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MXenes are potential electrode materials for supercapacitors because of their significant conductivity, large

surface area, layered structure and chemical stability. Nonetheless, their strong interlayer interactions result

in the restacking of MXene sheets, thereby hindering electrolyte diffusion as well as charge accumulation.

Metal oxide nanostructures can improve interlayer spacing as well as electrolyte diffusion. In this work,
a heterostructured Bi,WOg/Bi,O3z/MXene composite electrode was successfully prepared through
a hydrothermal method to hinder the restacking of MXene, facilitate ionic diffusion, and increase specific
capacitance. The formation of the composite, the coexistence of the crystal phases in Bi,WOg, and the

robust interactions between Bi,WOg and MXene (TizC,T,) were verified through structural and

compositional characterization techniques, such as X-ray diffraction (XRD) and X-ray photoelectron

spectroscopy (XPS). Morphological characterization demonstrated the effective anchoring of Bi,WOe/

Bi,Oz nanostructures on MXene surfaces, leading to increased ion-channel pathways without the
agglomeration of MXene layers. The Bi,WOg/Bi,Oz/MXene electrode showed markedly enhanced charge
storage performance, including higher specific capacitance, improved rate capability, and reduced
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internal resistance compared to pristine Bi,WOe/Bi,O3. This improvement originated from the synergistic

interaction between redox-active Bi,WOQOg/Bi,Oz and the conductive MXene network, enabling efficient
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1 Introduction

The growing demand for energy due to increasing population
and industrialization has created unprecedented pressure on
conventional fossil fuels. The increased demand for fossil fuels
has not only triggered the exhaustion of resources but also
increased the severity of environmental issues like greenhouse
gas emissions. Thus, the development of sustainable, eco-
friendly, and renewable energy resources has become a top
priority.”* To this end, electrochemical energy storage (EES)
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ion—electron transport and excellent cycling stability, thereby making the electrode a promising
electrode for high-performance supercapacitors.

technology, in the form of batteries, fuel cells (e.g., SOFCs and
biofuel cells) and supercapacitors (SCs), has been identified as
an efficient means for the conversion as well as the storage of
energy.>® The continuous improvement in electrochemical
material and device designs has made it possible for such
modern EES systems to achieve higher power density, longer
life, and better safety than traditional systems.”®

Among the various EES technologies, supercapacitors have
received much attention owing to their distinct ability to over-
come the difference in the performance characteristics between
capacitors and batteries. Supercapacitors possess higher energy
density than dielectric capacitors and much higher power
density and durability than batteries; hence, they are perfect for
applications in portable electronics and electric vehicles. On the
basis of charge storage mechanisms, SCs are generally divided
into electrical double-layer capacitors (EDLCs), pseudo-
capacitors, and battery-type capacitors. While EDLCs store
charge via an electrostatic adsorption process interfacing the
electrode and electrolytes, pseudocapacitors use fast and
reversible faradaic reactions. Battery-type capacitors operate via
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relatively slow ion intercalation reactions.”** Considering this
background, mixed systems combining both EDLC and
pseudocapacitive characteristics have proven to be highly useful
to increase the overall capacitance of the material, along with its
charge-discharge rates.'"*

To further improve SCs' performance, ongoing research
efforts are centered on two aspects: (i) advanced electrode
material design and (ii) optimisation of ion transport kinetics at
the electrode/electrolyte interface. Various electroactive
substances such as conducting polymers, carbon-based
substances, and metal oxides have been investigated.''® Elec-
trode materials play a critical role in identifying the electro-
chemical behavior of supercapacitors. They are divided into
three types: transition metal oxides, conducting polymers, and
carbon-based materials, such as graphene, carbon nanotubes,
and activated carbon."”** Among these, metal oxides (especially
bi- and trimetallic oxides) have been extensively explored in the
fields of sensing, medicine, energy, water purification and
catalysis.”*** Nanostructured transition metal oxides have
garnered significant attention because of their ability to store
charge through Faradaic reactions, providing superior specific
capacitance to electrochemical double-layer materials.*
Bi,WOs is a representative of Aurivillius phase—layered
bismuth tungstates, which features a high potential for redox
chemistry and crystalline stability because of alternating layers
composed of (WO,)*” and (Bi,0,)** frameworks. This has been
attributed to the fact that these substances have highly favor-
able electronic configurations with an ability to achieve
multiple oxidation levels as well as high faradaic activity.>*

In recent years, bismuth tungstates, particularly Bi,WO,
have received increasing attention for their potential use in
electrochemical energy storage. In Bi,WOg, the Aurivillius phase
with a layered structure provides plenty of redox sites for reac-
tions and promotes the diffusion of ions. Moreover, the pres-
ence of Bi** ions improves the electrochemical reversibility.>”
Compared with traditional monometallic oxides, such as Bi,O3
and WO;, Bi,WOs exhibits higher electrochemical activity due
to the synergistic contribution of Bi-O and W-O bonding
frameworks, which enable greater redox reactions. Further-
more, during electrochemical cycling, Bi,WOs, a layered
Aurivillius-type oxide, exhibits both good structural stability
and pseudocapacitive activity. Despite these benefits, pure
Bi,WO still has inherent drawbacks that restrict its rate
performance and usage in rapid supercapacitors, such as low
electrical conductivity and slow ionic transport. To overcome
these drawbacks, the integration of Bi,WOs with highly
conductive carbon-based materials has been widely reported as
such composites effectively enhance charge-transfer kinetics,
improve electrolyte accessibility, and mitigate the inherent
conductivity limitations of Bi,WOs.>*** Among different carbon
materials, MXenes, which belong to the transition metal
carbide and/or nitride category and possess two-dimensional
properties, stand out as excellent electrode materials because
of their metallic properties, large surface areas, and high
resistance to bending.** MXenes and their derivatives are
increasingly utilized in various applications such as biomedi-
cine, material science and energy storage devices.*'*
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In addition to ensuring electron transmission channels, the
addition of metal oxides to MXenes prevents the agglomeration
of metal particles, ensuring the accessibility of the electrolyte.
More importantly, the addition of MXene sheets improves ionic
conductivity properties by aiding the diffusion of ions at the
interface of the electrode and the electrolyte.***® These features
make them an excellent choice for forming hybrids with metal
oxides for improving charge transport efficiency, facilitating the
movement of electrolyte ions, and maintaining the structural
integrity of the electrode throughout its cycling.'®*”** Besides
electrical conductivity, ionic transport properties, such as ionic
conductivity, diffusion rate, and cation mobility, are crucial in
determining the actual electrochemical properties of SCs.
Unfortunately, most of the available literature has focused on
compositional and morphological optimization, with less
attention given to exploring the underlying relationship
between ionic transport properties and electrochemical
performance.** Among various synthesis methods, hydro-
thermal synthesis stands out in a league of its own because it
provides optimum control over morphology and crystallinity.
Moreover, it promotes effective interfacing between different
components, which is essential for increasing their synergy in
electrochemical studies.>****

In this study, we demonstrate the fabrication of a Bi,WO/
Bi,O3/MXene hybrid electrode that exhibits synergetic
improvements in electronic and ionic transport properties. The
introduction of MXene not only offers enhanced electrical
conductivity but also provides outstanding improvements in
the ionic conductivity, ion diffusion, and interfacial charge
transfer rate. This remarkable improvement enables the
Bi,WOg/Bi,03/MXene hybrid electrode to exhibit considerably
increased specific capacitance, improved rate capability, and
a long cycle life compared to the pristine Bi,WOg electrode. The
significance of this study lies in the correlation between the
parameters of ionic transport, like ionic conductivity, trans-
ference number, or diffusion resistance, and electrochemical
properties, allowing a better understanding of ion-electron
couplings. This research provides a newly designed Bi,WOg/
Bi,03/MXene heterostructure for high-performance electrodes
for supercapacitors.

2 Experimental
2.1 Chemicals

Bismuth nitrate pentahydrate (Bi(NOj3),-5H,0), sodium tung-
state dihydrate (Na,WO,-2H,0), MXene (Ti;C,T,) and KOH of
analytical grade were bought from Sigma-Aldrich and employed
in this study.

2.2 Synthesis of Bi,WOg/Bi,03;/MXene

Bi,WO¢/Bi,O; and Bi,WOe/Bi,O3/MXene composites
prepared by a simple hydrothermal method (Fig. 1). Initially,
0.5 g of a bismuth salt and 0.2 g of a tungstate salt were separately
dissolved in 30 mL of distilled water and stirred for a few minutes
until they were fully dissolved. Then, the two solutions were
mixed under intense stirring, and several drops of KOH were

were

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of the hydrothermal synthesis of the Bi,WOg/Bi,O3/MXene composite.

added to adjust the pH value to approximately 7. This mixture
was then poured into a Teflon-lined autoclave and heated at 180 ©
C for 8 hours. After natural cooling to room temperature, the
precipitate was collected, washed thoroughly with distilled water
and ethanol several times, and dried at 80 °C for 12 hours.
Similarly, for the Bi,WO4/Bi,Os;/MXene composite, 100 mg of
MXene was added to the bismuth-tungstate solution before the
hydrothermal treatment was conducted in the same way as
mentioned above.

2.3 Electrochemical testing

The working electrode was prepared by making a slurry of
carbon black, a binder and the prepared material in ethanol in
the ratio of 1:1:8. The slurry was uniformly coated onto
a nickel foam and dried at 80 °C. This nickel foam was used as
the working electrode. Cyclic voltammetry, galvanostatic
charge/discharge, electrochemical impedance spectroscopy and
cyclic stability measurements were performed in order to study
the electrochemical behavior of Bi,WO¢/Bi,O; and Bi,WOg/
Bi,0;/MXene composites.

3 Results and discussions
3.1 X-ray diffraction (XRD) study

The X-ray diffraction (XRD) patterns of the Bi,WO¢/Bi,O3; and
Bi,WO,/Bi,O3;/MXene composites measured at 260 = 0-80° are
shown in Fig. 2a and b, respectively. For both composites, the
diffraction peaks at 26 = 28.59°, 33.11°, 47.39°, 56.10°, 58.41°,
and 76.42° can be indexed to the reflections from the (103), (200),
(220), (303), (107), and (109) planes of tetragonal Bi,WOg (JCPDS
no. 26-1044, space group I4,/amd), respectively, indicating the
successful preparation of crystalline Bi,WO, with lattice param-
eters @ = b = 5.48 A and ¢ = 11.50 A. Meanwhile, the detection of
the typical peaks at 19.33°, 32.55°, 40.15°, 45.22°, 49.53°, 54.56°,
59.24°, 64.58°, 70.92°, and 72.16°, ascribed to the diffraction
planes (—111), (—211), (—222), (023), (—133), (014), (150), (—412),
(410) and (025), respectively, can be attributed entirely to

© 2026 The Author(s). Published by the Royal Society of Chemistry

monoclinic Bi,O3; (JCPDS no. 41-1449), in accordance with the
standard pattern, indicating the successful preparation of the
dual-phase heterostructure of Bi,WO/Bi,O;. From XRD analysis,
it is confirmed that Bi,WOs is the dominant primary crystalline
phase, while the weak additional peaks assigned to Bi,O; indi-
cate the presence of a minor secondary phase. Bi-rich local
surroundings and partial tungstate conversion during hydro-
thermal synthesis are responsible for the development of Bi,O;.
For the Bi,WOg/Bi,O3/MXene composite, the XRD pattern still
shows the typical diffraction peaks of both Bi,WO, and Bi,Os3,
establishing the integrity of the crystal structures during the
formation of the composites. Results are similar to the previously
reported literature.*” Furthermore, the new diffraction peaks
appearing at 2¢ = 9.11°, 34.45°, and 60.26° can be indexed to the
reflections from the (002), (101), and (110) planes of Ti;C,Ty
MXene (JCPDS no. 52-0857), respectively, confirming its
successful integration into the composite matrix. The presence of
no extraneous peaks in all samples suggests high phase purity.
XRD measurements and X'Pert HighScore Plus's peak intensity
ratio approach were used to estimate the compositional ratios of
Bi,WOg, Bi,O;, and MXene in the Bi,WO¢/Bi,O;/MXene
composite. According to the findings, Bi,WOs makes up roughly
63.74% of the Bi,WO,/Bi,O;/MXene composite, Bi,O3, 19.11%,
and MXene, 17.11%. The average crystallite sizes of the Bi,WO/
Bi, 03 and Bi,WOg/Bi,03/MXene composites, estimated using the
Scherrer equation.*

D = kilBcos @ (1)

The average size of the crystallite is found to decrease from
49 nm for Bi,WO,/Bi,O3 to 31 nm upon the addition of MXene,
which demonstrates the efficient suppression of crystal growth.
The reduction in size greatly promotes the electrochemical
properties by improving the number of redox sites accessible
and increasing the electrochemically active surface area.

RSC Adv, 2026, 16, 11779-11792 | 11781
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Fig. 2 X-ray diffraction (XRD) spectra of (a) Bi,WOg/Bi>O= and (b) Bi,WOg/Bi,Os/MXene.

3.2 X-ray photoelectron spectroscopy

The exterior surface condition and chemical composition of
Bi,WO4s/MXene were assessed by X-ray photoelectron spectros-
copy (XPS). The full-survey spectrum of Bi,WOs/MXene
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obtained from XPS (as shown in Fig. 3a) demonstrates the
presence of the constituent elements Bi, W, Ti, C and O in
varied oxidation states, with no additional impurity peaks.
Fig. 3b depicts the high-resolution spectrum of Bi 4f, in which

Intensity (a.u)

168 164 160 156 152
Binding Energy (eV)
£)
s
2
@
c
E]
=
545 540 535 530 525
Binding Energy (eV)
C1s C1s
)
>
3
>
2
2
] c-C
o
£
©
£
m
300 295 290 285 280 275

Binding Energy (eV)

(a) Survey spectrum of the heterostructured Bi,WOe/Bi,O3 composite and (b) high-resolution spectra of Bi 4f, (c) W 4f, (d) O 1s, (e) Ti 2p

© 2026 The Author(s). Published by the Royal Society of Chemistry
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composite, and (d—f) EDX mappings of Bi,WOg/Bi,Os.

the two split peaks at 158.34 eV and 163.33 eV are ascribed to Bi
4f,,, and Bi 4fs),, respectively, confirming the Bi** oxidation
state with a spin-orbit splitting energy of 4.95 eV.** Further
deconvolution shows peaks at 161.5 and 166.47 eV, which are
ascribed to reduced Bi species (Bi® or defect-related Bi) associ-
ated with oxygen vacancies.*

Fig. 3c shows the high-resolution fitted spectrum of W 4f,
with a spin-orbit splitting of 2.1 eV for deconvoluted 4f;,, and
4f5,, peaks at 35.02 and 37.1 eV, respectively. The fitting vali-
dates the presence of the W®* oxidation state in the composite,
which is consistent with the expected behavior of Bi,WOg. The
presence of reduced W states indicates the formation of oxygen
vacancies and defect-rich WO¢ units in the Bi,WOq
composite.***® Fig. 3d illustrates the high-resolution spectrum
of O 1s, whose deconvolution shows different peaks, named as
0O, and Og, at 530.1 and 531.56 eV, respectively. O, corresponds
to lattice oxygen in the WOg octahedra, while Og corresponds to
the surface oxygen groups (hydroxyl or defects).

Fig. 3e shows the high-resolution spectrum of Ti 2p, in which
the deconvoluted Ti 2p3,, and Ti 2p,,, peaks at 457.3 eV and
460.7 eV are assigned to the Ti-C bonds of MXene and Ti*",
respectively. By contrast, the peak at 466.3 eV corresponds to
Ti**, which indicates partial surface oxidation of Ti;C, in the
composite.”*> The high-resolution spectrum of C 1s (Fig. 3f) is
deconvoluted into different peaks at 284.1, 286.5 and 288.5 eV,
which are assigned to C-C, C-O and O-C=0O bonds, respec-
tively.>® This confirms the presence of Ti,C;T, in the composite
with some surface oxidation during synthesis.

49,50

© 2026 The Author(s). Published by the Royal Society of Chemistry

(a and b) SEM images of Bi,WOg/Bi,O3 at magnifications of 500 nm and 1 um, (c) EDX spectrum of the local region of the Bi,WOg¢/Bi,O3

3.3 Scanning electron microscopy (SEM)

The surface morphology and elemental composition of Bi,WO/
Bi,O; and Bi,WO4/Bi,Os;/MXene composites were further
investigated by SEM coupled with EDX (Fig. 4 and 5). The SEM
images of Bi,WO/Bi,O; at magnifications of 500 nm and 1 um
in Fig. 4a and b show a densely packed and stacked
morphology, which is constituted of irregular aggregated plate-
like and block-shaped particles. Such compact aggregation can
reduce the effective surface area and limit access to the elec-
trolyte. In contrast, the Bi,WO,/Bi,Os/MXene composite, as we
can see in Fig. 5a and b, illustrates a rather open and hetero-
geneous structure with oxide particles uniformly distributed on
the layered MXene sheets. After the incorporation of MXene,
a wrinkled and sheet-like framework effectively suppresses the
agglomeration of particles, forming interconnected pathways.
The particle sizes of the two samples, measured by Image]
software, are calculated to be 78 nm and 56 nm, respectively, as
shown in the histogram in Fig. S1. Noticeable reduction in size
of particles make it favorable for enhancement in electrolyte
accessibility and ion intercalation or deintercalation, electron
transport, and thus enhance the electrochemical performance
of the composite electrode. The EDX spectrum (Fig. 4c) of the
Bi,WO4/Bi,0; sample further confirms that this nanocomposite
contains Bi, W, and O elements, verifying the successful
formation of the bismuth tungstate oxide phases without
detectable impurities, while the elemental EDX mapping
(Fig. 4d-g) shows the homogenous distribution of Bi, W, and O.

RSC Adv, 2026, 16, 11779-11792 | 11783
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After the addition of MXene, the EDX spectrum of the Bi,WOg/
Bi,03/MXene composite (Fig. 5¢) displays extra Ti and C signals,
but all Bi, W, and O signals confirm the successful incorpora-
tion of the Ti;C,T, MXene within the composite matrix. Because
EDS delivers single local point analysis, the composition may
deviate from the bulk-average phase fractions derived by XRD.

Additionally, the elemental EDX mapping images shown in
Fig. 5d-h illustrate the homogeneous spatial distribution of
Bi, W, O, Ti, and C throughout the composite, suggesting
interfacial contact between oxide phases and MXene sheets.
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These characteristics, namely uniform elemental dispersion
and the well-connected morphology, are expected to facilitate
effective charge transport and electrolyte accessibility, thereby
promoting high electrochemical activity.

3.4 Brunauer-Emmett-Teller (BET) analysis

For BET analysis, nitrogen adsorption-desorption isotherms
were measured at 77 K to examine the surface and pore prop-
erties of Bi,WOg/Bi,O; and Bi,WO,/Bi,Os;/MXene composites.
As seen in Fig. 6a, both samples display a characteristic type-IV
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(a) BET surface area isotherms (N, adsorption and desorption) of the Bi,WOg/Bi,O3 and Bi,WOg/Bi,O3/MXene composites and (b)

Bi,WOg/Bi,O3/MXene composites.
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isotherm with a pronounced hysteresis loop in the intermediate
relative pressure (P/P,) region, indicating the mesoporous
nature of the samples, as per the IUPAC classification. The
adsorption in the low P/P, region corresponds to monolayer
formation, while the steep rise in the adsorption amount at
higher P/P, values is attributed to capillary condensation in
mesopores. The multipoint BET plot, derived from the linear
part of P/P, vs. 1/W(P/P, — 1) (inset in Fig. 6a), clearly shows
a linear fit, confirming the validity of the BET model in the
chosen pressure region. The multipoint BET method based on
the adsorption isotherm was employed to determine the
specific surface area, while the BJH model based on the
desorption isotherm curve was used to determine the pore size
and volume distribution. It is worth noting that the Bi,WOg/
Bi,0;/MXene composite has a much larger specific surface area
than the pristine Bi,WO¢/Bi,O; (Fig. 6b), as listed in Table S3.
The enhanced surface area of the Bi,WO4/Bi,O;/MXene
composite can be ascribed to the two-dimensional layered

© 2026 The Author(s). Published by the Royal Society of Chemistry

structure of MXene, which not only suppresses the agglomera-
tion of Bi,WOg/Bi,O; nanoparticles but also provides more
accessible adsorption sites. Additionally, the hybridization of
MZXene with metal oxide components leads to an open meso-
porous structure, which favors the penetration of the electrolyte
and reduces the diffusion length of ions. These features are
highly beneficial for enhanced electrochemical performance as
they provide a larger electrochemically active surface area,
provide faster ion transport kinetics, and result in more effi-
cient redox site utilization, thus facilitating the fast charge
storage and excellent capacitive behavior of the Bi,WOg/Bi,O3/
MXene composite.

3.5 Electrochemical analysis

3.5.1 Cyclic voltammetry (CV). The electrochemical char-
acteristics of the synthesized materials, Bi,WO4/Bi,O; and
Bi,WO,/Bi,0;/MXene, were analyzed using a series of tests,
including cyclic voltammetry (CV), galvanostatic charge-
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discharge (GCD) analysis, and electrochemical impedance
spectroscopy (EIS). First, CV analysis was carried out in a three-
electrode system with an Ag/AgCl reference electrode, a Pt wire
as a counter electrode, and the electrochemically synthesized
material as the working electrode with a nickel (Ni) foam
substrate in a 2 M KOH electrolyte solution at a scan rate from 5
to 100 mV s~ * within the potential window of 0-0.6 V, as shown
in Fig. 7a and b. The coexistence of faradaic and capacitive
charge-storage processes is demonstrated by the broad redox
patterns superimposed on a capacitive background in the CV
curves acquired at low scan rates, as shown in Fig. 7a and b.
These redox characteristics gradually disappear as the scan rate
increases, and the curve of the CV profiles become more quasi-
rectangular. This suggests that the current response is
increasingly governed by fast surface-controlled capacitive
processes, while diffusion-limited faradaic reactions cannot
fully respond within the shortened time scale. Additionally, as
the scan rate increases, the cathodic peaks move toward lower
potentials and the anodic peaks move toward higher potentials
(Fig. 7c and d). This is explained by the greater electrochemical
polarization brought on by charge-transfer kinetic constraints
and neglected internal resistance (iR drop). This type of scan-
rate-dependent peak shift and suppression is a well-known
feature of pseudocapacitive electrodes and has been exten-
sively reported in the literature.>*>® The specific capacitances
were determined using eqn (2), in which [Idv denotes the
enclosed area of the CV curve, m is the active mass, AV is the
potential window, and & is the scan rate.””

J[xdv
" k% &7) ®)

The specific capacitances (Cs) of both Bi,WO4/Bi,O; and
Bi,WO/Bi,0;/MXene electrodes decrease from 1202.58 to 267.6
and from 1815.9 to 368.9 F g~ ', respectively, as the scan rate
increases from 5 to 100 mV s~ ' (Table $1). The higher capaci-
tances of the Bi,WQOg/Bi,03;/MXene electrode are ascribed to the
incorporation of Ti,C;T, MXene, which offers greater charge
storage capabilities owing to its increased conductivity and
surface redox reactions. Bi,O; and Ti;C,T, MXene mostly
contribute through surface-dominated pseudocapacitive
processes involving hydroxylated surface sites in the alkaline
electrolyte, whereas Bi,WOs's charge-storage behavior is often
related to the reversible redox activity of Bi- and W-based
species (multiple oxidation state), as evidenced by XPS
analysis,*®*® which contribute to the overall electrochemical
performance of Bi,WOg/Bi,Os;/MXene, as mentioned below:

Bi,WOs + OH™ < BiOOH + WO,*™ + ¢~ (3)
BiOOH + OH™ < BiO, + H,O + ¢ (4)
Bi*" + 30H™ « Bi(OH); (5)
Bi(OH); + OH™ « BiO,™ + 2H,0 (6)
W +e” o W' 7)
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Ti3C2 +20H < T13C2(OH)2 + 2e” (8)
Ti-O + ¢~ + OH™ < Ti-OH 9)

The electrochemical process of the Bi,WO4/Bi,O3/MXene
electrode is dominated by faradaic redox reactions related to
Bi, W, and Ti species, which are the primary players in charge
storage. Furthermore, Ti,C;T, MXene undergoes surface
hydroxylation, which enhances its pseudocapacitive nature, and
the 2 M KOH electrolyte provides OH™ ions, which promote ion
diffusion and interfacial redox processes. Several analytical
methods have been introduced in order to distinguish between
the diffusion-controlled and capacitive mechanisms of charge
storage. Among these, Dunn's method, reported in 2007, has
been widely adopted for kinetic analysis for voltammetric data
and is represented® using eqn (10). This model was used to
identify the contributions of the capacitive and diffusion-
controlled processes in the Bi,WO4/Bi,03/MXene electrode.

(V) = k\(V) + ka(V)""? = i(capacitive) + i(diffusion)  (10)

In the above expression, I(V) is the current response at poten-
tial V and k4 (V) and ky(V) are the capacitive-controlled and
diffusion-controlled parts, respectively. The results obtained
indicate the combined effect of the capacitive effect and the
diffusion of ions on the net charge-storage capability. Fig. 7e and f
depicts the dominance of the diffusion-controlled contribution
for Bi,WO¢/Bi,O; and Bi,WO,/Bi,O;/MXene electrodes at a scan
rate of 20 mV s *. The values for the diffusion-controlled parts for
Bi,WOg/Bi,O; are 75.14%, 73.63%, 68.20%, 64.97%, 60.22%,
57.49%, 54.60% and 48.98% and for Bi,WOg/Bi,Os;/MXene are
87.93%, 82.32%, 77.95%, 73.76%, 70.90%, 68.78%, 65.9% and
59.78% at scan rates of 5, 10, 20, 30, 40, 50, 80 and 100 mV s *,
respectively. Higher scan speeds increase the capacitive-
controlled contribution by reducing the amount of time avail-
able for the diffusion of ions.*
charge/discharge (GCD) analysis.
Fig. 8a presents a comparison between the GCD curves recorded
for Bi,WO¢/Bi,O; and Bi,WOg/Bi,O3/MXene electrodes at
a current density of 1 A g~ within the potential window of 0-0.6 V.
A nonlinear charge-discharge profile is observed for both elec-
trodes, confirming the dominant faradaic charge-storage mecha-
nism. This is consistent with the results of the CV studies
discussed above and indicates that the redox reaction is diffusion-
controlled. Among the studied electrodes, the Bi,WOg/Bi, O3/
MXene electrode exhibits the longest discharge time, reflecting
enhanced specific capacitance. Accordingly, based on the calcu-
lated GCD profile at a current density of 1 A g~ within the
potential window of 0-0.5 V using eqn (11), the specific capacities
of Bi,WOg/Bi,O; and Bi,WOg/Bi,0;/MXene have been estimated
to be 751.28 and 988.69 F g~ ', respectively.

3.5.2 Galvanostatic

Ci=1xtlmx AV (11)

where C, is the specific capacity (F g '), I is the discharge
current (A), ¢ is the discharge time (s), and m is proportional to
the mass of the active material (g).*® Fig. 8b displays the GCD

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) GCD curves of Bi,WOg/Bi>O3 and Bi,WOg/Bi,O3/MXene composites at 1 A g’l, (b) specific capacitance of Bi,WOg/Bi,O3/MXene at
various current densities ranging from 1 to 7 A g™, (c) specific capacitance of Bi,WOg/Bi,Os/MXene vs. current density, (d) cyclic stability of
Bi,WOg/Bi,O3/MXene, and (e) CV curves of Bi,WOg/Bi,Oz/MXene recorded at 20 mV s~ before cycling and after 10 000 GCD cycles.

curves of the Bi,WO¢/Bi,O3;/MXene electrode at different
current densities ranging from 1 to 10 A g '. The specific
capacitances of Bi,WOg/Bi,03/MXene are found to be 988.69,
533.34, 442.10, 393.38, 274.18, and 108.9 F gf1 at current
densities of 1, 2, 3, 5, 7, and 10 A g, respectively. The high
degree of nonlinearity in GCD curves and associated higher
voltage values with increasing current density confirm that
electrochemically active sites are less accessible in the Bi,WOg/
Bi,O;/MXene nanocomposite, thus resulting in a systematic
reduction in its specific capacitance from 988.69 to 108.9 F g~ "
(Table S2).

The prolonged discharge time and high capacitance of the
Bi,WO/Bi,03/MXene electrode can be ascribed to the
combined effects of Bi,WOg, Bi,O; and Ti,C;T,, the improved
electrical conductivity, the high diffusion rate of the electrolyte,
the high surface area, and the existence of multiple oxidation
states for the metallic components, as confirmed by the XPS
study. The charge-storage behavior of the composite can be
mainly ascribed to Bi,WOs, which functions as the primary
redox-active framework through reversible Bi-O and W-O
surface interactions, as revealed by XRD. Moreover, the minor

© 2026 The Author(s). Published by the Royal Society of Chemistry

Bi,O; phase enhances pseudocapacitive charge storage by
contributing more Bi-based redox-active sites. In the meantime,
the Ti;C,T, MXene offers a highly conductive network that
lowers charge-transfer resistance and makes it easier to use the
oxide redox sites effectively. Interactions between Bi,WOs, Bi,O;
and MXene result in better electrochemical performance.”*”?
Fig. 8c exhibits that an increased current density leads to
a corresponding decrease in the specific capacitance due to
restricted faradaic processes and natural high ohmic drops at
a high current density.”*”® The specific capacitance of the
Bi,WOg/Bi,03/MXene electrode made using the hydrothermal
technique is compared with that of other recently reported
materials in Table 1.

Fig. 8d indicates that the Bi,WO,/Bi,Os/MXene electrode
exhibits an excellent capacitance retention of 78.11% of its
original capacitance after 10000 charge/discharge cycles at
a current density of 1 A g~'. CV was performed at 20 mV s~
before and after 10 000 GCD cycles in order to determine the
cause of the capacitance decline in Fig. 8d. After prolonged
cycling, the basic charge-storage mechanism is still intact, as
seen by the postcycling CV profile in Fig. 8e. However, slower
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Table 1 Comparison of the specific capacitance of recently reported materials with heterostructured Bi,WO¢/Bi,O3/MXene
Specific capacitance

Sr. no. Composition (Cs) Current density (A g7) Synthesis route Reference
1 Bi,0;/FSSM 421.76 Fg ! 10 mA em > Hydrothermal 64

2 WO,/MXene 290 Fg™* 05Ag™" — 65

3 Bi,0;@rGO 560 Fg ' 5mvVs * — 66

4 WO; nanorods/MXene 297 Fg ! 1Ag" — 67

5 Bi,0s/MXene 613 Fg " 0.6Ag" — 68

6 Cu-WO,/MXene 692 F g ' 1 mA — 69

7 MWCNT-WO; 429.6 Fg ! 2 mAcm 2 — 70

8 Bi,WO,/Bi,0;/MXene 988.69 F g ' 1Ag™ — This work

charge-transfer/ion-diffusion kinetics and a progressive reduc-
tion in electrochemically accessible active sites are suggested by
the smaller enclosed CV area and the greater polarization at
higher potentials. Long-term cycling-induced microstructural
and interfacial changes, including partial pore blockage and
active phase agglomeration/restacking, collectively lead to the
apparent capacitance decay. This performance feature not only
indicates the high specific capacitance but also the superior
electrochemical cyclic durability of the Bi,WO¢/Bi,O3/MXene
nanocomposite, which makes it highly promising for use as
a pseudocapacitor.

3.5.3 Electrochemical impedance spectroscopy (EIS). The
charge flow dynamics and interfacial resistances of Bi,WOg/
Bi,0; and Bi,WOg/Bi,O3/MXene electrodes were further exam-
ined using EIS, and the resulting Nyquist graphs are displayed
in Fig. 9a and b. Charge transfer resistance (R.) at the electrode/
electrolyte interface and ion diffusion within the porous elec-
trode (Warburg impedance) together contribute to the Nyquist
plots, which typically show a depressed semicircle in the high-
to-medium frequency region and an inclined line at low
frequencies.” It assists in understanding ion movement, the
resistance of the interface, and the process of charge transfer
over a broad band of frequencies. It gives vital information
regarding the resistive and capacitive components of the system
simultaneously. In EIS analysis, the real component of the
impedance (Z') on the x-axis represents the resistive compo-
nent, and the imaginary component (Z”) on the y-axis repre-
sents the capacitive component.””*°

54 ( a) —=— BiyWOg/Bi,0,
—e— BiWOg/Biy04/MXene
4
—_ 34 ./"‘.
&
N,
14
0 T T T T T
0 1 2 3 4 5

zZ @)

Fig. 9
fitting by ZSimpWin software.
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Fig. 9b, depicts a good fit to our experimental data on
Bi,WO,/Bi,03/MXene, and the tight overlap between the fitted
curves and experimental points suggests accurate fitting. The
semicircle diameter is relatively large for Bi,WOe/Bi,O5, sug-
gesting greater R, linked to slow ion diffusion and low elec-
tronic conductivity. Conversely, the Bi,WO4/Bi,Osz/MXene
composite shows smaller semicircles, indicating that the addi-
tion of conductive carbon considerably lowers R.. by promoting
ion transport via the porous carbon network and offering more
effective electron transfer routes.

The solution (R;) and charge transfer resistance (R.), calcu-
lated by ZSimpWin software, for Bi,WO,/Bi,O; are 0.62 ohm
and 5.34 ohm and for Bi,WO,/Bi,O3/MXene are 0.27 and 2.23
ohm, respectively. The slight drop in the values of R; and R, for
Bi,WO¢/Bi,O3;/MXene clearly depicts that adding MXene
significantly enhances the ion diffusion properties, resulting in
better electrical conductivity and rapid charge flow dynamics
compared to Bi,WOg/Bi,0;.

4 lonic properties
4.1 Ionic conductivity

Ionic conductivity indicates the inherent property of the elec-
trode material to support ion transfer throughout the charge/
discharge cycles or faradaic reactions and reduce the resis-
tance for ion diffusion at the electrode/electrolyte interface,
thus enhancing charge utilization efficiency and electro-
chemical reversibility. Ionic conductivity is an important factor

that significantly affects the overall performance
10 BiWOg/Biz03/MX
igWOg/BigO3/MXene
b
0.8- (b)

—— Fitted
0.4
0.2
0.04
10 15 20 25
Z'(ohm)

(a) Nyquist plot of the Bi,WOg/Bi,Oz and Bi,WOg/Bi,O3/MXene composites. (b) Nyquist plot of Bi,WOg/Bi,Os/MXene composite after
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characteristics, particularly of energy storage devices. Faster
ionic transport ensures fast electrolyte intrusion into the active
material, thus ensuring ready access to electrochemically active
sites. Moreover, higher ionic conductivity ensures that polari-
zation resistance and redox reactions occur at a faster rate,
hence improving the power performance of the supercapacitor
device.*"*

(12)

The ionic conductivity can be estimated using eqn (12),
which gives reliable measurements for the ion transport
behavior of the electrode material.*® In the given equation, R;
represents the ionic resistance corresponding to R, as obtained
from EIS measurements, while L, A, and ¢ represent the elec-
trode's thickness, effective cross-sectional area, and ionic
conductivity, respectively. From this analysis, the values of ionic
conductivity for Bi,WO¢/Bi,O; and Bi,WO,/Bi,O;/MXene were
estimated to be around 0.097 and 0.085 S cm ™, respectively.

4.2 Transference number

The transference number specifies the portion of the total ion
current contributed by cations or anions in an electrolyte
solution, and it serves as a foremost indicator of the ion current
transport efficacy in supercapacitors or batteries. It depends on
multiple factors such as the ion size, ion mobility, association/
dissociation reactions, solvent viscosity, temperature, and
electrode/electrolyte interface polarization, and its values range
from 0 to 1.%" A larger transference number of cations indicates
larger cation transport in the electrolyte solution or larger ion
current transport with reduced polarization loss in super-
capacitors or batteries. The transference number was calculated
using the Sorenson and Jacobsen equation (eqn (13)) and ¢,
which represents the cation transference number.

1

= ————F— 13
14+ W4/Ry (13)

The anion transference number, ¢, was calculated by the
relation ¢~ = 1 — t'. Here, W4(0) represents the Warburg
constant and R, represents the electrolyte resistance. According
to this theoretical explanation, the values of the cation part for
Bi,WO,/Bi, 03 and Bi,WO4/Bi,03/MXene composites have been
calculated to be 0.67 and 0.42, respectively, which indicates the
higher transport of the ion in the heterostructured
nanocomposite.

4.3 Rate constant

The rate constant is a kinetic factor indicating the speed of
electrochemical reactions. It gives an estimate of the efficiency
of electron transfer from the electrode surface to the ions of the
electrolytes in redox reactions, and it is directly linked to R.. A
higher value of the rate constant indicates fast redox reactions,
leading to enhanced charge storage capability, improved power

© 2026 The Author(s). Published by the Royal Society of Chemistry
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performance, and superior electrochemical efficiency of the
energy storage device.>>**
k = RTI(F* x Ry x C), (14)
The rate constant was estimated by eqn (14). In this equa-
tion, R and T are the universal gas constant and temperature,
respectively, whereas F, R., and C are the Faraday constant,
charge transfer resistance extracted from electrochemical
impedance spectra, and electrolyte concentration, respectively.
According to this calculation, the rate constants were estimated
to be 3.82 x 1077 and 3.14 x 107 for Bi,WOg/Bi,O; and
Bi,WOg/Bi,03/MXene, respectively.

5 Conclusion

In this work, a novel Bi,WO,/Bi,O3;/MXene composite electrode
is fabricated through a hydrothermal approach and investi-
gated for supercapacitor applications. Bi,WOe/Bi,O;/MXene
shows a significant specific capacitance value of 1815.9 at 5 mV
s ' (obtained from CV analysis) and 988.69 F g " (from GCD
analysis) with a remarkable cyclic stability of 78.11%. Addi-
tionally, Bi,WOe/Bi,O3/MXene exhibits a significant drop in
internal resistance (Rs = 0.27 ohm and R, = 2.23 ohm). After
incorporating MXene, the resultant electrodes exhibit
profoundly enhanced electrochemical performances compared
to the bare Bi,WO4/Bi,O; electrode, as reflected by the
improvement in the specific capacitance and charge-transfer
kinetics of the thus-prepared Bi,WO¢/MXene electrode. The
superior capacitive performance is ascribed mainly to the
strong synergistic effect between Bi,WO4 and MXene, where the
MXene serves as an excellent conductive scaffold with fast ion
diffusion, whereas Bi,WOs offers plenty of redox sites for fara-
daic capacity accumulation. As such, the synergistic effect
promotes the enhanced electroactive surface area and fast ion-
electron pairing with weaker polarization during the charge-
discharge cycle, thus leading to a higher specific capacitance
with greatly improved cycling performance.

In addition, the enhanced dynamic characteristics of ionic
transport as well as the decreased internal resistance facilitate
efficient electrolyte diffusion and rapid reaction rate processes
in the composite electrode. From the above results, it can be
seen that the Bi,WO,/Bi,O3;/MXene composite is an effective
approach to mitigate the conductivity drawback of metal oxide
materials whilst enhancing their charge storage capacity. This
work shows the particular promise of the Bi,WOg/Bi,O3;/MXene
composite as a novel electrode material for future super-
capacitor applications.
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