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xonium vanadium oxide:
enhancing stability in aqueous zinc-ion battery
cathodes†

Yannis De Luna,a Zakiah Mohamed, b Abdulilah Dawoudc and Nasr Bensalah *c

Vanadium oxide-based compounds have attracted significant interest as battery materials, especially in

aqueous Zn-ion batteries, due to favorable properties and compatibility in Zn-ion systems. In a simple

hydrothermal method with moderate conditions, a novel vanadium oxide compound has been

synthesized using ammonium metavanadate with oxalic acid as a reducing agent. Various

characterization techniques confirmed the formation of layered V3O8(H3O)2 nanoplatelets with

a tetragonal crystal structure. The as-prepared cathode material was tested in coin cells against a Zn

metal anode in two aqueous electrolytes of the same concentration: ZnSO4$7H2O and Zn(CF3SO3)2.

Electrochemical results showed high reversibility of Zn insertion/de-insertion and impressive cycling

stability with aqueous Zn(CF3SO3)2 electrolyte. Notably, the cathode material delivered a specific

capacity of 150 mA h g−1 at 100 mA g−1 and a relatively constant coulombic efficiency near 100%,

indicating impressive stability during cycling and reversibility of charge/discharge electrochemical

reactions. Post-mortem characterization exposed a significant structural change in the as-prepared

cathode material from nanoplatelets to nanoflakes after full discharge, which reverted to nanoplatelets

after charging, reflecting the high level of reversibility of the material. DFT calculations revealed

a structural change in the material after cycling, providing mechanistic insights in Zn2+-ion storage.
Introduction

The need for electrochemical energy storage (EES) devices,
including batteries and supercapacitors, is continuously
increasing due to the global transition from being fossil fuel-
dependent to being more sustainable and efficient in utilizing
technology. In recent years, increased applications of secondary
(rechargeable) batteries have been observed due to the
expanded utilization of electric vehicles, portable electronics,
and medical devices.1,2 Lithium-ion batteries are one of the
most popular commercialized secondary-type batteries due to
their higher energy density, simple chemistry mechanisms
(intercalation/deintercalation), and relatively long lifetime than
other secondary batteries (lead–acid, nickel–metal hydride,
etc.). However, LIBs suffer from (i) high cost (mainly Li, Co, and
Ni), (ii) safety problems related to the ammable organic elec-
trolytes,3 and (iii) limited specic capacities of graphite anodes
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and lithium cobalt oxide cathodes.4 They also cause additional
environmental problems during their disposal due to the
toxicity of solid wastes that require adequate treatment before
discharging into the environment.5 These drawbacks render the
state-of-art LIBs incapable to respond to the urgent demand for
high energy density batteries in renewable energy storage
systems and electric vehicle applications. Therefore, the
expansion of the battery technology beyond Li-ion chemistry is
pertinent to the development of rechargeable batteries with
simple chemistry and safe operations.

Lately, the chemistry of aqueous Zn-ion batteries (AZIBs) has
gained considerable interest for its potential application as
a safer and inexpensive substitute to lithium-ion technology,
particularly in large-scale applications related to renewable
energy storage and smart grids.6 The concept of an AZIB was
rst published a decade ago, which transformed the primary
Zn/MnO2 alkaline battery into a rechargeable type using a mild,
water-based electrolyte.7 Compared to LIBs, typical metals used
in ZIBs are more abundant and the commercialization of ZIBs
would help in the conserving the dwindling supply of lithium
metal. Apart from the lower costs, the development of
rechargeable AZIBs is attracting more interest owing to less
safety risks, low toxicity, recyclability of materials, and good
electrochemical performance (specic capacity, volumetric
energy density, stable cyclability, robust capacity retention).7–9

Furthermore, Zn metal as an anode in rechargeable aqueous
RSC Adv., 2024, 14, 39193–39203 | 39193
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ZIBs offers high volumetric energy density (5855 mA h cm−3).10

Although Zn anodes suffer from the formation of dendrites on
the surface and corrosion problems, there are various strategies
that can be applied to mitigate these issues, including coatings,
pH adjustment, and electrolyte system design.11–13

A range of materials have been investigated as cathode for
aqueous rechargeable ZIBs. Manganese oxide and vanadium
oxide-based cathode materials showed excellent chemical
stability, good electrochemical performance, and reversible Zn2+

ions insertion/extraction processes.8,9 Vanadium-based cathode
materials for aqueous ZIBs have shown favorable properties and
performance due to vanadium's wide range of oxidation states
that can aid in structural stability.8,9,14–17 One of the newer
vanadium-based cathode material in ZIB research is layered
vanadium phosphate (VOPO4), which has the potential to facili-
tate fast Zn-ion diffusion due to its structure. However, the
cycling performance for this material is unsatisfactory due to its
dissolution into the electrolyte, with capacities falling under
100 mA h g−1.18,19 As one of the more conventional vanadium-
based cathode material, vanadium oxides can adopt different
V–O coordination (octahedral, tetrahedral, square pyramidal,
trigonal pyramidal), resulting in different crystalline structures.
Vanadium (V) oxide (V2O5) is one of the most popular vanadium-
based cathode material investigated for ZIB applications.
Hydrated V2O5 (V2O5$nH2O) has larger interlayer spacing than
anhydrous V2O5 due to the pre-intercalation of crystalline water
molecules in the layered structure. Despite this, the development
of V2O5 into commercialization remains unsuccessful due to key
issues such as structural instability during cycling and insuffi-
cient conductivity,20 although synthesizing nanosized V2O5 has
been shown to greatly improve its performance.21 Moreover,
vanadium dioxide (VO2) has great potential as a cathode material
for aqueous ZIBs due to its many polymorphs with favorable
structures that can host and facilitate the diffusion of Zn2+

ions.14,22

This work will focus on the synthesis of a nanostructured
vanadium oxide with hydronium ions (denoted as VO-H3O) by
a simple hydrothermal reaction using ammonium vanadate
(NH4VO3) in presence of oxalic acid. The vanadium oxide will be
characterized using different spectroscopic and microscopic
analytical methods. The as-prepared vanadium oxide product
will be tested as cathode material for aqueous ZIBs using Zn
metal as anode and two types of aqueous electrolyte (3 M
ZnSO4$7H2O and 3 M Zn(CF3SO3)2) for comparison. The
performance of ZIBs cells will be assessed using cyclic voltam-
metry (CV) and galvanostatic charge/discharge (GCD).

Experimental
Synthesis of vanadium oxide nanomaterial

The synthesis of a vanadium oxide compound was performed by
hydrothermal method with moderate conditions using ammo-
nium metavanadate, NH4VO3, as the source of vanadium.
Vanadium oxide was synthesized by mixing NH4VO3 (5.0 g)
dissolved in deionized water (40 mL) with oxalic acid (H2C2O4,
4.4 g), forming a brownish yellow complex (NH4)2[VO(C2O4)2].
Aer 1 hour of continuous magnetic stirring at 400 rpm, the
39194 | RSC Adv., 2024, 14, 39193–39203
resulting mixture was transferred into a Teon jar, which was
placed in a stainless-steel autoclave. The hydrothermal
synthesis was carried out in an oven at a xed temperature of
150 °C for 24 hours. Aer being cooled, the resulting product
was collected and washed several times with deionized water
through centrifugation at 4000 rpm for 10 minutes, then dried
at 80 °C overnight. The dried solid was ground nely with
mortar and pestle, then used as active material in the prepa-
ration of cathode materials for AZIBs.
Preparation of cathode material and coin cell assembly

The slurries were prepared by ball milling a mixture in an agate
jar containing the active material (vanadium oxide, 75%), Super
P carbon (15%) as a conductive component, and polyvinylene
uoride (PVDF, 10%) as a binder with N-methylpyrrolidone
(NMP, 2–4 mL) as solvent at 400 rpm. The homogeneous slurry
was casted on a titanium sheet using doctor blade and a lm
coating machine, then dried at 80 °C overnight. A punching
machine was used to cut the cathode and the Zn metal anode
sheets into disks with 16 mm diameter. Zn metal disks were
sanded with an abrasive paper and cleaned with ethanol as
a pretreatment to remove the formed oxide layer. Glass ber
lter paper (Pall Corporation) was used as separator. ZnSO4-
$7H2O and Zn(CF3SO3)2 of the same concentration (3 M) were
used separately as electrolytes to compare their effects on the
aqueous ZIB cathode material.
Characterization of active material

The determination of the crystalline structure of the phases
present in the solid sample was performed using X-ray diffrac-
tion spectrometer (PANalytical Empyrean X-ray Diffractometer;
40 mA, 45 kV). The interlayer spacing of the main crystal plane
was calculated using Bragg's law in eqn (1).

d ¼ nl

2 sinðqÞ (1)

The interlayer spacing, d, was calculated using the following
values obtained from XRD data: l as the X-ray wavelength for Cu
metal target (1.54 Å) and q as the Bragg diffraction angle in
radians. The crystallite size of VO-H3O product was estimated
using XRD data and Scherrer equation in eqn (2).

D ¼ K � l

b� cosðqÞ (2)

In eqn (2), D represents crystallite size, K is a known constant with
a value of 0.9, l is the X-ray wavelength for Cumetal target (1.54 Å),
b is the full width of the highest diffraction peak in radians, and q

is the Bragg diffraction angle in radians. Surface analysis of the
synthesized material was carried out via X-ray photoelectron
spectroscopy (XPS; AXIS Ultra DLD). The morphology and struc-
ture of the solid sample was conrmed by Raman spectroscopy
(Thermo Fisher Scientic DXR Dispersive Raman Microscope).
The microstructure of the particles was observed via scanning
electron microscopy (SEM) using FEI Nova NanoSEM 450 Micro-
scope, coupled with Bruker electron dispersive X-ray spectroscopy
© 2024 The Author(s). Published by the Royal Society of Chemistry
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(EDX) detector, used for semi-quantitative elemental analysis.
High-resolution imaging of nanostructured materials was carried
out through transmission electron microscopy (TEM) with the
instrument FEI Tecnai G2 TEM TF20, enabling selected area
electron diffraction (SAED) pattern imaging.
Electrochemical tests

The assembled coin cells underwent electrochemical testing to
examine the electrochemical behavior and evaluate the capa-
bilities of the as-prepared material as a ZIB cathode. The
cathode material's electrochemical behavior was examined by
cyclic voltammetry (CV) using Corrtest-CS350 Potentiostat/
Galvanostat electrochemical workstation in the range of 0.0–
2.3 V vs. Zn2+/Zn and at a scan rate of 0.5 mV s−1 up to 10 cycles.
The kinetic storage mechanism behavior was determined using
CV at increasing scan rates (0.05–1.0 mV s−1) and by generating
plots based on eqn (3) and (4).23,24

i = avb (3)

i = k1v + k2v
1/2 (4)

Eqn (3) obeys the power law and was utilized to calculate the
value of b, which is a value between 0.5 and 1. Values of b closer
to 0.5 indicates a diffusion-controlled storage mechanism
behavior and closer to 1 displays pseudocapacitive behavior
(fast kinetics). The contribution ratio was calculated using eqn
(4), where k1 is the slope and k2 is the y-intercept that represents
the diffusion-controlled and pseudocapacitive behaviours,
respectively, from the plot of log current against log scan rate.
The electrochemical performance of ZIBs was evaluated using
galvanostatic charge/discharge (GCD) using a battery analyzer
(BST8-WA) within the same voltage range as CV tests at current
densities of 0.05, 0.1, and 1.0 A g−1. The cells were cycled at
increasing current densities ranging from 0.1–1.4 A g−1 within
the same voltage range for the rate performance analysis. Gal-
vanostatic intermittent titration technique (GITT) was con-
ducted using the same battery analyzer at a current density of
0.05 A g−1. The diffusion coefficient of Zn ions was calculated
using GITT data and eqn (5).

DZn2þ ¼ 4

ps

�
nmVm

S

�2�
DEs

DEt

�2

(5)

In eqn (5), s represents the relaxation time (s), nm is the number
of moles of active material, vm is the molar volume, S is the
electrode area, DEs is the voltage difference with applied
current, and DEt is the voltage difference during relaxation time
(no current applied). For the post-mortem analysis, cells were
cycled at various states of discharge/charge from 0.0 V to 2.3 V.
Once disassembled, the cathode was isolated, washed with
deionized water, sonicated (2 min), and dried prior to charac-
terization tests (XRD, SEM, XPS).
Computational method

All computations were completed using the Vienna ab initio
simulation package (VASP) utilizing density functional theory
© 2024 The Author(s). Published by the Royal Society of Chemistry
(DFT). A 1 × 1 × 2 supercell of bilayer of V3O8(H3O)2 is utilized
as a host to investigate the intercalation of one Zn2+ atom. Spin-
polarized DFT calculations were executed using the Perdew–
Burke–Ernzerhof (PBE) functional, projector augmented wave
(PAW) pseudo-potentials, and employing a normal precision
with an encutvalue of 340 eV. Monkhorst–Pack k-point grids
were congured with a 2 × 2 × 2 and 11 × 11 × 11 arrange-
ments for the geometry optimization and the corresponding
single-point calculations, respectively. Geometry optimization
of all structures was continued until the energy reached
convergence at 1.0× 10−5 eV, and the force converged to 0.02 eV
Å−1.

Results and discussion
Characterization of vanadium oxides-based materials

X-ray diffraction. X-ray diffraction analysis was performed to
identify the compound(s) present in the as-prepared sample,
including the crystal system it exists in. Fig. 1 details the XRD
spectrum and molecular structure of the as-prepared vanadium
oxide material. The XRD spectrum of the product obtained aer
the hydrothermal treatment of NH4VO3 in presence of oxalic
acid is presented in Fig. 1a. The peaks observed at 2q = 15.97°
(highest relative intensity), 21.51°, 22.38°, 25.55°, 27.57°,
28.24°, 31.82°, 32.17°, 35.76°, 36.70°, and 39.53° matched well
with layered V3O8(H3O)2 (PDF No. 01-074-2953). These peaks
correspond to the following crystal planes, respectively: (001),
(111), (120), (021), (121), (220), (130), (002), (131), (230), and
(122). Relative to the rst peak, the rest of the peaks observed
were at much lower intensities (>40%). Six small peaks located
at 2q= 15.97°, 18.16°, 23.66°, 30.72°, 32.25°, and 34.10° marked
with (*) in Fig. 1a were detected at very low intensities, which
corresponds to peaks associated with the precursor NH4VO3

(ICDD No. 98-016-4689). Overall, the XRD spectrum matches
well with the reference corresponding to V3O8(H3O)2 (PDF No.
01-074-2953) with trace amounts of the initial reactant.

The tetragonal structure of V3O8(H3O)2 is presented in
Fig. 1b. Within a unit cell, a layer of V3O8(H3O)2 sheet exists,
where “distorted VO5 trigonal bipyramids” are produced from
the bonding of V4+ with O2−.25 The four corners are shared with
VO4 tetrahedra of equal bond lengths. One of the O2− atoms in
each VO4 tetrahedra is bonded to one H+ atom from the H3O

+

molecule. For energy storage systems with intercalation mech-
anism, layered cathode materials are ideal as the interlayer
spacing allows charge carriers to be stored and the addition of
cations can provide greater structural stability.26,27Using Bragg's
law (eqn (1)), the interlayer spacing (d) of the highest peak in the
XRD spectrum corresponding to the (001) crystal plane with 2q
value of 15.97° was calculated to be 5.54 Å. In comparison, V2O5

typically has an interlayer spacing measured at 4.4 Å.28 The
estimated value of the crystallite size was calculated using the
Scherrer formula (eqn (2)), which ranged from 76.7 to 353.3 nm
(Table S1 in ESI†).

Spectroscopic analyses. Various spectroscopic techniques
were utilized for the characterization of the as-prepared VO-H3O
powder. XPS was performed to identify the species present on
the surface of the powder sample. In Fig. 1c, the V 1s orbital
RSC Adv., 2024, 14, 39193–39203 | 39195
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Fig. 1 (a) XRD spectrum of the as-prepared cathode material from the reaction between NH4VO3 and H2C2O4, indexed with crystal planes from
reference (PDF No. 01-074-2953). (b) Molecular structure of a single sheet of tetragonal V3O8(H3O)2 generated by the Materials Project (ID: mp-
1195972) from database version v2022.10.28.25 XPS spectra of (c) V 2p and (d) O 1s orbitals in as-prepared VO-H3O cathode material.
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spectrum is presented, which shows three evident peaks with
binding energies of 515.7, 517.1, and 524.2 eV. These peaks
were found to match well with V4+ 2p3/2, V

5+ 2p3/2, and V4+ 2p1/2,
respectively, based on the XPS analysis of VO2.29 In the case of
VO-H3O powder, the existence of a peak associated with V5+

species is not caused by the oxidation of V4+ to V5+ in air, as
previously reported with VO2. Evidently, the peak intensity of
V5+ is much greater than V4+ species. XRD analysis has
conrmed the product to be two-dimensional V3O8(H3O)2,
which contains both V4+ and V5+ species; therefore, XPS
supports this nding. In Fig. 1d, two peaks were evident aer
deconvolution in the O 1s spectrum at 529.6 and 530.6 eV.
These peaks have the typical binding energies for M–O–M
bonds (M = metallic element) and for oxygen species adsorbed
on the sample's surface.30–32

The Raman spectrum for the as-prepared cathode material is
shown in Fig. S1.† Twelve peaks were identied aer the
deconvolution of the spectrum. The sharp peaks below
200 cm−1 were associated with the lattice vibrations in the VO-
H3O molecules, whilst several peaks between 200 and 600 cm−1

corresponded to V–O–V bending.33–35 A wide peak at 667 cm−1
39196 | RSC Adv., 2024, 14, 39193–39203
was observed, which was reported to be due to OH bending in
the hydrated molecules.33 Four peaks were detected between
700 and 1000 cm−1, correlating to symmetric and anti-
symmetric stretching vibrations in V–O bonds in the VO4 and
VO5 portions in the molecule.33–37 Therefore, results from
Raman spectroscopy supports the ndings from XRD and XPS
analyses.

SEM imaging coupled with EDX detector was completed to
obtain micrographs that detail the structural morphology of the
as-prepared cathode material and identify the elemental
composition and distribution. Fig. 2 presents the SEM images
and elemental mapping of the VO-H3O product collected aer
hydrothermal treatment of NH4VO3 with oxalic acid. The
micrographs from SEM in Fig. 2a clearly shows a layered
structure consisting of agglomerated nanoplatelets, with an
average size of 172 nm. V atoms (blue) and O atoms (red) appear
to be well-distributed in Fig. 2b.

In addition to SEM, TEM was used to further conrm the
formation of the shape and crystallinity. TEM image of VO-H3O
compound clearly shows the overlapping of nanoplatelets,
conrming the 2D layered structure (Fig. S2a†). The SAED
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) SEM images of layered as-prepared VO-H3O nanoplatelets with a close-up view of the area highlighted by the dashed rectangle and (b)
elemental mapping via EDX showing V and O atoms.
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pattern images (Fig. S2b†) display clear crystalline spots for
both solids that corresponds to a polycrystalline material, which
was evident in the XRD results.
Electrochemical tests

Cyclic voltammetry. The electroanalytical technique, cyclic
voltammetry (CV), was used to investigate any redox reactions
that occur during the insertion and de-insertion process. Elec-
trochemical analysis related to CV are shown in Fig. 3. The cyclic
voltammograms of the as-prepared VO-H3O in Fig. 3a shows the
redox pairs involved in two aqueous electrolytes within the
voltage range of 0.0–2.3 V vs. Zn/Zn2+ at a scan rate of 0.5 mV
s−1. Two redox pair peaks are observed in the VO-H3O voltam-
mogram with ZnSO4$7H2O electrolyte at around 1.2/0.8 V and
0.8/0.4 V. For Zn(CF3SO3)2 electrolyte, similar observations were
made with only minimal shi in approximated peak locations:
1.2/0.7 V and 0.8/0.3 V. The cyclic voltammogram of reagent
V2O5 powder as cathode material is shown for comparison with
similar redox pair peaks. These redox pair peaks were reported
to correspond to the two-step insertion/de-insertion of Zn2+

ions, wherein V5+ is reduced to V4+ then V3+ followed by the
reverse process via oxidation.38 The CV analysis at increasing
scan rates (Fig. 3b) shows two redox pair peaks with increasing
intensities at faster scan rates. Using the current value of the
peaks and eqn (3), the plot of log current against log scan rate
© 2024 The Author(s). Published by the Royal Society of Chemistry
was generated and used to determine the b values of each peak
(Fig. 3c). The b values were found to range between 0.64 and
0.77, which are more indicative of a diffusion-controlled
process than a pseudocapacitive process (closer to a value of
1). These ndings are reected in the contribution ratio plot in
Fig. 3d, which demonstrates the dominant diffusion-controlled
process (51–76.7%) at scan rates between 0.05 to 0.5 mV s−1. At
1 mV s−1, the shi towards pseudocapacitive behavior begins
with 57.6% contribution. Therefore, the general trend in the
storage mechanism of Zn2+ ions is a diffusion-controlled
process dominating in the low scan rates, which gradually
decreases at higher scan rates and displays more pseudocapa-
citive behavior for faster Zn-ion kinetics.

Galvanostatic charge/discharge. GCD tests were carried out
to evaluate the electrochemical behavior of VO-H3O cathode
material with the two different aqueous-based electrolytes
against Zn/Zn2+. The theoretical capacity was calculated using
the formula detailed in literature,39 which yielded a value of
168.1 mA h g−1. Similar to the CV analysis, the electrochemical
performance via GCD tests were carried out for VO-H3O cathode
material in ZnSO4$7H2O and Zn(CF3SO3)2 electrolytes. The GCD
curves of VO-H3O cathode material in ZnSO4$7H2O is shown in
Fig. S3a.† The initial cycle delivered the lowest discharge and
charge specic capacities at 110 and 78 mA h g−1, respectively.
The maximum specic capacities were observed in the 10th
RSC Adv., 2024, 14, 39193–39203 | 39197
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Fig. 3 Cyclic voltammograms of (a) VO-H3O and reagent V2O5 in cells against Zn/Zn2+ in two aqueous electrolytes, 3 M ZnSO4$7H2O and 3 M
Zn(CF3SO3)2, at a scan rate of 0.5 mV s−1 and (b) VO-H3O in 3 M Zn(CF3SO3)2 at varied scan rates (0.05 to 1 mV s−1). (c) Plot of log current against
log scan rate showing the b-values of the four peaks. (d) Contribution ratio of pseudocapacitive and diffusion-controlled behaviors at increasing
scan rates.
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cycle with a value of 169 mA h g−1. Aer this the specic
capacities began to decrease with the number of cycles, reach-
ing just below 150 mA h g−1 in the 40th cycle. The cycling
performance in Fig. S3b† gives an overall view of the electro-
chemical performance, which was relatively stable aer the 3rd
cycle with nearly 100% coulombic efficiency. However, the VO-
H3O cell with ZnSO4$7H2O electrolyte failed cycling aer 40
cycles due to the occurrence of a short-circuit. Fig. 4a illustrates
the GCD prole and cycling performance data of the as-
prepared cathode material in Zn(CF3SO3)2 electrolyte at
a current density of 0.1 A g−1. Most charge/discharge cycles
achieved a specic capacity between 155–160 mA h g−1, apart
from the 10th cycle where a specic capacity of 175 mA h g−1

was achieved. Based on the cycling performance for this cell in
Fig. 4b, it is evident that there is a reduction specic capacity
aer the initial cycle, followed by a steady increase until
reaching maximum capacity in the 10th cycle, as reected in the
GCD curve in Fig. 4a. The specic capacities achieved by VO-
H3O in this study are comparable with that of LiV3O8 cathode
material in a study by Alfaruqi et al.40 The as-prepared material
as ZIB cathode showed an extremely stable performance, even
aer 90 cycles. In comparison, the use of Zn(CF3SO3)2 electro-
lyte showed better results than ZnSO4$7H2O as discharge and
39198 | RSC Adv., 2024, 14, 39193–39203
charge capacities matched well, garnering almost 100%
coulombic efficiency and achieving longer cycling with very
little capacity decay.

Further electrochemical testing of VO-H3O was conducted
using 3 M Zn(CF3SO3)2 as the aqueous electrolyte that delivered
the better electrochemical performance based on CV and GCD
tests. The electrochemical performance of reagent V2O5 powder
and as-prepared VO-H3O as cathode materials at 0.05 A g−1 is
shown in Fig. S4.† In comparison, reagent V2O5 powder per-
formed poorly with unstable cycling followed by a short-circuit
in the 34th cycle (Fig. S4a and b†), whilst the as-prepared VO-
H3O delivered a stable performance with >99% coulombic effi-
ciency and a nal capacity of 217 mA h g−1 in the 35th cycle
(Fig. S4c and d†). Prolonged cycling of the as-prepared cathode
material against Zn metal was completed for 1000 cycles at
1 A g−1 (Fig. 4c). The specic capacity remained relatively stable
at about 60 mA h g−1 in the rst 140 cycles. This value only
decreased slightly, reaching 53 mA h g−1 aer 1000 cycles.
Overall, the electrochemical test illustrated the high stability of
the cathode material, even at an elevated current density of
1 A g−1. The rate performance plot in Fig. 4d involved cycling
the coin cell at increasing current density values in 10-cycle
intervals, with the initial set of cycles at 0.1 A g−1. Similar to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) GCD profile, (b) corresponding cycling performance at 0.1 A g−1, (c) long-term cycling performance at 1 A g−1,and (d) rate performance
at a current density range of 0.1 to 1.4 A g−1 of VO-H3O cathode material in coin cells against Zn/Zn2+ with 3 M Zn(CF3SO3)2 as aqueous
electrolyte.
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what was observed in the GCD curves, there is a signicant drop
in capacity aer the rst cycle, followed by the plateau by the
10th cycle. At 0.2 A g−1, exceptional stability was observed with
discharge capacities around 100 mA h g−1, despite the initial
drop in discharge capacity. The cycling performance at 0.5 A g−1

was observed to be the least stable, with slight uctuations in
discharge capacities before increasing and stabilizing around
77 mA h g−1 towards the 30th cycle. At 1.0 A g−1, a slight dip in
capacity values was observed with a nal value of 55 mA h g−1.
At the highest current density of 1.4 A g−1, discharge specic
capacities dropped to approximately 15 mA h g−1, with the
coulombic efficiency reducing with each cycle. Finally, the
current density was brought back to 0.1 A g−1, which showed
extremely stable cycling reversible specic capacities of
150 mA h g−1. GITT tests shown in Fig. S5a† was utilized to
determine the diffusion coefficient of Zn2+ ions using eqn (5).
The diffusion coefficient values ranged between 1 × 10−10 and
© 2024 The Author(s). Published by the Royal Society of Chemistry
1 × 10−8 cm2 s−1 (Fig. S5b†), which is comparable to other
vanadium oxide-based cathode materials and exceeds the
diffusion coefficient values of Li+ ions.41 Overall, the coin cell
with Zn(CF3SO3)2 electrolyte achieved higher capacities (notably
at 0.1 and 0.2 A g−1) and longer cycling without failure, as well
as higher reversibility, which was also observed in the CV
results.
Post-mortem analysis

Post-mortem analysis for battery materials involves studying
how the material changes aer being cycled. In this section, the
following characterization techniques were utilized: XRD, SEM,
and XPS. First, XRD analysis was done for samples in various
states of cycling (Fig. 5a). The discharge process occurred from
2.3 V to 0.0 V (fully discharged), in which the specic voltages
between 0.0–2.3 V correspond to the peak locations observed in
CV (Fig. 3). Evidently, there is a slight shi in the peak location
RSC Adv., 2024, 14, 39193–39203 | 39199
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Fig. 5 (a) XRD spectra of VO-H3O from pristine state to various states of cycling: discharged from 2.30 to 0.0 V and charged from 0.0 to 2.3 V,
and reference spectra (PDF No. 01-074-2953). SEM images of cathode material in (b) pristine state, (c) fully charged state to 2.3 V, and (d) fully
discharged state to 0.0 V.
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of the (001) crystal plane towards smaller 2q values during the
discharge process from 15.968° to 15.797°, which is associated
with the widening of the interlayer space from 5.54 Å to 5.60 Å
due to the intercalation of Zn2+ ions.42 Upon charging to 2.3 V,
the smaller 2q angle is maintained, which may indicate that
some of the Zn2+ ions remain aer the de-intercalation process
that widens the interlayer space by functioning as pillars and
contributes to the cathode's structural stability. This may
explain the improved stability aer several cycles during elec-
trochemical testing, as seen in the electrochemical results. In
addition, EIS spectra (Fig. S6†) showed a signicant difference
between the pristine and cycled states, with less resistance
observed in the cycled states. Second, SEM imaging was
completed for the pristine VO-H3O cathode and cycled cells with
Zn(CF3SO3)2 electrolyte aer fully discharging to 0.0 V and fully
charging to 2.3 V for post-mortem analysis. In the pristine
condition, layered structures of VO-H3O product were observed
in the slurry mixture (Fig. 5b). Aer fully discharging to 0.0 V,
the morphology of the cathode material changed to nanoakes
(Fig. 5c). Finally, fully charging to 2.3 V reverted the appearance
to the original state with the layered structures (Fig. 5d). The
SEM images for pristine and cycled cathodes with ZnSO4$7H2O
electrolyte are shown in Fig. S7.† The main difference between
the electrolytes is the appearance of the cathode in the dis-
charged state, wherein a network with tunnel-like structures is
formed.

Lastly, XPS was carried out for VO-H3O cathodematerial with
ZnSO4$7H2O (Fig. S8†) and Zn(CF3SO3)2 (Fig. 6) electrolytes in
the pristine and cycled states for comparison to determine the
oxidation states of the species on the surface of the as-prepared
39200 | RSC Adv., 2024, 14, 39193–39203
cathode material. In the V 2p orbital spectra (Fig. 6a), V4+ and
V5+ species were observed in the pristine and charged states
with near-identical binding energies and intensities from
literature.29 These observations agree with the ndings from
characterization analysis, in which the synthesis of V3O8(H3O)2
was conrmed and has both V4+ and V5+ species present in the
compound. In the discharged state, it is evident that V3+ species
were detected through XPS analysis, which may serve as an
indication of the insertion of Zn2+ ions into the cathode as host
material. The appearance of a peak for V3+ species with binding
energy of 523 eV suggests the formation of V2O3.43–45 In addition,
there is a signicant decrease in peak intensity of V4+ species,
which implies that some of it were reduced to +3 oxidation state
in the discharge process (insertion of Zn2+ ions in the host
material), accompanied by a slight shi to higher binding
energy. On the other hand, the intensity for the V5+ peak
increased during this process with a small shi to higher
binding energy. With the ZnSO4 electrolyte (Fig. S8a†), the only
difference is the presence of a peak corresponding to V3+

species, which indicates partial reversibility that reects the
results of the electrochemical tests.

Meanwhile, the XPS spectra of Zn 2p orbital (Fig. 6b)
conrmed the presence of Zn2+ ions in the cathode material
with the high peak intensities of Zn2+ 2p3/2 and 2p1/2 species at
1022 and 1045 eV, respectively.46,47 In addition, small peaks were
observed next to the main peaks, corresponding to non-lattice
Zn ions from the electrolyte.48 However, these peaks remained
even in the fully charged state, but with reduced intensities,
indicating incomplete de-insertion of Zn2+ ions. In Fig. 6c, two
peaks were observed in all three states, with the pristine state
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 XPS analysis of (a) V 2p, (b) Zn 2p, and (c) O 1s orbitals for VO-H3O cathodematerial with 3 M Zn(CF3SO3)2 electrolyte at different states of
cycling.

Fig. 7 (a) DFT-optimized geometries of layered V3O8(H3O)2 for the Zn2+ intercalation/deintercalation process, (I) pristine for the first charging/
discharging step, (II) intercalated, (II) deintercalated; (b) total and partial DOS of I, II, and III.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 39193–39203 | 39201
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having the lowest intensities for the peaks centered at 529.8 and
531.7 eV for lattice oxygen (bonded to metal M = M–O–M) and
oxygen adsorbed on the surface.30–32 At 0.0 V (discharged state),
the peak correlating to oxygen from the M–O–M bond had
undergone a signicant increase in peak intensity and shied
to 531. 3 eV. Aer charging, the peaks shi back to the original
binding energy seen in the pristine state. The shi in binding
energy and increase in peak intensity may correspond to Zn2+

ions insertion into the host cathode material, which involves
the bond formation between lattice oxygen and Zn2+ ions.
Therefore, XPS analysis for the cycled cathode provided
evidence to support the ndings from electrochemical studies
on the reversibility of VO-H3O as cathode material in Zn(CF3-
SO3)2 electrolyte, mainly in the redox reactions of V species. This
supports the observed high reversibility of VO-H3O cathode in
Zn(CF3SO3)2 aqueous electrolyte solution from the electro-
chemical evaluation and post-mortem analysis from XRD and
SEM results in Fig. 5.
Mechanism investigation via DFT calculations

The geometric conguration of the two-layer V3O8(H3O)2 is
systematically optimized for both the pristine state (prior to and
aer intercalation) and its Zn2+-intercalated counterpart. The
DFT-optimized geometry of the analyzed substances is illus-
trated in Fig. 7. Interestingly, it can be observed that Zn2+

intercalation induces structural rearrangement at the center of
the bilayer supercell without a notable effect on the overall cell
volume. However, the intercalation results in a spontaneously
stabilized system, as revealed by DFT energy calculations. On
the other hand, the pristine bilayer structure of V3O8(H3O)2 was
not fully restored aer deintercalation, revealing an energy
difference (DG°) of 2.9 eV through DFT calculations. As such, it
can be suggested that the layered structure of V3O8(H3O)2 aer
deintercalation may facilitate the subsequent intercalation
process; hence, promoting the charging–discharging process.
Moreover, the density of states (DOS) for all analyzed geometries
indicates that the O p orbitals play a pivotal role in the valence
bands, while the V d orbitals are signicant contributors to the
conduction bands.
Conclusion

In conclusion, hydrothermal method was used for the forma-
tion of a layered vanadium oxide, V3O8(H3O)2, using ammo-
nium metavanadate and oxalic acid under moderate reaction
conditions. Characterization techniques conrmed the forma-
tion of the layered compound with V in two oxidation states (+4
and +5). As a cathode active material against Zn/Zn2+,
V3O8(H3O)2 showed high reversibility and impressively stable
cycling at 1 A g−1 with favorable specic capacities achieved
with Zn(CF3SO3)2 aqueous electrolyte. Signicant enhance-
ments were observed in the electrochemical performance of
V3O8(H3O)2 compared to conventional V2O5. Findings from DFT
calculations suggest a structural change that occurs during
cycling and appears to be irreversible aer the de-intercalation
of Zn2+ ions, which may have hindered the performance of the
39202 | RSC Adv., 2024, 14, 39193–39203
cathode material. Further investigations on the structural
stability and mechanism are required for this material as it has
been applied as a cathode material for ZIBs for the rst time in
this work.

Data availability

Data are available upon request from the authors.

Conflicts of interest

The authors declare no conict of interest.

Acknowledgements

This work was funded by Qatar University’s Collaborative Grant
program with project number QUCG-CAS-22/23-602. The
authors would like to acknowledge the contribution of Qatar
University's Central Laboratories Unit (CLU) for themicroscopic
and spectroscopic analyses and Center of Advanced Materials
(CAM) for the XRD analysis. XPS analysis was accomplished in
part in the Gas Processing Center, College of Engineering, Qatar
University.

References

1 A. R. Dehghani-Sanij, E. Tharumalingam, M. B. Dusseault
and R. Fraser, Renewable Sustainable Energy Rev., 2019, 104,
192–208.
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