic peaks, where
oxidation takes place.*® The specific capacitance calculated
from the CV curves is shown in Table 2.

In Fig. 6(c), the NiWO,/MXene composite shows a larger area
under the cyclic voltammetry curves at 5 mV s~ ', indicating
higher charge storage capacity and Cgp,, thanks to MXene's
incorporation, which increases surface area and provides more
active sites for electrochemical reactions. MXene's 2D structure
and high conductivity enhance ion diffusion, boost

electrochemically active surface area, and improve charge
transfer kinetics. Fig. 6(d) shows CV curves of the NiwO,/
MXene composite recorded at the 1% and 3500th cycles. The
curves' shapes remain consistent, confirming the electrode's
excellent long-term stability. As a result, the NiwWO,/MXene
composite maintains structural integrity and ensures consis-
tent electrochemical behavior over extended periods, making it
suitable for long-term energy storage applications. Fig. 6(e)
presents a bar graph clearly showing that the composite mate-
rial has a higher Cj,. The Cj, values for the NiWO, and NiWO,/
MXene nanocomposite are 1626.25 and 2861.77 F g’l, respec-
tively. These results were calculated using eqn (1) at 5 mv s~ .
Chronoamperometry, as shown in Fig. 6(f), revealed that the
NiwO,/MXene electrode experienced only a 10% decrease in
current density over time, demonstrating outstanding electro-
chemical stability. The current response remained nearly steady

Table 2 Specific capacitance and area under the CV curve at different scan rates for NiWO,4 and NiWO4/MXene

Scan rate (mV Area under Specific capacitance (F g~") Area under Specific capacitance (F g~ )
s the curve of NiWO, the curve of NiWO,/MXene

5 0.016 1626.25 0.028 2861.77

10 0.023 1199.68 0.038 1905.73

15 0.030 1006.31 0.042 1423.31

20 0.035 881.3055 0.046 1162.38

25 0.039 792.0132 0.049 983.88

30 0.042 713.5085 0.050 843.74

35 0.045 655.2731 0.051 739.41

40 0.048 609.8117 0.052 659.72
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Table 3 Specific capacitance, energy density, and power density at different current densities

Current density Discharge time Specific capacitance Energy density Power density
Sample (ag™ (s) Fg (Wh kg™") Wkg™)
NiwO, 1.5 264.3 792.90 55.06 750

1.6 49.80 159.36 11.06 800

1.7 20.43 69.46 4.82 850
NiwO,@MXene 1.5 515.14 1545.42 107.32 750

1.6 80.82 258.62 17.96 800

1.7 33.79 114.88 7.97 850

for 50 hours, showing the electrode's ability to maintain long-
term performance. This remarkable stability is attributed to
intense interfacial contact and synergistic interaction between
NiWwO, and highly conductive MXene layers. MXene offers
a durable, conductive framework that facilitates rapid electron
transport and helps mitigate volume changes during redox
reactions, thereby preventing structural decay of the active
material. The specific capacitance, energy density, and power
density values at various current densities are summarized
in Table 3.

Mathematical equations have been used to determine the
capacitive and diffusive contributions for each sample at
various scan rates. At this point, determining the b and k values
is crucial, as shown in Fig. 7(a-d) after linear fitting. The
contribution graphs after substituting these parameters are
displayed in Fig. 7(e and f) for NiWO, and NiwO,/MXene at
different scan rates. It can be observed that the gradual increase
in capacitive processes is due to most ions being able to access
redox-active sites only at the electrode surface. In contrast,
diffusion-controlled mechanisms involve ions penetrating
deeper into the electrode. This is how Dunn's model helps

explore and discuss the charge-storage mechanism across
different materials at varying scan rates.

Additionally, GCD profiles of NiwO, and NiWO,/MXene
electrodes (Fig. 8(a and b)) show distinct, broad plateau regions,
especially at lower current densities, indicating strong faradaic
redox processes. These plateaus mirror faradaic activity from
reversible redox reactions between Ni**/Ni*" and W°’/W°>*
couples, confirming capacitive behavior. Fig. 8(a) and (b)
display GCD curves for pristine NiWO, and the NiWO,/MXene
composite at different current densities (1, 2, and 3 A g™ ),
showing a clear trend where the discharge time significantly
decreases as the current density increases. This happens
because higher currents restrict ion movement and reactions,
reducing the material's efficiency. Based on the Cy, data in
Fig. 8(c), the NiwO,/MXene composite shows significantly
higher capacitance across all tested current densities compared
to pure NiWO,, reaching a Cy, of 154542 F g ' at 1.5 A g ',
almost double the 792.90 F g~' for NiwO,. In GCD, Csp is
calculated using eqn (2). The composite maintains a high value
of approximately 114.88 F g~ ' even at 1.7 A g ', indicating
improved rate performance, likely due to enhanced conductivity
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both samples after fitting by EC Lab Software.

and ion transport provided by the MXene matrix. This superior
electrochemical performance results from the synergy between
NiWO, and MXene, in which the 2D MXene structure greatly
enhances electrical conductivity and creates an environment
conducive to charge transfer and electrolyte ion mobility. The
electrochemical performance parameters of the various re-
ported electrode materials are compared in Table 4.

In a nutshell, the trend of Cy, with respect to each current
density is shown in Fig. 8(c). In the meantime, the Ragone plot
(Fig. 8(d)) shows the ED and PD characteristics of both elec-
trodes, with the NiWO,/MXene composite achieving an
impressive ED of 107.32 Wh kg™' at a PD of 750 W kg,
calculated using eqn (3) and (4), outperforming pure NiWO,.
The electrode material exhibits excellent energy storage capa-
bilities, retaining 95.80% after 2000 cycles of charging/
discharging, as shown in Fig. 8(e).

Furthermore, EIS is an informative method for assessing key
electrochemical characteristics, playing a vital role in

Table 4 Performance parameters of different electrode materials

(a) GCD profiles of NiWQy, (b) NiIWO4/MXene, (c) current density vs. specific capacitance, (d) Ragone plot, (e) stability test, (f) EIS spectra of

understanding the behavior of energy storage materials.
Nyquist plots of NiWO, and NiWO,/MXene electrodes obtained
over a frequency range of 0.001-100000 Hz are shown in
Fig. 8(f). A point where the impedance curve intersects the x-axis
indicates electrolyte resistance (R;), representing the impedance
at the electrode-electrolyte boundary. The semicircular arc in
the high-frequency region is attributed to charge transfer
resistance (R.), reflecting the ease of electron transfer at the
electrode surface. EIS analysis revealed that the Ry values for
NiwO, and NiWO,/MXene were 0.96 Q and 0.93 Q, respectively,
while the R, values were 0.13 Q and 0.09 Q, respectively. The
significant decrease in both Ry and R. in the NiWO,/MXene
composite indicates improved electrical conductivity and faster
charge transfer kinetics compared to pristine NiWO,. This
enhancement is mainly due to the incorporation of MXene
nanosheets, which are known for their large surface area and
high electrical conductivity. These properties create efficient
electron pathways and facilitate rapid charge transport across

Specific capacitance

Energy density Power density

Material (Fg™ (Wh kg™) (W kg™ Ref.
NiWO,/CoWO, 196.70C g* 30.10 200 1
NiCoSe,/NiwO, 828.73 — — 2
Ni(OH),/Ni-MOF 854 — — 3

Ni (OH),/Ti3C, Ty 675 9.25 3.2k 4
TizC,T,/Ni-MOF 139 19.40 331.8 5
rGO-NiwO, 779 33.50 12.37 k 6
NiC0,0,/NiWO0,/Ni foam 1178 60.50 850 7
NiwO,/MXene 1545.42 107.32 750 Our work
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the electrode-electrolyte boundary. Additionally, MXene
provides a conductive framework that reduces internal resis-
tance by enhancing interfacial interactions between the elec-
trolyte and the active material.** The NiWO,/MXene electrode
displayed a steeper slope in the low-frequency domain, indi-
cating improved ion diffusion.

4. lon transport properties

4.1. Ionic conductivity

Ionic conductivity is the inherent ability of an electrode material
to promote ion diffusion during electrochemical transitions
and redox reactions. This property directly influences the
electrochemical performance of SC devices. Materials that
exhibit better charge-discharge behavior and higher PD have
high ionic conductivity, enabling faster ion movement and
more efficient redox reactions. eqn (5) is used to calculate ionic
conductivity, enabling an accurate assessment of the material's
ion transport properties.*

. L
T RixA

(5)

where R; is the ionic resistance, which indicates the solution
resistance (R;) calculated from EIS data, while L, 4, and o
represent the thickness of the electrode, the cross-sectional area
of the electrode, and the ionic conductivity. At this instant, the
ionic conductivity is quantitatively estimated to be 0.093 and

0.096 S cm ™.

4.2. Transference number

The transference number is the percentage of current carried by
cations and anions in an electrolyte, which is vital in SCs and
batteries and highlights their role in ionic conduction. Several
factors influence ionic conduction, including ionic size, ion
mobility, association or dissociation, polarization effects,
solvent viscosity, and temperature. Mobility also depends on
ionic size, with smaller ions generally moving faster. Increased
polarization or internal resistance between the electrode and
electrolyte can slow down ion movement. The transference
number ranges from 0 to 1. To enhance ion-selective transport
in SCs or batteries, understanding ion transport kinetics and
the transference number is essential. Sorenson and Jacobsen's
eqn (6) is used to calculate the transference number.**

View Article Online
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t, = 71 6
T 1+ Z4(0)/Ry ©)

In this equation, ¢, represents the cation transference number,
and we can calculate ¢_, the anion transference number,
through the relation (t_ = 1 — ¢,), while Z4(0) is the Warburg
resistance, and R;,, demonstrates the electrolyte resistance.
Using the above relationship, the cation contribution for NiwWO,
is 0.26, whereas it is 0.36 for NiWO,/MXene. This suggests
a greater cationic contribution in the NiwWO,/MXene composite
compared to pure NiWO,. A comparison of ion transport
properties of different materials is presented in Table 5.

4.3. Rate constant

The rate constant indicates the speed of a reaction and provides
detailed information on how quickly electrons transfer between
the electrode and electrolyte ions during a redox reaction. It is
a kinetic parameter closely related to charge-transfer resistance.
A high rate constant indicates a fast redox reaction, resulting in
greater charge storage, higher power, and improved perfor-
mance. The rate constant is calculated using the equation eqn
(7) provided.*

Rate constant = __RT (7)
F2x Ry x C

Here, R and T in the numerator represent the universal gas
constant and room temperature, respectively. At the same time,
parameters in the denominator, such as F, Ry, and C, are
correspondingly linked to the Faraday constant, the charge
transfer resistance calculated from EIS analysis, and the elec-
trolyte concentration. Within this perspective, the rate constant
for NiwWO, and NiwO,/MXene is estimated to be 2.96 x 10’
and 2.86 x 107, respectively.

4.4. Exchange current density

Exchange current density is a crucial parameter in electro-
chemistry, measuring the rate of charge transfer reactions at the
electrode—-electrolyte interface when no current flows. It is the
rate at which electrons are exchanged between the electrode and
ions in the electrolyte when the electrode is at the equilibrium
potential. A high exchange current density indicates fast reac-
tion kinetics and a lower overpotential required to drive current.
This can be assessed using eqn (8).*

Table 5 Comparison table of ion transport attributes of different materials

Ionic conductivity Transference Exchange current Diffusion coefficient

Sample (Sem™) number (¢,) Rate constant (cm s~ ) density (A g7 (m?s™) Ref.
LaNiO,/MXene 6.3 x10° 0.3 — — 95 x 10" 30
BiMnO;/CNTs 0.978 x 107 0.31 3.91 x 1077 — 3.45 x 1078 31
ZnO/CNTs 0.046 0.01 6.49 x 1077 — 3.69 x 107 *2 32
MoS,/Se/CNTs 16.0 x 10> 0.35 0.0029 0.74 — 33
BaCo0;/rGO 0.128 0.2 — — 4.51 x 107" 34
NiMnO;/CNTs 0.78 x 1072 0.61 — — — 35
NiWO,/MXene 0.037 0.36 2.86 x 1077 0.014 1.26 x 10 This work
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Jo nxF x Ry 8)

By employing this relationship, the values of the rate
constant are computed to be 2.96 x 1077 and 2.86 x 10’ cm
s for NiWO, and NiWO,@MXene.

4.5. Cation mobility

It is another transport property that explains how positive ions
(cations) move readily in an electrolyte when a potential is
applied. Fast cation mobility indicates how easily ions can move
and store charge, leading to high power density. This property
varies between different electrolytes and systems, with KOH and
NaOH being the most common due to their low cost, minimal
adverse effects, and anti-corrosive properties. Cations are
preferred because of their lower solvent-shell energy and their
greater ease of diffusion in an electrolyte. In this context, cation
mobility in KOH is described by eqn (9).*

ty X0

9

T X2 xe
In the above equation, ¢, and ¢ are the transference number of
the cation and ionic conductivity, respectively. The parameters
n, Z*, and e represent the number density, charge number, and
elementary charge, respectively. Using this standard relation-
ship, the cation mobilities for NiWO, and NiWO,/MXene are
1.93 x 107% and 2.99 x 10°® m* V' s, respectively. The
superior cationic mobility significantly accelerates charge
transport within the electrolyte, ensuring swift ion dynamics at
the electrode interface. This enhanced mobility directly trans-
lates into higher PD and exceptional rate capability in SC
systems.

4.6. Diffusion coefficient

To understand the electrochemical performance of energy
storage devices, it is essential to measure ion diffusion. By
evaluating the diffusion coefficient, the ion-exchange reaction
at the electrode-electrolyte interface can be readily estimated. A
high diffusion coefficient indicates a high-rate capability and
greater ion movement, leading to a large storage capacity. The
diffusion coefficient is determined from the following equation
eqn (10).*

RZ T2

DEIS/K+:
2x A2 x nt x F* x 2 x 6°

(10)

Eqn (10) demonstrates the diffusion of potassium ions (K")
in a KOH electrolyte, where parameters, such as R, T, A, n, F, c,
and 0 are the gas constant, temperature, electrode surface area,
electrons, Faraday constant, concentration of electrolyte, and
Warburg coefficient, respectively. The values of the diffusion
coefficient for NiwO, and NiwWO,/MXene are determined to be
6.57 x 10" and 1.26 x 10" “* m>s ..

The value of C has been calculated using the Nernst equa-
tion, as presented in eqn (11).*?
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RT Csur face
E=E"+— In—2"
Cbulk

F (11)

The most general and extended form of the Nernst equation
(eqn (12)) is given below,

nF(E-E")
RT
Csurl‘ace = Cbulk X €

Here, Cguratce indicates electrolyte type concentration at the
electrode surface, but Cpy refers to the total number of ions in
solution concentration.

(12)

5. Conclusion

In this study, high-performance NiwO,/MXene composite
electrodes were successfully synthesized via a hydrothermal
method and systematically evaluated for their suitability in
advanced SC applications. The composite demonstrated
remarkable specific capacitance values of 2861.77 F g * (CV at
5 mV s~ ') and 1545.42 F g~' (GCD at 1.5 A g~ '), along with
excellent rate capability and minimal internal resistance (R; =
0.93 Q, R, = 0.09 Q), confirming highly efficient charge storage
and rapid redox kinetics. Importantly, the investigation into ion
transport dynamics and cation mobility revealed accelerated
ionic diffusion and enhanced ion-electron coupling, which
strongly contributed to the superior performance. These
improvements are attributed to the synergistic interaction
between NiwWO, and MXene, offering abundant electroactive
sites, increased conductivity, and fast ion-transport pathways.
Overall, this work provides new insight into the fundamental
transport mechanisms governing high-efficiency electrode
materials, positioning NiwWO,/MXene as a promising candidate
for next-generation, fast-charging energy storage technologies.
Future studies may explore device-level integration, long-term
operational stability under practical conditions, and optimiza-
tion of composite ratios or scalable fabrication routes to further
advance their application in commercial SCs.
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