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synergistic effect of defect rich
V2O5/MWCNTs heterostructure for improved
electrochemical performance of supercapacitors†

Usama Younas,ab Shakeel Abbas,ac Amina Zafar,d Saqib Javed,e Atia Khalid,f

Shafqat Hussain,a Shafqat Karim,a Yasir Faiz,g Faisal Faiz,h Amna Safdar, i

Amjad Nisar *a and Mashkoor Ahmad *a

The synergistic effect of V2O5 and multiwall carbon nanotubes (MWCNTs) offers a promising strategy to

enhance the redox activity of electrode materials for high-performance supercapacitors. In this study,

a simple, scalable, and cost-effective hydrothermal approach is employed to synthesize V2O5/MWCNTs

heterostructure. The resulting heterostructure exhibits rich oxygen vacancy defects, improved

conductivity, favorable structural characteristics, and abundant active sites. DFT study further

demonstrate the excellent kinetics of V2O5/MWCNTs as compared to pristine V2O5 structure.

Electrochemical analysis reveals that V2O5/MWCNTs electrode achieves good capacitance of 820 F g−1

at 1 A g−1, significantly outperforming pristine V2O5 (463 F g−1) in a 1.0 M neutral Na2SO4 solution.

Moreover, the developed supercapacitor (V2O5/MWCNTs//AC) device shows a capacitance of 125 F g−1

at 1 A g−1. The device also delivers an efficient energy density of 39 Wh kg−1 at a power density of

805 W kg−1. Additionally, it exhibits outstanding cycling stability, retaining 93% of its capacity after 8000

cycles at 3 A g−1. These exceptional results highlight the potential of the V2O5/MWCNTs heterostructure

as a viable electrode material for future energy devices.
1 Introduction

Exploring novel renewable energy sources and storage tech-
nologies is essential to meeting the growing global energy
demand. Consequently, the development of high-performance,
environmentally friendly renewable energy storage devices is
crucial.1 Electrochemical energy conversion and storage devices
play a vital role in modern society. Among these, super-
capacitors (SCs) have attracted signicant attention due to their
wide operating temperature range, rapid charge–discharge
capabilities, and high-power density. These characteristics
make them ideal for applications such as uninterruptible power
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systems and electric and hybrid vehicles. However, the low
energy density and limited cyclic stability of SCs reduce its
utilization. To resolve these issues, researchers are directing on
developing advanced electrode materials to boost their
performance.

The performance of supercapacitors is largely dependent on
electrode material. Up till now various types of electrode
materials have been explored including: carbon based2,3 tran-
sition metal oxides (TMO)4,5 and conducting polymers6,7 for
supercapacitor applications. Among TMO, V2O5 is particularly
promising due to its environmental friendliness, pseudo-
capacitive mechanisms and high voltage range. Notably,
V2O5 electrode participate in redox reactions through multiple
oxidation states, offering several advantages, such as excellent
electrochemical performance and improved device efficiency.8

During charging, V2O5 undergoes oxidation, where vanadium
ions lose electrons and transition to a higher oxidation state.
This process results in the storage of energy in the form of
chemical potential energy within the V2O5 structure. In recent
years, defect engineering has gained attention due to its ability
to enhance charge transfer and increase active sites in elec-
trode materials. Oxygen defects signicantly facilitate the
creation of additional active sites and regulated migration
paths for carrier ions, which effectively accelerates the elec-
trochemical reaction kinetics and enhances electrochemical
properties9 The structural stability and electrical conductivity
© 2025 The Author(s). Published by the Royal Society of Chemistry
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of vanadium oxides can be signicantly improved through
compositional modication, leading to enhanced electro-
chemical performance.10 However, V2O5 has some drawbacks
such as limited cycling stability, insufficient electro-
conductivity and a low surface area.11 In this context, scien-
tists have been actively working to enhance its conductivity by
combining with conductive materials (e.g. graphene, and
carbon nanotube CNTs).12,13 Multiwall carbon nanotubes
(MWCNTs) known for their high conductivity, large surface
area and chemical stability, are widely considered as ideal
material for constructing composite structures for energy
storage applications,14,15 therefore, the combination of
MWCNTs and V2O5 holds signicant promise for enhancing
the performance of energy storage devices due to their syner-
gistic properties. The incorporation of conductive carbon
materials such as MWCNTs can signicantly enhance mass
transfer, ion transport, and electrochemical kinetics of V2O5,
thereby improving its overall electrochemical performance.16

For instance, B. Saravanakumar et al. developed hybrid nano
composite that showed a specic capacitance of 410 F g−1 with
a capacity retention of 86.4%.17 Similarly, B. Pandit et al.,
synthesized V2O5 encapsulated MWCNTs nanostructure that
exhibited good cyclic stability, maintaining with capacity
retention 93% over 4000 cycles.18 Additionally, N. Aliahmad
et al., synthesized V2O5/single-walled carbon nanotubes
composites as cathode materials for high performance
lithium-ion battery.19 These studies underscore the urgent
need for the development of electrode material with excellent
transport features for high performance supercapacitors.

Herein, V2O5/MWCNTs heterostructures are synthesized by
employing hydrothermal method. The synthesized V2O5/
MWCNTs electrode attained a capacitance of 820 F g−1 at
1 A g−1. The designed asymmetric supercapacitor device
demonstrates excellent gure of merits such as: energy density
of 39 Wh kg−1 at a power density of 805 W kg−1 and 93%
stability over 8000 cycles, making it highly suitable for practical
energy storage applications.
2 Experimental
2.1 Chemicals

Vanadium pentoxide (V2O5), multi-walled carbon nanotubes
(MWCNTs) were purchased from Sigma Aldrich. Hydrogen
peroxide solution (H2O2) was obtained from the Honeywell.
NaNO3 and KMnO4 were purchased from Scharlau. Ethanol was
purchased from AnalaR. Sulphuric acid (H2SO4) and hydro-
chloric acid (HCI) were purchased from MERCK.
2.2 Synthesis of V2O5

The synthesis of V2O5 was carried out as follows. In this process,
0.455 g V2O5 was added in 40 mL of deionized water (DI) and
stirred, followed by dropwise addition of 6.25 mL of H2O2 with
30 minutes under stirring. The prepared solution was shied to
a 50 mL Teon-lined autoclave and heated at 205 °C for 3 days.
Aer cooling, the prepared product was washed three times
using DI water and ethanol. The obtained product was dried at
© 2025 The Author(s). Published by the Royal Society of Chemistry
60 °C for 6 hours. Finally, the product was annealed at 500 °C
for 2 hours and ground into a ne powder.
2.3 Synthesis of V2O5/MWCNTs hybrid structure

The V2O5/MWCNTs structure was synthesized by employing
a facile hydrothermal method. MWCNTs were assumed to have
a weight ratio of 10% of V2O5. Briey, the MWCNTs were
dispersed in 20 mL of DI water and ultra-sonicated for 45
minutes. Then, 2 mL of acetic acid was added dropwise. Aer 10
minutes of stirring, 10 mL of the prepared solution of annealed
V2O5 was added drop by drop to the already prepared solution.
Aer 30 minutes of stirring at ambient temperature, the
resulting solution was shied into a Teon-lined autoclave and
placed in an oven at 200 °C for 3 h. The obtained product was
ltered and washed several times with DI water and ethanol and
dried at 60 °C for 6 hours.
2.4 Characterization

The synthesized products were characterized by different
characterization techniques. The phase purity was analyzed by
X-ray diffraction (XRD) with Cu Ka radiation (l = 1.5406 Å).
FTIR Spectrometer (Thermo Fisher Scientic Nicolet™ iS50)
was employed to collect FTIR spectra. The morphology of the
products was characterized by scanning electron microscopy
(SEM, TESCAN MIRA, A-3) along with energy dispersive X-ray
(EDS) system. The detailed structural analysis was investigated
by high resolution transmission electron microscope (HRTEM,
JEOL JEM-2100F, 200 kV). X-ray photoelectron spectroscopic
analysis (XPS) was conducted by using ESCA-LAB 250Xi instru-
ment using a monochromatic Al-Ka radiation source. Bru-
nauer–Emmett–Teller (BET) specic surface area was calculated
by measuring N2 absorption–desorption isotherms. Density
functional theory (DFT) study was performed to nd the
kinetics.
2.5 Electrochemical measurements

The constructed electrodes were evaluated by using the elec-
trochemical workstation CHI660E in a three-electrode congu-
ration. In this conguration, the material grown on Fluorine
Tin Oxide (FTO) glass substrate as working, platinum as counter
and Hg/HgCl2 as a reference electrode were used. The cyclic
voltammetry (CV) response was recorded in a 1.0 M Na2SO4

electrolyte at a scan rate between 10 to 60 mV s−1. The galva-
nostatic charge–discharge (GCD) were measured at current
densities from 1 to 5 A g−1. The electrochemical impedance
spectroscopy (EIS) was completed in frequency range of 0.1 Hz
to 100 kHz. All the analysis was performed at room temperature.
The specic capacitance of the electrodes can be nd by using
the following equation

Cs ¼ Id � td

DV �m
(1)

where Cs is the specic capacitance (F g−1), m is the electrode's
active mass, Id is the discharge current (A g−1), DV is the voltage
window and td is the discharge time period (s).
RSC Adv., 2025, 15, 24760–24768 | 24761
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2.6 Fabrication of asymmetric supercapacitor (V2O5/
MWCNTs//AC) device

The fabrication of an asymmetric supercapacitor (V2O5/
MWCNTs//AC) device was carried out by using V2O5/MWCNTs
as a positive electrode and active carbon as a negative electrode,
a cellulose membrane was used as separator and 1 M Na2SO4 as
an electrolyte. The electrochemical performance of the device
was performed by a two-electrode system. The mass ratio
between the negative (M−) and positive electrode (M+) was
maintained by using the charge balance (q+ = q−) equation:

Mþ

M� ¼ Cs
�V�

Cs
þVþ (2)

Moreover, the energy and power density of electrodes were
calculated using the following equations.

E ¼ Cs � DV 2

7:2
(3)

P ¼ 3600� E

DT
(4)
3 Results and discussion
3.1 Structural, morphological and compositional analysis

XRD analysis was performed to analyze the phase purity as well
as crystalline structure of the developed material. Fig. 1(a)
reveals the XRD peaks of pristine V2O5 nanocrystal. All the sharp
diffractions peak, centered at 2q values 15.3°, 20.2°, 21.8°, 25.8°,
30.9°, 32.5°, 34.1°, 41.2°, 45.4°, 47.4° and 62.1° corresponding
to the (200), (001), (101), (110), (301), (011), (310), (200), (411),
(302), and (710) crystal planes. These peaks align well with V2O5

according to (JCPDS no. 41-1426). In addition, the hetero-
structure pattern shows abroad peak (marked with *) at 25.8°
and a weak peak at 43.2° corresponds to (002) and (100) planes
of MWCNTs. Moreover, the intensity of peak at 25.8° in V2O5/
MWCNTs pattern is higher as compared to pristine V2O5

structure which further conrms the successful formation of
V2O5/MWCNTs heterostructure.

Fig. 1(b) displays the Raman spectra of pristine V2O5 and
V2O5/MWCNTs heterostructure. The resulted spectra display
peaks at 145, 195, 283, 407, 693, 995 cm−1, which indicates the
Fig. 1 (a) XRD pattern and (b) Raman spectra of V2O5 and V2O5/
MWCNT's.

24762 | RSC Adv., 2025, 15, 24760–24768
presence of V2O5 heterostructure. The peaks at 145 and
195 cm−1 are ascribed to the chain translation which is asso-
ciated with the layered structure.20 Two peaks at 283 and
407 cm−1 are associated to V]O bonds of bending and
stretching vibrations.21 The Raman peaks appeared at 693 and
995 cm−1 describe the stretching modes of bridging of oxygen
(V2–O) and terminal oxygen (V]O), respectively. Besides, two
prominent peaks at 1471 and 1587 cm−1 also appear which are
related to the D and G band of MWCNTs.22 The D bands signify
the degree of defects and G band related to the stretching
vibration of C–C bond as well as the vibration of sp2 bonded
carbon atoms. It is observed that the intensity ratio of the D to G
band (ID/IG) in V2O5/MWCNTs (1.02) is larger than MWCNTs
(0.95), representing that the surface of V2O5/MWCNTs is rough
and has many defects. The Raman spectrum of MWCNTs is also
presented in Fig. S1.†

Fig. 2(a) presents the SEM image of the V2O5 structure,
revealing that the product consists of a large number of nano-
crystals. Fig. 2(b) displays the SEM image of the V2O5/MWCNTs
heterostructure, where V2O5 nanocrystals are observed to
functionalize the MWCNTs, forming a heterostructure. Fig. 2(c)
shows the EDX spectrum of the V2O5/MWCNTs heterostructure,
conrming the presence of V, C, and O elements, which indi-
cates successful heterostructure formation. Furthermore, the
detailed structure of both materials was investigated using TEM
and HRTEM. Fig. 2(d) presents the TEM image of the V2O5/
MWCNTs heterostructure, demonstrating that the V2O5 nano-
crystals are strongly bonded to the MWCNTs, further support-
ing the SEM observations. Fig. 2(e) and (f) show HRTEM images
of the V2O5/MWCNTs heterostructure, captured from different
areas of Fig. 2(d). The measured lattice fringes of the hetero-
structure are approximately ∼0.35 nm, corresponding to the
(110) plane of V2O5. Additionally, the presence of multiple
fringes conrms the multilayer structure of MWCNTs. Addi-
tionally, the SEM images of pure MWCNTs and V2O5 NPs along
with EDX is also shown in Fig. S2(a)–(c).†

To examine the specic surface area of the synthesized
material BET was performed. Fig. S3.† displays the nitrogen
adsorption–desorption isotherms of the V2O5 and V2O5/
Fig. 2 SEM images of (a) V2O5 (b) V2O5/MWCNTs (c) EDX spectrum of
V2O5/MWCNTs (d) TEM and (e and f) HRTEM images of V2O5/MWCNTs
taken from (d).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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MWCNTs heterostructure obtained at 77 K. Its isotherms curves
demonstrate that heterostructure material exhibits enhanced
specic surface area (110 cm2 g−1) as compared to pristine V2O5

(81 cm2 g−1). The increased in heterostructure surface area is
attributed to the incorporation of MWCNTs. The improved
surface area facilitates better interaction between electrode
material and electrolyte ions, improved charge transfers and
ultimately leading to higher specic capacitance.

Fig. S4(a)† shows the XPS survey spectrum of V2O5/MWCNTs
heterostructure. The existence of vanadium, oxygen, and carbon
elements conrm the formation of heterostructure. Fig. 3(a)
displays the de-convoluted high-resolution spectrum of V 2p
peak, indicating mixed valence states of vanadium oxide. The
spectrum consists of two major peaks observed at 517.5 and
524.8 eV correspond to V 2p3/2 and V 2p1/2 electronic states
respectively.23 Both V 2p1/2 and V 2p3/2. Regions are composed of
V5+ and V4+ states located at specic binding energies. The
strong interfacial interaction in heterostructure facilitate elec-
tron transfer fromMWCNTs to V2O5. The presence of strong V

4+

state indicates the reduction of V5+ to V4+ which is closely
associated with the formation of oxygen vacancies.24 Moreover,
the electron transfer also introduces some localized strain or
defects at the interface, which can further encourage defect
formation in the V2O5 lattice. In addition, close observation
shows that V 2p peak in heterostructure reveals a small shi as
compared to pristine V 2p peak (Fig. S4b†) which further indi-
cate the generation of defects. Fig. 3(b) shows the deconvoluted
C 1s which splits into three peaks. The main peak at 284.2 eV
corresponds to C–C bond (sp2). The additional peak at 284.4 eV
recognized to C–O and 285.6 eV to O–C]O. The presence of
these peaks shows the formation of covalent bond between
MWCNTs and V2O5. Fig. 3(c) and (d) reveals the deconvoluted
spectrum of O 1s peak for both structures. The heterostructure
spectrum exhibits two binding energy peaks located at 529.6
and 533.3 eV. The peak at 529.6 eV belongs to M–O bond in V2O5

structure while at 533.3 eV corresponds to the oxygen decient
Fig. 3 XPS spectrum of (a) V 2p (b) C 1s (c) O 1s spectrum of V2O5/
MWCNTs heterostructure (d) O 1s spectrum of V2O5 nanostructure.

© 2025 The Author(s). Published by the Royal Society of Chemistry
region due to oxygen vacancies (OV) caused by the ability of
V2O5 to accommodate changes in valence states. The compar-
ison of intensity ratios (OV/OL) of V2O5/MWCNTs (0.42) and
V2O5 (0.36) demonstrates the increased amount of oxygen
vacancy defects in the heterostructure. The XPS results are in
good agreement with the Raman ndings.

FTIR spectra of V2O5 and V2O5/MWCNTs heterostructures
are recorded to investigate the functional groups. Fig. S5†
presents the FTIR spectrum performed from 3500–400 cm−1. It
can be seen that spectra consist of peaks located at 1916, 991,
770, 637, 481, 445 cm−1. The band at 445 cm−1 belongs to the
triply coordinated oxygen atom between three vanadium atoms.
The band located at 481 cm−1 assigned to the vanadyl stretching
mode (dV–O). The peak at 637 cm−1 corresponds to asymmetric
and symmetric stretching of V–O–V bridge. Sharp peaks at 770
and 991 cm−1 indicate the metal oxide bond which conrms
successful formation of V2O5/MWCNTs heterostructures.

3.2 Super capacitive performance of V2O5/MWCNT's
electrodes

In order to evaluate the best performance of V2O5/MWCNTs
electrode, the electrode was tested in 1 M KOH, NaOH and
Na2SO4 electrolyte. It was observed that Na2SO4 provided a wider
potential window than other electrolytes as shown in Fig. S6.†
Based on these results, Na2SO4 was selected to achieve a higher
energy density. Cyclic voltammetry (CV) is a versatile and widely
used electrochemical technique that provides valuable informa-
tion about the electrochemical behaviour of the materials.
Fig. 4(a) illustrates the comparative analysis of CV response of
V2O5 and V2O5/MWCNTs electrodes at a scan rate of 20 mV s−1.
The CV curves show quasi-rectangular shape with redox couple
further conrm the excellent pseudo-capacitive behaviour and
good reversibility. It can be observed that the area under the
curve of V2O5/MWCNTs electrode is larger than V2O5 electrode,
which shows that MWCNTs expressively improved the electro-
chemical behaviour of V2O5. Fig. 4(b) shows the CV response of
V2O5/MWCNTs electrode at potential −0.4 to 1.0 V with scan
rates from 10 to 60mV s−1. It is clearly observed that integral area
of the CV curves increases with the increase in scan rates.
Moreover, the shape of the curves remains similar, which
conrm the good stability of the electrode. The surface-
controlled (capacitive) and diffusion-controlled contributions
of the electrode material were evaluated using Dunn's method,
based on the power-law relationship.

i = avb (5)

log(i) = log(a) + b log(v) (6)

The constant parameter “a” the slope “b” can be determined
by log v–log i correlation as shown in Fig. 4(c). The values of
b are calculated to be 0.88 and 0.92 corresponded with peaks A
and B. It is observed that the value of “b” approaching 1.0,
which indicates the dominancy of capacitive kinetics for energy
storage process of V2O5/MWCNTs electrode. Moreover, the
capacitive and diffusion contributions ratio is also investigated.
RSC Adv., 2025, 15, 24760–24768 | 24763
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Fig. 4 (a) Comparative CV curves of V2O5 and V2O5/MWCNTs electrodes at 20 mV s−1 (b) CV curve of V2O5/MWCNTs at various scan rates (c)
plot of log v vs. log i (d) ratios of diffusion and capacitive contributions (e) comparative GCD curves of V2O5 and V2O5/MWCNTs electrodes at
1 A g−1 (f) GCD curves of V2O5/MWCNTs electrode at different current densities (g) specific capacitance vs. current densities of V2O5 and V2O5/
MWCNTs electrodes (h) Nyquist plots of V2O5 and V2O5/MWCNT's electrodes; inset is the AC equivalent circuit model (i) Bode phase angle plot.
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The current response at a given potential i(V) can be categorized
as diffusion-controlled process (K2v

1/2) and capacitive contri-
bution (K1v). These categorized are possible using the eqn (7)
and (8):

i(V) = K1v + K2v
1/2 (7)

Eqn (7) can be further transformed into:

iðVÞ
v1=2

¼ K1v
1=2 þ K2 (8)

where K1 and K2 are changeable coefficients, which can be
extracted based on the relation between v1/2 and i(V)/v1/2. The
capacitive and diffusion contribution ratio of V2O5/MWCNTs
electrode is shown in Fig. 4(d). It is important to note that, the
capacitive contribution is raised from 72.6% to 88.2% with the
increase in scan rate from 10 to 60 mV s−1. It is evident that, at
lower scan rate, diffusion-controlled charge storage may
increase due to sufficient time for the interaction of the elec-
trolyte with all the active sites of the electrode and at high scan
rate the capacitive behaviour is clearly predominant over
diffusion contribution. Due to these results V2O5/MWCNTs is
24764 | RSC Adv., 2025, 15, 24760–24768
a suitable electrode to explore the electrochemical redox reac-
tions phenomenon.

Galvanostatic charge–discharge (GCD) is also used to
measure the charge and discharge behavior of the electrode.
Fig. 4(e) shows the comparative GCD curves of pristine V2O5 and
heterostructure V2O5/MWCNTs electrodes at 1 A g−1. As
observed, the heterostructure has a long discharge time than
that of pristine V2O5 electrode. Fig. 4(f) illustrates the GCD
prole of V2O5/MWCNTs electrode at current densities in the
range of 1 to 5 A g−1. Fig. 4(g) presents the specic capacitance
calculated from GCD curves at different current densities. It is
worth noting that, the V2O5/MWCNTs electrode achieved the
improved capacitance of ∼820 F g−1 at 1 A g−1. The GCD
behavior of pristine V2O5 electrode is also performed at
different current densities in the range of 1 to 5 A g−1 as shown
in Fig. S7.† The cyclic stability of V2O5 and V2O5/MWCNTs
electrodes at 2 A g−1 is also evaluated as shown in Fig. S8.† It can
be observed that the heterostructure electrode exhibits
outstanding cyclic stability up to 8000 cycles with a capacity
retention of 94%, better than V2O5 electrode. The results
demonstrate that V2O5/MWCNTs electrode has a superior
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Electrochemical performance comparison of fabricated V2O5/MWCNTs electrode and reported V2O5 based electrodes

Material
Specic capacitance
(F g−1)

Current density
(A g−1)

Energy density
(Wh kg−1)

Cyclic stability
(%)

Cycle
numbers References

Carbon coated V2O5 417 0.5 10.3 92 2000 26
V2O5/MWCNTs 629 2 72 96 4000 27
V2O5/MWCNTs core/shell hybrid aerogels 625 0.5 86.8 — 20 000 28
C@V2O5 nanorods 417 0.5 9.4 76 1000 29
V2O5/CNTs–SAC 357.5 10 — 99.5 1000 30
C-dot@V2O5 270 1 60 87 5000 31
W-doped V2O5 407 0.5 246 — — 32
V2O5/rGO 484 0.5 7.4 83 1000 33
V2O5@rGO 574.5 1 46.05 82.7 5000 34
V2O5/MWCNTs 410 0.5 57 86 600 35
V2O5/MWCNTs 820 1 39 93 8000 This work
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performance as compared to V2O5 electrode as well as previ-
ously reported work shown in and Table 1.

EIS is also performed to evaluate the charge kinetics of the
electrodes. Fig. 4(h) shows comparative Nyquist plots of elec-
trodesmeasured in 1.0 M Na2SO4 electrolyte. The high-frequency
intercept on the real axis represents the bulk resistance (Rs) of the
electrode and electrolyte. A depressed semicircle in the mid-
frequency region reects the combined effects of charge trans-
fer resistance (Rct) and double-layer capacitance (CPE electrode).
The experimental data is tted using an equivalent circuit model
as shown in the inset Fig. 4(f). In the equivalent circuit model,
a constant phase element (CPE) is used to account for non-ideal
capacitive behaviour. The low-frequency region approximately at
45°, corresponding to the Warburg impedance (W). The semi-
circle diameter of the Nyquist plots shows the charge transfer
resistance between electrolyte and electrode. The small semi-
circle of V2O5/MWCNTs electrode demonstrates low charge
transfer resistance (Rct) of 62.3 U. The tting parameters of
electrodes are presented in the Table S1 (ESI†). The improved
kinetics of V2O5/MWCNTs electrode is the results of synergy
between V2O5 and MWCNTs.

Fig. 4(i) presents the Bode phase angle plot to provide
a comprehensive understanding of the electrochemical behav-
iour of the system. The Bode phase angle plot, in particular,
offers critical insights that complement the Nyquist plot in
evaluating electrode kinetics. The arrow indicates the direction
of increasing frequency. At high frequencies, the phase angle
approaches 0° indicating predominantly resistive behaviour,
which is typically associated with the solution resistance (Rs) as
represented in the equivalent circuit model. At intermediate
frequencies, a signicant phase shi (e.g., toward−45° to−90°)
reects capacitive behaviour. This is commonly attributed to
the double-layer capacitance in conjunction with the charge
transfer resistance which is in agreement with equivalent circuit
model. At low frequencies, the phase angle continues to
decrease. However, due to the instrument's limitations at very
low frequencies, it anticipates that the phase angle would drop
below −90°. This trend is characteristic of diffusion-controlled
processes and indicative of Warburg impedance. Such behav-
iour reects mass transport limitations, such as ion diffusion
through the electrolyte or within a porous electrode structure.
© 2025 The Author(s). Published by the Royal Society of Chemistry
3.3 DFT calculation

To understand the superior electrochemical performance of
V2O5/MWCNT electrode as compared to that of pristine V2O5,
we refer to recent hybrid DFT calculations on V2O5/MWCNT
heterostructure.25 Specically, it is shown that work function of
MWCNT (4.22 eV) is much lower than the electron affinity of
V2O5 (110) surface (6.40 eV). Such energy level alignment leads
to a charge transfer from MWCNT to V2O5. This interfacial
charge transfer not only increases the electron density of V2O5

within heterostructure but also increases its conductivity since
electrons are transferred to otherwise empty conduction bands.
We note further that MWCNT is itself metallic in nature. Thus,
inclusion of MWCNT within heterostructure will also improve
the electronic conductivity of the electrode. Considering the fact
that a higher electronic conductivity of electrode promotes
redox reaction kinetics; it is evident that V2O5/MWCNTs will
have better electrochemical performance as compared to pris-
tine V2O5. This is indeed conrmed by the impedance experi-
ments (Fig. 4(f)) where V2O5/MWCNTs electrode has much
lower charge transfer resistance as compared to pristine V2O5,
highlighting superior redox reaction kinetic of V2O5/MWCNTs
electrode. It is further noted that the inclusion of MWCNTs also
provides additional active sites for fast charge transportation.
This helps to explain enhanced specic capacitance of V2O5/
MWCNT electrode in comparison to pristine V2O5.
3.4 The performance of the asymmetric prototype
supercapacitor (V2O5/MWCNTs//AC) device

The practical feasibility of V2O5/MWCNTs material is evaluated
by constructing a prototype asymmetric supercapacitor. In this
fabrication, the V2O5/MWCNTs electrode used as cathode,
activated carbon (AC) as an anode and Na2SO4 electrolyte as
illustrated in Fig. 5(a).

The CV of the assembled ASC device at voltages from 0 to
1.5 V is shown in Fig. 5(b). As observed, the device can operate
in a wide voltage window. Fig. 5(c) illustrates the CV response of
the device at various scan rates in the range from 10 to 50 mV
s−1. It can be seen that the increase in scan rates has no effect
the shape of the CV curves and kept similar shape, represent the
fast oxidation/reduction reactions with good rate capability.
RSC Adv., 2025, 15, 24760–24768 | 24765
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Fig. 5 (a) Schematic illustration of V2O5/MWCNTs//AC device (b) CV curves at various voltage windows at 50 mV s−1 (c) CV curves at scan rates
from 10 to 50 mV s−1 (d) GCD curves at 1 A g−1 for various voltage windows (e) GCD vs. current densities plot (f) specific capacitance vs. current
densities; inset shows the digital photo of the fabricated device (g) Ragone plot of device (h) Nyquist plot (i) cyclic performance of the device at
4 A g−1; inset shows the GCD curves of the first 10 cycles.
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Fig. 5(d) shows the GCD behaviour of the device at different
voltage windows ranging from 0 to 1.5 V. Fig. 5(e) presents the
GCD behaviour at different current densities in the range from 1
to 5 A g−1. The triangular shape indicates the good reversibility
of the device. Fig. 5(f) demonstrates the plot between capaci-
tance vs. current densities. As clearly seen that the device ob-
tained the highest capacitance of 125 F g−1 at 1 A g−1. Moreover,
the practical feasibility of the device is also recorded by real
time LED operation, as shown in the inset Fig. 5(f). The Ragone
graph of ASC device is demonstrated in Fig. 5(g). As shown the
fabricated device has improved performance as compared to
previously reported V2O5 supercapacitor devices, such as,
carbon coated V2O5 (10.3 Wh kg−1) V2O5/rGO (7.4 Wh kg−1)
V2O5/graphene (32.9 Wh kg−1)36 respectively. Fig. 5(h) displays
the Nyquist plot of the assembled device and demonstrates
enhanced kinetics. Fig. 5(i) shows the cyclic stability of the
24766 | RSC Adv., 2025, 15, 24760–24768
device evaluated by GCD curves. The developed device shows
good stability, with capacity retention of ∼93% for 8000 cycles.

4 Conclusions

The V2O5/MWCNTs heterostructures were synthesized using
a simple and cost-effective hydrothermal method. The incor-
poration of MWCNTs not only enhances conductivity and
chemical kinetics but also mitigates electrode cracking during
rapid charge–discharge cycles. Additionally, rich oxygen
vacancy defects and abundant active sites facilitate efficient
electrolyte ion diffusion, further improving electrochemical
performance. The heterostructure is found to be promising
candidate for supercapacitors, exhibiting an impressive capac-
itance of 820 F g−1 at 1 A g−1, signicantly surpassing that of
pristine V2O5. Moreover, the V2O5/MWCNTs electrode demon-
strates excellent rate capability and long-term stability. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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fabricated asymmetric supercapacitor (V2O5/MWCNTs//AC)
device achieves an energy density of 39 Wh kg−1 with capacity
retention of 93% for 8000 cycles at 3 A g−1. These outstanding
properties propose that V2O5/MWCNTs heterostructure is
a highly promising electrode material for supercapacitors. This
approach can also be extended to develop various hetero-
structures for next-generation energy storage devices.
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