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2D layered VSe, with high pseudocapacitive
Zn-ion storage as a cathode for high-power
zinc-ion batteries
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Aqueous zinc-ion batteries (ZIBs) are an attractive storage solution for renewable energy storage system
(ESS) applications. Despite the intrinsic safety, eco-friendliness, and low cost of aqueous ZIBs, their
practical application is severely hindered by the unavailability of high-capacity and robust cathode
materials. Vanadium-based cathodes with various structures, large layer spacing, and different oxidation
states are considered to be suitable cathode candidates for ZIBs. In this work, we studied 2D layered
VSe, with high pseudocapacitive-mediated Zn-ion storage as a cathode for aqueous zinc-ion batteries.
The VSe, cathode reversibly hosted zinc ions with a capacity of 205 mAh g™t at 0.2 A g%, maintaining a
capacity of 135 mAh gt at 8 A g~ and a stability of 98% after 600 cycles at 1 A g~2, favoured by its 2D
layered structure with defects and metallic conducting nature. The Zn-ion storage mechanism and
kinetics in the cathode are examined using ex situ XRD, XPS, TEM, and GITT studies, and it is found that
the favourable interlayer spacing with structural defects efficiently stored Zn-ions through a high
contribution from capacitive-mediated storage. The favourable architecture enables fast Zn-ion diffusion
and high capacity at a high current rate with good stability. The current work emphasizes the potential

DOI: 10.1039/d5ya00130g
for the

rsc.li/energy-advances

1. Introduction

As the world strives for carbon neutrality, the demand for
advances in electrochemical energy storage technologies has
surged.'™ Lithium-ion batteries, which are the most commonly
used storage device in portable electronic devices and electric
vehicles, have cost limitations due to the scarcity and uneven
distribution of Li and Co reserves, and present potential
hazards associated with the use of volatile and combustible
organic electrolytes.>® The growing demand for energy storage
devices for renewable energy storage in grid applications can-
not be met by Li-ion batteries. In contrast, aqueous ion bat-
teries are gaining great momentum due to their compatibility
with aqueous electrolytes, high ionic conductivity, environmen-
tal friendliness, and low cost, making them an ideal solution
for large-scale energy storage applications to meet the increas-
ing global energy demands. Since multiple electrons are
involved in the redox processes of multivalent metal ions like
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rational design of several transition-metal-dichalcogenide-based cathodes with strong
pseudocapacitive storage for sustainable energy storage systems such as aqueous ZIBs.

APP", Ca®>*, Mg** and Zn*', aqueous batteries can theoretically
deliver high energy densities. Among the multiple types of
aqueous rechargeable batteries, zinc ion batteries (ZIBs) stand
out with advantages including low cost, sustainability, increased
safety, and high energy density. The utilization of a Zn anode with
a superior theoretical capacity of 820 mAh g~ offers high energy
density along with excellent chemical stability and durability in
aqueous electrolyte, making the system more attractive.”

Currently, the lack of suitable cathode materials is the
primarily limitation in terms of advancements in ZIBs. The
unique electrochemistry of Zn places significant restrictions on
cathode materials, which must exhibit large capacity while
being stable at high voltage. When Zn insertion produces
adequate redox kinetics and high ionic/electronic transport in
the cathode material and cathode/electrolyte interface, consid-
erable gravimetric power density and rate performance can
be observed.'™® Again, the structural integrity of the cathode
material ensures cyclic stability in ZIBs.

The capacity, energy density, power density, rate performance,
and stability of ZIBs are governed by the cathode material.
In the past decade, various Mn-based compounds («,f,y-MnO,,
ZnMnO,, KMnO,, MgMn,0,, etc.), V-based compounds (vanadium
oxides, Na;V,(PO,)s, etc.), Prussian blue analogues, and organic
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compounds have been studied as cathode materials for ZIBs."®
However, the complex structural transformations in manganese-
oxide-based cathodes can trigger significant volume changes and
a transition to an electrochemically inactive spinel phase, which
leads to rapid capacity degradation. Although several polyanion
compounds and Prussian blue cathodes exhibited reasonable
working potentials, their low specific capacity due to a large-
sized structure resulted in low gravimetric energy density.
Vanadium-oxide-based cathodes have shown high capacity with
favourable 2D structures and fast diffusion. The multiple valence
states (V¥, x = 2+, 3+, 4+, 5+) in vanadium-based compounds help
to store large amounts of Zn-ions in their structures, delivering
high capacity.>'”'® Numerous V-based cathode materials includ-
ing V,0,, vanadium phosphates and metal vanadate have shown
promising results for Zn-ion battery commercialization. However,
the low voltage, 2D structure, and strong electrostatic interactions
between the cathode material and divalent Zn ions result in low
energy density, sluggish kinetics and poor cyclability.

Recently, layered transition-metal sulfides, which are 2D
compounds held together by weak van der Waals forces, have
gained significant attention for use in various energy storage
devices, including Li-ion batteries, sodium-ion batteries, and
supercapacitors. Due to their tunable interlayer spacing and
abundant edge sites for Zn-ion storage, the higher polarizability
of sulfur anions compared to oxygen anions, and the presence
of sulfur vacancies, transition-metal sulfide cathodes have
demonstrated high capacity at elevated voltages, along with
excellent stability. Several transition metal cathodes based on
MS, (M = Mo, W, V) have been studied as cathodes for ZIBs, and
several strategies including morphology control, structural
engineering, surface coating, and composite formation have
been employed to improve the electrochemical performance of
MS, cathodes.

In recent days, exploring transition metal selenide-based
materials has gained great momentum. Selenide-based materials
that show superior metallic-like electron conductivity and a
graphene-like 2D layered structure through van der Waals stack-
ing could allow rapid ion transport and storage. Se ions have a
larger atomic radius and weaker electronegativity, making M-Se
bonds weaker compared to their M-O and M-S counterparts,
which promotes lower polarization and increased reversibility
during ion storage. Moreover, the low electronegativity of Se in
comparison to O or S reduces the ion migration barrier, enhan-
cing ion/electron transport. Transition metal selenides based on
VSe,, WSe,, TiSe,, CuSe,, and MnSe, have recently been explored
as potential cathodes for multivalent ion batteries.'*™

Among the various transition metal selenides (TMS) that
have been explored, VSe, is of high interest as it has a naturally
large interlayer spacing (0.61 nm) with higher electronic con-
ductivity (1.0 x 10° S m™') than VS, (9.907 S m™') due to the
metallic nature of Se. The electron coupling force between
neighbouring V**-V** atoms results in metallic features, which,
along with the large interlayer spacing, could synergistically
provide abundant channels and active sites to store Zn-ions.
VSe, is emerging as a favourable host material for zinc ions that
could deliver high capacity and fast Zn-ion storage in ZIBs.**"°

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

View Article Online

Energy Advances

However, VSe, often faces drawbacks like poor conductivity and
low cycle stability when used for energy storage applications, as
it is always produced in bulk.?” The electrochemical perfor-
mance of TMSs can be optimized using methods like defect
engineering, doping and carbon hybrids.?” TMS-nano-carbon
hybrids often provide synergetic advantages by enhancing
electronic conductivity and providing abundant internal pores,
which improves the electron/ion diffusion kinetics. Multiwalled
carbon nanotubes (MWCNT) can impart structural stability
with improved conductivity and more efficient ion transfer
channels. The unique VSe,~-MWCNT nano-hybrid could facil-
itate smooth electron transfer by providing pathways for fast
electron/ion transfer, thus promoting facile Zn-ion storage.”®>°
Furthermore, the Zn-ion storage mechanism in transition metal
selenides is poorly understood and requires deeper investigation.

Herein, we propose a VSe,~-MWCNT composite as a cathode
material to host Zn®>* ions in an aqueous Zn-ion battery. This
work aims to incisively ameliorate the structural and electro-
chemical properties of VSe, nanosheets via the incorporation of
MWCNTs for reversible Zn-ion storage. Although VSe,-based
cathode materials for Zn-ion batteries have been studied pre-
viously, we demonstrate a rationally designed VSe,~-MWCNT
hybrid composite and investigate the Zn-ion storage mecha-
nism in depth. The hybrid architecture containing 2D layered
VSe, over 1D multi-walled CNTs synergistically overcomes the
intrinsic restacking and conductivity limitations of pristine
VSe,. Furthermore, the abundant selenium vacancy sites promote
reversible Zn>* intercalation, providing new insights into defect-
assisted fast pseudocapacitive storage (92.62% at 0.5 mV s~ ') in
layered selenides. The synergy of the two-dimensional VSe,
nanosheets and MWCNTs results in a superior capacity of
205 mAh g 'at 0.2 Ag L.

In this work, we have studied the few-layered VSe,-MWCNT
nano-hybrid as a cathode material to host Zn>" ions in an
aqueous Zn-ion battery. The synergistic effect of the few-layered
VSe, nanosheets with the MWCNTs in the nano-hybrid results
in superior reversibility, with a capacity of ~208, 205, 198,
185, 168, and 134 mAh g~ ' at 0.2, 0.4, 1, 2, 4, and 8 A g™,
respectively. The high-rate capability with high stability is
favoured by the 2D layered structure with defects and a metallic
conducting nature, and surpasses many previously reported
vanadium-based cathodes. Further in-depth investigation of
the Zn-ion storage mechanism using ex situ XRD, XPS, TEM,
and GITT revealed that the favorable 2D layered structure in the
transition metal selenides with a large interlayer distance
exhibited pseudocapacitive-type intercalation storage in the
Zn-ion battery.

2. Experimental section

2.1. Synthesis of VSe, and VSe,~-MWCNT

VSe, nanoflakes were synthesized via a one-step hydrothermal
method. 1 mmol of vanadium pentoxide (V,05) and 4 mmol of
selenium dioxide (SeO,) were thoroughly dispersed in DI water
under constant stirring. This was followed by the gradual
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addition of 19.5 mmol of oxalic acid (C,0,H,), and the mixture
was hydrothermally treated at 200 °C for 24 h using a Teflon-
lined stainless-steel autoclave. The VSe, powders were collected
by centrifugation, thoroughly washed with DI water and acetone,
and dried using a vacuum oven at 60 °C for 6 h. For the synthesis
of the VSe,-MWCNT composite, an aqueous dispersion of 5 wt%
MWCNT was added to the mixture under stirring; all other
procedures remained the same. An MWCNT dispersion in DI
water purchased from a local vendor was used without any
pretreatment. The MWCNTSs were again dispersed in DI water
using a probe sonicator for 30 min.

2.2. Physical characterization

The crystal structure of the synthesized materials was studied
with an X-ray diffractometer (Rigaku Smart Lab, X-ray source
Cu Ko, / = 1.54 A) at a scan rate of 5° min~'. The surface
morphology and microstructure of the materials were analysed
with a field emission scanning electron microscope (Sigma 300)
at 5 kV and a field emission transmission electron microscope
(JEOL, JEM-2100F) with an operating voltage of 200 kV. The
SAED patterns of the synthesized materials were also obtained
using the JEOL JEM-2100F instrument. The surface chemical
environment was evaluated via X-ray photoelectron spectro-
scopy (XPS) with an ESCALAB Xi+ (Thermo Fisher Scientific,
X-ray source: Al Ko). A laser micro Raman system with a
wavelength of 633 nm (Horiba Jobin Vyon, Model: LabRam HR)
was used to perform Raman spectroscopy. A high-temperature
differential scanning calorimetry (DSC)/thermogravimetric (TG)
system (Netzsch Model: STA449F3A00) was used to perform
thermogravimetric analysis (TGA).

2.3. Electrochemical characterization

A homogeneous cathode slurry was prepared with VSe,@
MWOCNT, carbon black and PVDF in an 8:1:1 weight ratio in
the solvent NMP and cast over stainless-steel (SS) foil using a
doctor blade. The slurry-coated SS foil was further vacuum
dried at 60 °C. A Zn foil with a diameter 12 mm was used as
a counter electrode to investigate the electrochemical perfor-
mance in a CR-2032 coin cell assembled under ambient condi-
tions utilising 3 M Zn(CF;S03), aqueous electrolyte. The mass
loading of the cathode was ~2.5 mg cm ™2, and the diameter of
the cathode was 12 mm. All electrochemical characterisations
were carried out using an Origalys Workstation.

3. Results and discussion

3.1. Physical characterizations

The X-ray diffraction pattern of VSe, in Fig. 1a shows a crystal-
line structure and confirms the pure phase details of the VSe,
and VSe,-MWCNT hybrids (JCPDS file No. 89-1641). The VSe,
pattern is attributed to a hexagonal crystal structure with the
space group P3ml, and the calculated lattice parameters were
a = b = 0.336 nm, ¢ = 0.611 nm. The XRD patterns of VSe,—
MWCNT hybrids have an additional peak at 20 = 26° due to the
(002) plane after incorporation of the CNTs. The Raman spectra
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of the VSe, cathode in Fig. 1b shows two peaks centred around
145 em ™' (Eyg) and 205 em ™' (A,g), which correspond to the
first-order in-plane atomic vibrations inside the Se-V layers and
out-of-plane perpendicular vibration modes of the Se layers.
The E,; and A, peaks in VSe,-MWCNT are shifted to higher
wavenumber due to the lattice distortion and selenium vacan-
cies due to the few-layered morphology and highly conductive
MWCNT network.?*3%3* The MWCNTs present in the VSe,
nanohybrid displayed the typical D band of carbon at 1326 cm™*
and G band at 1587 cm™* in the Raman spectrum. The I,/I; ratio
of 1.63 in the VSe,-MWCNT nanohybrid indicates a higher defect
density in the hybrid. The presence of a layered structure along
with defects in the 2D layered VSe,-MWCNT nanohybrid could
provide abundant active sites for Zn-ion storage, enhanced Zn-ion
diffusion, and a strong interface.*> The hybrid architecture can
control particle detachment by immobilizing the VSe, sites during
the volume changes associated with Zn-ion (de)intercalation and
thus increase the stability and rate capability of the hybrid.

The TGA analyses of the VSe, and VSe,~-MWCNT composite
in Fig. S1 show the change in weight as a function of tempera-
ture, and were used to evaluate their thermal stability as well as
the weight% of MWCNT in the composite. For both materials,
an initial weight loss with the evaporation of chemisorbed
water was observed around 100 °C, and at ~200 °C, the weight
of VSe,@MWCNT increased slightly. The functional groups
present in the porous MWCNTs may facilitate the oxidation
of VSe,. As MWCNT-VSe, hybrid has high surface area, at
~200 °C, oxygen can chemisorb onto the defect sites or edges,
leading to a slight mass increase.*® A steep weight loss was
observed between 375 °C and 525 °C. The VSe, material did not
show any weight loss above 525 °C; however, the VSe,-MWCNT
composite material exhibited an 8.8% weight loss, which was
attributed to the decomposition of the carbonaceous frame-
work of the MWCNT. The field emission scanning electron
microscopy (FE-SEM) images of pristine VSe, (Fig. S2a and b)
show a nanoplate morphology with a thickness of ~5 nm,
forming a hierarchical spherical flower-like morphology. How-
ever, the FE-SEM image of the VSe,-MWCNT nanohybrids
(Fig. 1c and d) shows densely packed and non-agglomerated
VSe, particles over CNT sheets. The severe particle agglomera-
tion was strongly inhibited by the presence of the conductive
CNT network. The VSe,-MWCNT nanohybrids display evenly
dispersed MWCNTs interconnecting the VSe, flakes. This inter-
linked network of VSe, flakes in the MWCNT hybrids favors
rapid electron transfer through the hybrid cathode material,
enhancing material utilization at high current rates. This
hierarchical flower-like surface morphology ensures the enhanced
participation of more redox active sites for Zn-ion (de)inter-
calation with increased surface area. Fig. 1e and f and Fig. S2c
show the FETEM image, in which the 2D sheet-like morphology
of VSe, with diameters of ~500 to 600 nm is evident. The HR-
TEM images of the VSe,~-MWCNT nanohybrids (Fig. 1g) clearly
show the lattice fringes, confirming its highly crystalline nature
with a d-spacing of 0.61 nm (inset: Fig. 1g), corresponding
to the (002) plane of VSe,. The elemental mapping of VSe,-
MWCNT (Fig. S2d) using the HAADF technique shows the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) XRD plots of VSe, and VSe,—MWCNT hybrid. (b) Raman spectra of VSe, and VSe,—~MWCNT hybrid. (c) and (d) FESEM images of VSe,-MWCNT

hybrids. (e) and (f) TEM images of VSe,—MWCNT hybrid and (g) HR-TEM image of VSe,—MWCNT.

uniform distribution of the elements V, Se and C, as presented
in Fig. 2d-g.

The surface chemical environment of the VSe,~-MWCNT
composite material was analysed using the XPS technique.
The presence of the elements V, Se and C was confirmed from
the XPS survey spectrum, as shown in Fig. 2a. In Fig. 2b, the
characteristic peaks for V** 2py/, and V** 2p;,, are observed at
524 eV and 517.8 eV in the deconvoluted spectrum of V 2p. V**-
based vanadium materials tend to have metallic properties with
more favorable electron transport behaviour during cycling
than V>'-based vanadium phases, which are insulating or
semi-conducting. This facilitates reversible redox reactions
during Zn-ion storage and better structural stability during
repeated intercalation and deintercalation. Moreover, vana-
dium compounds with V** to V** redox show open frameworks,
helping to accommodate Zn-ions without structural degrada-
tion. However, vanadium compounds with V*>*-to-V** redox can
suffer from structural distortion.** This can be correlated to the

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

effects of phase transition during the redox process, which are
crucial for capacity retention in sodium-ion and lithium-ion
batteries.>>*® Some V' is also observed in the compound,
indicating the presence of defects in the VSe, cathode, which
could be attributed to Se vacancies or intrinsic electron dis-
tribution. Such defects are beneficial for Zn-ion storage, as the
defects could lower the Zn®' insertion energy barrier and
provide diffusion channels or interstitial sites for more Zn-ion
storage.”® The deconvoluted Se 3d spectrum in Fig. 2c shows
the characteristic peak for Se 3d;, and Se 3ds, at binding
energies of 55.2 eV and 56.3 eV.*>*’ The C 1s spectrum can be
deconvoluted (Fig. 2d) into C-C bonds (285.1 eV), C-O bonds
(285.1 eV), and C=O0 bonds (290.43 eV). The presence of C-O
interactions in the composite material increases the electrode
wettability towards the electrolyte with increased hydrophilicity
for efficient charge storage with the VSe,-MWCNT composite
material. Along with the peak for sp>-hybridized C atoms,
another satellite peak due to the graphitic nature of the

Energy Adv., 2025, 4, 1154-1166 | 1157
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MWCNTs is observed, which confirms the structural intactness
of the MWCNTSs in the composite.***' The MWCNTs can offer
structural stability to the composite during charge/discharge,
as well as facilitate Zn ion intercalation in the VSe, layers.
Again, the incorporation of highly conductive MWCNT in the
composite adds porous conducting channels and surface
defects to the layered VSe, architecture for a reduced diffusion
distance for Zn ions and allows enhanced influx of Zn ions
in a brief period.>**® This design is promising to diminish
interfacial resistance and increase the electrode-electrolyte
interfacial area.

3.2. Electrochemical characterization

The electrochemical performance of the pristine VSe, and the
VSe,-MWCNT nanohybrid cathodes was systematically evalu-
ated through cyclic voltammetry (CV) and galvanostatic charge-
discharge (GCD) studies in the voltage window of 0.2-1.6 V.
Fig. 3a compares the CV curves of pristine VSe, and VSe,—~
MWCNT at 0.5 mV s~ '. The CV curves of the VSe,-MWCNT
nanohybrid show sharper and more intense redox peaks with
smaller polarization than pristine VSe,, indicating faster Zn**
insertion/extraction kinetics along with enhanced electroche-
mical reversibility. The incorporation of the MWCNT network
effectively improves the electronic conductivity of VSe,, enhan-
cing the active material utilization for Zn-ion storage. The GCD
curves in Fig. 3b clearly demonstrate the superior electroche-
mical behaviour of the VSe,-MWCNT nanohybrid compared to
pristine VSe,. The VSe,~-MWCNT nanohybrid shows a discharge
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capacity of 214 mAh g~' at 0.4 A g ', while pristine VSe,
showed a capacity of only ~140 mAh g™ '. The hybrid cathode
delivers a higher specific discharge capacity with more defined
voltage plateaus and lower polarization than pristine VSe,,
confirming improved Zn-ion storage, enhanced charge transfer
kinetics and reduced internal resistance.®® During the dis-
charge process, the VSe,-MWCNT nanohybrid cathode exhibits
well-defined plateaus at 0.9 V and 0.55 V corresponding to Zn-
ion intercalation into the VSe, structure via the reduction of V**
ions to form the zinc intercalated compound Zn,VSe,. The
plateaus at 0.71 V and 1.1 V upon consecutive charging corre-
spond to the oxidation step of the Zn,VSe, to form VSe, during
the Zn-ion deintercalation process. The enhanced redox
kinetics, decreased polarization, and enhanced capacity are
also reflected as a reduced potential difference between the
charging and discharging plateaus (AE ~ 0.44 V). The highly
reversible nature of Zn-ion storage in the VSe,-MWCNT nano-
hybrid can be further validated with consecutive CV curves. The
shape profile of the CV curves remained similar, and the highly
overlapping CV curves with negligible polarization even after 5
cycles (Fig. 3c) indicate excellent electrochemical reversibility,
with strong stability during repeated Zn-ion intercalation/dein-
tercalation processes. The cathodic peaks observed in the CV
curves at 0.66 V and 1.1 V are attributed to the following
reactions:'°

VSe,~MWCNT + mZn>' + 2me~ < Zn,,VSe,-MWCNT

Zn,,VSe,~-MWCNT + nZn** + 2ne” ZN0(p4n) VSE,-MWCNT

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The shape profiles of the CV curves and the redox peak
position remained unchanged even after the scan rate was
increased to 0.5 mV s~ ' from 0.1 mV s ' (Fig. 3d), indicating
superior electrochemical resilience in the VSe,-MWCNT nano-
hybrid. The highly reversible nature of the VSe,-MWCNT nano-
hybrid is shown by the nearly intact charge-discharge curves at
0.2 A g', as shown in Fig. 3e, which signifies the highly
reversible nature of Zn-ion storage in the cathode. Meanwhile,
the GCD curves show two clearly distinguishable discharge
plateaus, corresponding to the two pairs of redox peaks in the
CV curves, implying the existence of a two-step Zn-ion inser-
tion/removal process. However, the GCD curves of pristine VSe,
(Fig. S3a) exhibit lower capacity and more rapid capacity decay
upon consecutive cycles than the VSe,-MWCNT nano-hybrid.
The polarization of the charge-discharge curves is also higher
than that of the VSe,-MWCNT nano-hybrid. The favourable
structure of the VSe, and MWCNT composite exhibits improved
discharge capacity, coulombic efficiency, and polarization,
indicating prompt and reversible Zn-ion storage in the VSe,
cathode.

The rate capability of the composite cathode materials was
examined to ensure their applicability in high-power applica-
tions. The VSe,-MWCNT nano-hybrid showed excellent rate
cyclability (Fig. 3f and g) with a maximum specific capacity of

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

208 mAh g~ at 0.2 A ¢~ ' and retains a capacity of ~208, 205,
198, 185, 168, and 134 mAh g ' at 0.2, 0.4,1,2,4,and 8 A g™,
respectively. Further, when the current rate was reverted to
0.2 A g ', VSe,-MWCNT demonstrated a remarkable capacity
recovery, delivering a capacity of over ~213 mAh g~ '. This
observation implies the structural integrity of the VSe,-
MWCNT composite cathode under dynamic electrochemical
conditions.*® In contrast, the pristine VSe, cathode provides a
specific capacity of 150 mAh g~ ' at 0.2 A g, which decays to
20 mAh g~' at a higher current rate of 2 A g”', as shown in
Fig. S3b. The lower capacity, higher polarization and poor
capacity recovery at lower current density in the pristine
cathode are mainly due to the poor electronic conductivity of
the cathode without the carbon network. As researchers world-
wide have been searching for a suitable cathode material with
high capacity and structural stability under dynamic electro-
chemical conditions, the current work on VSe,-MWCNT repre-
sents a promising result in comparison to recently explored
cathodes such as a,B,y-MnO,, V,05, NaV;0g, PANI-CFs, TMD
cathodes like VS, and VS,-rGO, etc.*"** Along with the con-
ductivity and defect sites provided by the narrow 2D structure,
the well-dispersed and lamellar VSe, structure is responsible
for the superior rate performance of the composite cathode.
The rational design of the VSe,-MWCNT cathode ensures

Energy Adv, 2025, 4, 1154-1166 | 1159
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Fig. 4 Long-term cyclic stability of the VSe,~MWCNT cathode at (a) 1A g *and (b) 2 A g™

decreased polarization and rapid charge transfer between the 2D
stacked VSe, layers and MWCNT for exceptional rate perfor-
mance. Moreover, the few-layered VSe, and MWCNT composite
is able to withstand mechanical stress or strain during rapid Zn
ion exchange under high-current-rate conditions.

The long-term cyclability of the VSe, cathode was tested at a
lower current rate (1 A g~ ') as well as at a higher current rate
(2 A g "), and the results are presented in Fig. 4. The VSe,~
MWCNT nanohybrids display incredible stability along with
excellent coulombic efficiency even after 600 cycles when tested
at 1 A g . This suggests the synergistic effect of the MWCNTs
with VSe, in terms of structural integrity during repeated Zn-
ion insertion and extraction processes, as well as enhanced
electrochemical activity.**** When tested at 2 A g~ (Fig. 4b),
the VSe,~-MWCNT nano-hybrid cathode showed a stable capa-
city (600 cycles) after the initial capacity stabilization process.
The initial structural stabilization in the VSe, cathode due to
the higher charge density and larger size of Zn>* ions could
contribute to the slow increase in the initial capacity; this
aspect requires further investigation.”™*” The VSe,-MWCNT
initially shows increasing capacity, and the capacity becomes
almost constant at 185 mAh g~ ' after 50 cycles. The coulombic
efficiency of the composite cathode also remained the same,
indicating highly reversible Zn ion storage. This is attributed to
the defects introduced by the MWCNTs, which can also serve as
additional sites for Zn absorption.*® At the higher current
density of 2 A g, a slight decline in capacity after 300 cycles
is observed compared to the cyclic stability at 1 A g~ '. Higher
current rates will lead to more severe surface reactions due to
unwanted electrolyte decomposition, forming resistance layers.
The new layers could block ion access and increase the internal
resistance, resulting in quick capacity fade. Increased over-
potential and polarization due to higher internal resistance
will trigger quick capacity fading at higher current. During
long-term cycling, high mechanical stress during zinc ion
insertion and extraction at a high current rate will lead to

160 | Energy Adv., 2025, 4, 1154-1166

cracking and degradation of the electrodes.”® Table S1 com-
pares the performance of the VSe,~-MWCNT cathode to those of
several recently reported vanadium- and transition-metal-based
cathodes for ZIBs. It is clearly seen that the VSe,-MWCNT
cathode outperforms most of the recently studied vanadium-
and transition-metal-based cathodes. VSe,-MWCNT showed
higher capacity, superior rate performance, and longer-term
stability than the other cathodes. The VSe,-MWCNT exhibits
superior performance, mainly due to the synergistic effect of
the 2D-structured VSe, grown over the 1D-structured MWCNTSs.

The Nyquist impedance plots for the VSe, and VSe,-MWCNT
cathodes over the frequency range of 10 mHz-100 kHz are
shown in Fig. S4. In the high-frequency range, a semicircle is
observed, which corresponds to the charge transfer resistance
(Rer)- In the low-frequency range, the inclined line represents
the Warburg impedance (W,). The resistance originating from
the electrolyte and cathode material interface along the line
from the origin to the intersection point of the semicircle along
the real axis is the ohmic resistance (R,). With the addition of
MWCNTs, the diameter of the semi-circle, and thus the charge
transfer resistance (R.), decreases, and the length of the
inclined line increases. This implies more rapid diffusion of
Zn-ions through the cathode material in the VSe,-MWCNT
nano-hybrid than in VSe,. VSe,-MWCNT exhibits an ohmic
resistance (R,) of approximately 1.4 Q and a charge transfer
resistance of around 43 Q. In contrast, pristine VSe, displays an
ohmic resistance (R,) of 18 Q and a charge transfer resistance
(Rce) of about 182 Q. The low R, and R, are attributed to the
synergy of the VSe, 2D sheets and the MWCNT conductive
network to boost the storage kinetics.*®

The gravimetric intermittent titration technique (GITT) was
utilized to quantitatively examine the Zn-ion diffusion kinetics
with transient voltage change in the VSe,-MWCNT nanohybrid
cathode. This technique involves applying quick charging/
discharging pulses of 10 min followed by a longer relaxation
time of 2 h to attain equilibrium; this process is repeated until

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the full charge/discharge window is covered. The Zn-ion diffusion
coefficient during the intercalation/deintercalation process can be
calculated using Fick’s second law as Dy, = 4/nt(mpVa/MwA),-
(AES/AE;), where mg, Vi, and My, are the mass, molar volume,
and molecular weight of the VSe, cathode, respectively, t is the
time of the applied galvanostatic current (s), A is the specific area
of the cathode (¢cm?), and AEg and AE; are the pseudo-equilibrium
voltage and voltage change during the current pulse (V), respec-
tively. Fig. 5a and b displays the equilibrium voltage for the
different Zn-ion intercalation/deintercalation steps, and the
corresponding Zn-ion diffusion coefficients. During the discharge
phase, the maximum Zn-ion diffusion coefficient derived using
Fick’s second law was 9.74 x 10~ **> cm? s~ * for the VSe,-MWCNT
nanohybrid.”* The presence of a porous channel network of
MWCNTSs between the two-dimensional VSe, sheets facilitates
the prompt diffusion of Zn>" ions inside the cathode materials,
which reduces the intrinsic resistance of the cathode.**>* Inter-
estingly, the VSe,-MWCNT composite cathode exhibited a higher
Zn-ion diffusion co-efficient than previously studied metal-oxide,
metal-sulfide-, and polyanion-based cathodes.®*>” The synergy
between the metallic VSe, and carbonaceous MWCNTSs offers a
higher active surface area and electron-ion intercalation and
deintercalation, which speeds interfacial charge transfer and
minimises undesirable reactions at the cathode side.*>**°" The
MWCNTs eliminate constraints related to Zn-ion diffusion and
result in exceptional electrochemical performances at greater
current and power densities.

The rapid Zn-ion storage kinetics of the VSe,-MWCNT
nanohybrid cathode were studied using the current-voltage

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

relationship obtained from the CV measurements previo-
usly taken at different scan rates ranging from 0.1 mV s~ to
0.5 mV s '. The capacitive and diffusion-related reaction
kinetics can be represented using the equation®®® i = q;v +
b,v*"?. Here, a,v is the capacitive contribution to ion storage,
and b,v"'* represents the diffusion-influenced reaction kinetics
at a specific scan rate. At a scan rate of 0.5 mV s, the
capacitive and diffusive current contributions for the VSe,-
MWCNT nanohybrid were calculated to be ~92.65% and
7.35%, respectively (Fig. 5c). Fig. 5d displays a histogram of
the percentage of capacitive and diffusive current contributions
at scan rates ranging from 0.1 to 0.5 mV s~ . It is notable that
the capacitive current contribution intensified with increasing
the scan rate from 0.1 to 0.5 mV s !, with the capacitive
contribution being 88.86%, 90.72%, 91.86%, and 92.65% at
0.2, 0.3, 0.4, and 0.5 mV s~ ' respectively. The log(peak current)
vs. log(scan rate) analysis (Fig. S5a) provided the b values for
peak-1 and peak-2 at 0.59 and 1.04 V, respectively, indicating a
combination of diffusion and surface-controlled processes,
with the latter Zn-ion storage peak dominating. At 0.5 mV s *,
the VSe,-MWCNT composite exhibited a capacitive contri-
bution of 92.65% (Fig. 5¢) with excellent linearity (R,> = 0.998,
R,®> = 0.994) being observed at all the analysed voltages.
To further support the capacitive storage behaviour in the
VSe,-MWCNT nanohybrid cathode, we reconsidered the CV
analysis and compared the pseudocapacitive behaviour of pris-
tine VSe,, pristine MWCNTS, physically mixed VSe,-MWCNTs,
and the hydrothermally produced VSe,-MWCNT nanohybrid.
The pristine VSe, showed a capacitive contribution of 28.16%
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for Zn-ion storage (Fig. S5b), which was much lower than that
of the VSe,~-MWCNT nanohybrid (92.65%) (Fig. 5c). The pris-
tine MWCNTs showed EDLC-type storage behaviour with a
pseudocapacitive contribution of 85.60% (Fig. S5c¢), while the
physically mixed VSe, and MWCNTs showed a pseudocapaci-
tive contribution of only 73.07% (Fig. S5d). These findings
clearly demonstrate the superior capacitive performance of
the composite, which can be attributed to the synergistic
interaction between VSe, and MWCNTSs. The hybrid architec-
ture containing 2D layered VSe, over 1D multi-walled CNTs
synergistically overcame the intrinsic restacking and conduc-
tivity limitations of pristine VSe, to improve the electrochemi-
cal kinetics and significantly boost the capacitive behaviour.
The unique 2D layered structure of VSe, facilitates easy ion
diffusion between the layers and allows rapid electron transfer,
while the MWCNTs have high inherent electronic conductivity
and high surface area. The synergy in the composite leads to
enhanced ion diffusion, which contributes to high pseudo-
capacitance. The presence of defect sites in VSe, also increases
the amount of active sites for Zn-ion storage, promoting
surface-controlled redox reactions and thereby increasing the
overall pseudocapacitance. The high mechanical strength of
the MWCNTs helps to prevent any mechanical degradation,
which in turn promotes the retention of the pseudocapacitance
during long cycling. The structure also favoured fast ion adsorp-
tion due to effective interface contact with the electrolyte, helping

View Article Online
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to achieve high capacity at high current rates. The large buffer
space generated in the MWCNT-2D VSe, sheets can minimize
severe volume changes during the charge/discharge cycles and
offer an efficient pathway for Zn-ion flux at the electrode/
electrolyte interface.”

Fig. 6a shows the ex situ XRD patterns of the VSe,-MWCNT
nanohybrid during zinc ion storage at different states of charge,
giving good insight into the structural changes associated with
the VSe, cathode during Zn-ion (de)intercalation. Fig. 6b-e
show magnifications of the peaks of the (001) plane, MWCNTs,
(002) plane, and (011) plane in the ex situ XRD pattern. The
continuous peak shifting followed by peak recovery suggest
that the VSe, can accommodate and release Zn ions without
complete structural collapse.**** Fig. 6¢ shows the XRD peak
for zinc hydroxide, which is a common by-product formed
in vanadium-based cathodes during battery cycling, along with
the peaks corresponding to the MWCNTS. In an aqueous electro-
Iyte, the local environment around the electrolyte can become
more alkaline due to the movement of hydroxide ions (OH),
which can react with zinc ions to form the by-product zinc
hydroxide (Zn(OH),). The XRD patterns shows the reversible
Zn”" intercalation storage in VSe, with associated crystalline
structural changes, indicating VSe, as a potential cathode for
ZIBs. During the charge/discharge process, possible electrolyte
diffusion and zinc-ion insertion/extraction into the MWCNTSs will
alter the interplanar spacing of the MWCNTS, leading to peak
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shifts. In particular, the peak for the MWCNTSs also shifts to a
lower angle due to residual Zn-ion intercalation during the
charge/discharge process. The sequential shift and recovery of
XRD peaks indicate that the VSe, can accommodate and release
Zn ions without complete structural collapse, which is favourable
for long-term stability. The chemical changes associated with
vanadium during Zn-ion storage were further studied using
ex situ XPS, and the results are shown in Fig. 6f and g. Zn 2p
peaks are not present in the VSe, cathode before cycling, but
emerge during the discharge process, indicating the intercalation
of Zn-ions into the VSe, structure. The Zn-ions are stored via the
reduction of V and change in the environment of Se, and the two
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peaks at ~1023 eV and ~ 1046 eV corresponding to Zn 2p,, and
Zn 2pzj, confirm that the Zn-ions are stored as Zn,VSe,; no
formation of Zn, is noted. Upon consecutive charging, less-
intense characteristic Zn 2p peaks were still observed, indicating
that the Zn-ions were not fully recovered during the consecutive
charge process. The Zn”>" ions could become trapped in the VSe,
layers and in the defects, making them detectable in the XPS
spectrum. However, this could reduce the amount of active sites
available for zinc ion intercalation, thereby decreasing ion
accessibility and transport within the cathode material. This
could also be attributed to the formation of a zinc-species-
containing stable interfacial layer over the cathode.’* This type

1.08 nm

Gray Value

N

»

0.0 0.2 04 0.6 0.8 1.0 12 14 16
Distance (nm)

Charged cathode

Fig. 7

dgi~1.41/5~0.283nm
1.41 nm

Gray Value

Distance (nm)

(a) FETEM image of the discharged VSe,@MWCNT cathode, (b—e) HAADF elemental mapping of the discharged VSe,@MWCNT cathode, (f)

HRTEM image of the discharged VSe,@MWCNT cathode, (g) corresponding gray value vs. interplanar spacing plot, (h) FETEM image of the charged
VSe,@MWCNT cathode, (i-l) HAADF elemental mapping of the charged VSe,@MWCNT cathode, (m) HRTEM image of the charged VSe,@MWCNT
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of behaviour has been observed in many vanadium-based oxides
and selenides.

The deconvoluted V 2p spectrum before cycling shows the
dominant nature of the V** state in VSe, along with a small
amount of V** due to defects in the layered structure.>® Upon
discharging, the intensity of V** was significantly reduced with
an increase in the V** region, indicating that the Zn-ion storage
takes place through the reduction of V** to V**, Upon consecu-
tive charging, the valence state of V returns to the initial v**,
indicating good reversibility.””®® The full width at half max-
imum (FWHM) values were calculated for the cathodes in the
charged, discharged, and pristine states, as shown in Table S2.
The intercalation of zinc ions into the VSe, layers causes the
vanadium to be reduced from the V** valence state to V*',
creating a more homogeneous chemical environment. This
results in sharper V 2p peaks and a decreased FWHM. During
charging, the material exhibits mixed valence states along
with unwanted surface reactions and chemical disorder, which
cause broadening of the V 2p peaks and an increased
FWHM.65’66

The change in the VSe, lattices during Zn-ion storage was
evaluated using ex situ HRTEM and HAADF analysis. Fig. 7
provides a good understanding of the structural reversibility
and distribution of intercalated Zn-ions in the VSe, layers
during the charge and discharge process. In the discharged
state, the uniform distribution of Zn-ions over the VSe, cathode
is clearly observed through HAADF mapping, which shows an
even distribution of Zn along with V, Se and C. The interplanar
spacing for the (011) plane for Zn-ion intercalated VSe, was
calculated from the gray value d-spacing plot, and was found to
have decreased to ~0.27 from 0.3 nm, confirming the inter-
calation of Zn-ions into the layered structure. After consecutive
charging, the distribution of Zn-ions in the VSe, cathode was
significantly reduced, indicating the removal of the Zn-ions.
However, a slight amount of Zn-ions was distributed over the
cathode due to irreversibility, confirming the results of the
previous XPS study. The interplanar spacing of the VSe, cath-
ode returned to almost its original value (~0.27 nm to
~0.283 nm) for the (011) plane, confirming good structural
reversibility for Zn-ion storage in VSe,. The combined findings
of ex situ XRD, ex situ XPS, ex situ HRTEM and electrochemical
analysis confirm the reversible nature of the VSe, cathode for
Zn-ion storage. The VSe,~-MWCNT cathode shows prolonged
electrochemical stability due to the reversible structural
changes during the process. Although an initial Zn-ion irrever-
sibility is observed in the VSe, cathode, the stability of the
VSe,~-MWCNT nanohybrid is not compromised, as evidenced
by its ultra-long-term stability towards Zn-ion storage. The
detailed mechanism of charge storage in the two-dimensional
VSe, layers during the charging and discharging processes can
be given as:

VSe,-MWCNT + xZn*" + 2xe~ « Zn,VSe,-MWCNT

The two-dimensional framework of the VSe, enables rapid
and reversible redox-mediated Zn-ion storage with more active

164 | Energy Adv., 2025, 4, 1154-1166
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sites unlocked for Zn ion adsorption. The 2D layered architec-
ture of VSe, along with the nano-carbon support facilitates
ultra-fast pseudocapacitive-mediated Zn-ion storage, which
plays a crucial role in the remarkable charge storage perfor-
mance of VSe,. The strong metallic characteristic of the
VSe,-MWCNT nano-hybrid arising synergistically from the 2D
VSe, and MWCTNSs, along with the robust 2D layered structure,
facilitated the achievement of high capacity, high rate perfor-
mance and good stability in VSe, as a cathode for Zn-ion
batteries. Interestingly, the VSe, cathode exhibited more
facile and rapid Zn-ion storage than several previously studied
metal-oxide-, polyanion-, and metal-sulphide-based cathodes
for Zn-ion batteries.

4. Conclusion

In summary, a 2D VSe,-MWCNT nanohybrid with a favourable
layered structure was investigated as an effective cathode
material for aqueous zinc-ion batteries. The transition-metal-
chalcogenide-based cathode with strong metallic characteristics
and defects exhibited ultra-fast pseudocapacitive-type storage to
deliver high discharge capacity, superior rate performance, and
robust stability. The nano-hybrid cathode can reversibly store
zinc-ions after initial structural stabilization to achieve a discharge
capacity of 214 mAh g™ " at 0.2 A ¢ ' and long-term cycling with
98% capacity retention at 1 A g~ ' after 600 cycles. Several ex situ
characterisations revealed reversible structural changes in the
crystal structure along with fast zinc-ion diffusion inside the 2D
layered cathode, which was superior to metal oxides/sulfides for
achieving high-rate zinc-ion batteries. The effective design strategy
of advanced TMD cathode materials could provide outstanding
rate performance and long-term cycling for aqueous zinc ion
batteries, which are suitable for large-scale energy storage tech-
nologies. The current study presents such an effective design
strategy for transition-metal-selenide-based cathode materials
with pseudocapacitive-type storage for multivalent aqueous bat-
teries with high capacity and outstanding rate and stability.
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