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Developing unique electroactive materials is essential for meeting the escalating exigency of high-performance lithium-ion
batteries (LIBs). Various vanadate-based transition metal oxides have recently attracted much interest as anode materials
because they can deliver good capacity and excellent cycling stability and enable shields to adapt to the volume variations
during lithium insertion/deinsertion. Herein, novel two-dimensional porous vanadium oxide (V2O5)/zinc vanadium oxide
(ZnV2O6) composite flake-like architectures (VO/ZVO CFAs) with rock-textured surface morphology were prepared via a
facile and ecobenign silicone oil bath-assisted wet-chemical technique, followed by annealing treatment. The possible formation
mechanism is explained. When examined as an anode for LIBs, the VO/ZVO CFA-400 (annealed at 400°C) electrode showed
superior reversibility with good rate performance compared to the other prepared electrodes. The VO/ZVO CFA-400 electrode
exhibited a higher specific capacity of 844mAh/g at 100mA/g after 150 cycles, whereas 645 and 743mAh/g remained for the
VO/ZVO CFA-300 and VO/ZVO CFA-500 electrodes, respectively. Interestingly, the VO/ZVO CFA-400 electrode delivered an
excellent reversible capacity of 1146mAh/g after 600 cycles at 500mA/g. Moreover, when operating at the high current
densities of 1000 and 2000mA/g, the VO/ZVO CFA-400 electrode revealed good reversible capacities of 497 and 340mAh/g
over 500 cycles, respectively. The excellent electrochemical performance of VO/ZVO CFAs might be ascribed to unique
morphological structures and the significant number of porous sites constructed from strongly interconnected tiny nanoparticles.

1. Introduction

Lithium (Li)-ion batteries (LIBs) have been broadly employed
for a variety of uses in various areas, such as hybrid electric
vehicles (HEVs), sensors, biomedicals, and solar electricity
invention systems. However, further advancements in power
and energy densities as well as long cycle times are crucial
for meeting the demands of these industries [1, 2]. The intrin-
sic properties of electrode materials and the slow kinetics asso-
ciated with charge carrier transport furnish the most
significant challenges to the development of LIBs with
improved energy storage capability. For LIBs, mainly, graphite
is employed as an anodematerial. Still, it fails to meet the pres-

ent required energy needs of high-power electric vehicles
(EVs) owing to its low theoretical capacity [3, 4]. Thus, the
scrupulous selection of electrode materials with advantageous
morphological features and higher theoretical capacity is of
paramount significance.

Recently, the transition-metal oxides (TMOs) with
multiple valance states and various cations have shown
superior electrochemical performance due to the structural
flexibility, interfacial properties, synergistic behavior of dif-
ferent metal types, and complexity of chemical composi-
tion [5, 6]. As a candidate for TMOs, vanadium (V)-
based oxides have been attaining great interest because of
special properties that make them more attractive for the
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application of anode material for LIBs. For instance, the
electrochemical reactions during the charge-discharge pro-
cess would generally benefit from various oxidation states
of V, the formation of amorphous VOx matrices during
the electrochemical mechanism, which avoids the cluster
of particles, and a layered structure for easy charging
and discharging process [7, 8]. Furthermore, metal vana-
dates with distinct structural phases can be easily prepared
due to the various valance states of V element [9, 10]. For
this reason, many studies have been reported on the metal
vanadates for the exploration of superior electrode mate-
rials such as ZnV2O6 [11], FeVO4 [12], Zn3V2O7(OH)2
[13], Co3V2O8 [14], InVO4 [15], and Zn3V2O8 [16]. As
per the previously published literature on various metal
vanadium oxides, zinc vanadium oxides are good material
for energy storage because Zn is affordable and plentiful.
Moreover, V has various oxidation (valance) states which
facilitate enriched structures of its compounds and make
it promising to be employed as anodes for high-
performance LIBs. Generally, zinc vanadium oxides exhibit
multiple Li storage mechanisms such as intercalation with
vanadium oxide, conversion mechanism with zinc oxide,
and alloying mechanism with Zn [17, 18]. The fascinating
charge storage mechanism would provide high and stable
electrochemical performance. However, zinc vanadium
oxides still exhibit inadequate electrical conductivity and
drastic structural variations during the cycling process,
resulting in low capacity performance and short cycling
stability [19, 20]. To overcome these problems, the ideal
solution is to fabricate well-ordered versatile-dimensional
(2D/3D) nanostructured materials with porous architec-
ture [21]. Particularly, well-ordered nanostructures such
as nanoflakes and nanosheets are useful because they have
the benefits and properties of both micro/nanostructures.
The nanosized materials can impressively shorten the
kinetic properties of Li ions/electrons, thereby delivering
a large active surface area for electrochemical reactions
and buffering volume changes during the cycling process.

In contrast, the microsized materials are facilely pre-
pared and can support improved cycling performance [22,
23]. However, well-ordered nanostructured materials are
typically prepared using various synthesis methods, such as
chemical vapor deposition [24], high temperature-assisted
hydrothermal method [25], and microwave technique [26].
Still, these methods require complicated preparation steps
and high costs for large production [27]. Moreover, the
preparation of porous nanoflake structured morphology is
still challenging because the thin shell layer of nanoflake
can be easily cracked and damaged during the growth pro-
cess. To address this issue, wet chemical synthesis has
attracted much interest in developing various materials for
electrode materials in the electrochemical field because it is
a facile, ecofriendly, and low-cost process. Moreover, the
wet chemical synthesis process further has benefits like easy
maintenance and processability of morphological structures,
flexibility in synthesis method, and capability to develop
nanoscale particles with good purity. Besides, the wet-
chemical precipitation technique can be employed to pre-
pare nanomaterials at low reaction temperatures [28].

To date, different ternary metal vanadate oxides with
good structural and morphological properties have been
used for catalytic conversion, hydrogen evaluation reactions,
and supercapacitors and LIBs [29, 30]. Especially, as an
anode material for LIB applications, ternary zinc vanadate
oxides have been studied with few reports. For example,
Luo et al. prepared 1D α-Zn2V2O7 nanofibers by electro-
spinning process [31]. These fabricated nanofibers revealed
a good specific capacity of ∼708mAh/g at 50mA/g after
100 cycles. In another report, Sun et al. prepared 1D ZnV2O6
nanowires at 200°C for 168h by a hydrothermal method.
These prepared 1D nanowires showed a reversible capacity
of 970mAh/g at 100mA/g [11]. Furthermore, few other
researchers have prepared zinc vanadate oxides for LIBs
using different synthesis methods [31, 32]. Most studies, as
mentioned earlier, involved complex synthesis procedures
with multistep calcination treatment, high-power consumed
equipments, and high temperature-assisted solvothermal
methods. Therefore, simple and cost-effective ways are
urgent for widening the utilization of these less-reported
mixed metal oxides for various applications, including
energy storage [33, 34].

Besides, nanotechnology comprises altering structures at
the atomic level and the characterization and construction of
nanostructured materials with the smallest size in the limit
of 1 to 100nm or less. By decreasing the size of a synthesized
material at the nanoscale, its physicochemical characteristics
may be considerably changed in contrast to the attributes of
similar material at the macroscale. Nanostructured materials
with various dimensions, including 0D nanoparticles
(including metallic nanoparticles), 1D nanostructures (such
as nanowires and nanorods), and 2D nanomaterials (such
as graphene and transition metals), have advanced along
with notable advancements in their fabrication, processing,
description, and implementation. Furthermore, these nano-
structured materials have been considered necessary in
energy harvesting/storage, photocatalysis, medical care, tex-
tile, and electronic industry, food safety, and wastewater
reuse applications. Due to the intrinsic benefits of their elec-
trochemical characteristics, including good electrical con-
ductivity, suitable electrochemical active area, and
satisfactory biocompatibility, these nanoscale materials were
employed to fabricate energy storage devices with high elec-
trochemical performance for a wide variety of applications
[35, 36]. Moreover, the technological development and
probable usage of nanomaterials toward the fabrication of
superior charge storage capacity/capacitance electrodes are
essential in the energy storage field for fulfilling the needs
of high-power consumed electronic applications.

Vanadium pentoxide (V2O5), which shows good capacity,
is a low-cost and abundant source. This compound has been
widely studied as cathode and anode materials in LIBs. Unfor-
tunately, its modest rate performance and poor cycling stabil-
ity limit further use in the electrochemical storage field.
However, many vanadates, such as Ni2V2O7, ZnV2O6, and
CoV2O6, display long-term cycling performance when
employed as LIB electrodes, yet they show comparatively poor
discharge capacities. According to recent reports, emerging
heterojunctions with close interfaces would significantly
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enhance the electric interface field, altering the electrical struc-
ture of composites with similar components [37, 38]. As a
result, it may be assumed that the close interface of V2O5
and ZnV2O6 may have a synergistic effect to improve interfa-
cial charge transfer and hence increase charge storage perfor-
mance. Therefore, how to develop and construct
heterogeneous materials with a synergistic effect to combine
the advantages of both high capacity and stable cycling perfor-
mance is crucial and challenging.

Considering the above discussion, in this work, we pre-
pared the porous vanadium oxide/zinc vanadium oxide
composite flake-like architectures (VO/ZVO CFAs) with
rock-textured surface morphology by the wet-chemical
method using a silicone oil bath. Since silicone oil is a good
electricity insulator and is very durable; it was used as a heat
source in the wet-chemical technique. Moreover, owing to
its superior thermal constancy and excellent heat transfer
characteristics, it is widely used in freeze dryers as refriger-
ants and oil-filled heaters in laboratories and pharmaceutical
industries. Furthermore, it is a noncombustible, toxic-free,
and odor-free material [39, 40]. On the other hand, the
V2O5/ZnV2O6 material was synthesized at a low-reaction
temperature (100°C).

As a consequence, the development cost of the material
could be reduced. Besides, no highly hazardous chemicals
were used in synthesizing V2O5/ZnV2O6 material. To the
best of the author’s knowledge, the V2O5/ZnV2O6 material
was prepared by a silicone oil bath-assisted wet-chemical
synthesis for the first time. Furthermore, the obtained pre-
cursor was annealed at different temperatures of 300, 400,
and 500°C to study the influence of annealing temperature
on its morphological structure and electrochemical perfor-
mance. The achieved morphology seems to be a rock-
textured array constructed through the voids formed
between nanoparticles. The obtained unique architectures
can provide structural benefits and plenteous grain bound-
aries (interfaces) for an easy lithiation/delithiation process.

When investigated as an anode for Li storage, the as-
prepared VO/ZVO CFA electrode revealed high reversible
capacity and good rate performance over a long life span.

2. Experimental Details

The detailed chemicals and characterizations of the prepared
materials are shown in the supporting information (SI).

The VO/ZVO CFAs were productively prepared through
the silicone oil bath approach, followed by further thermal
treatment in air at different temperatures. Initially, the
intended amount of zinc nitrate hexahydrate (4mmol) and
vanadyl acetylacetonate (4mmol) was added to distilled
(DI) water (40mL), and it was sonicated for 20min. Next,
50mL of ethanol was slowly mixed into the aqueous solu-
tion, and repeated sonication for 15min was performed to
get a homogeneously dispersed solution. This resultant mix-
ture was labeled as a solution-I. In the meantime, the ammo-
nium fluoride (4mmol) was dispersed into DI water
(10mL), and this mixture was labeled as a solution-II. Later,
solution-I and solution-II were further mixed, stirring the
obtained hybrid solution for ~10-15min. At last, the precur-
sor solution container was closed with a protective cover and
placed in a silicone oil bath set-up, and it was heated at a
temperature of 100°C for 12 h. Here, the silicone oil bath is
fully ecobenign and facile and can offer an even temperature
network inside the growth solution to mature products.
After finishing the growth reaction, the oil bath naturally
reached ambient temperature, and the formed precipitate
was separated and washed with ethyl alcohol and DI water
several times by centrifugation. After the centrifugation,
the debris-free sediment was desiccated in a hot oven for
12 h. Lastly, the prepared precursor product was calcined
at 300, 400, and 500°C for 2 h, and they were labeled as
VO/ZVO CFA-300, VO/ZVO CFA-400, and VO/ZVO
CFA-500, respectively. The schematic illustration of the
complete synthesis procedure is presented in Figure 1. As
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Figure 1: (a–c) Schematic illustration for preparing VO/ZVO CFAs by a silicone oil bath method, followed by thermal vulcanization.
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displayed in Figure 1(a), in the initial step, the growth solu-
tion was prepared by dissolving the respective chemicals in a
mixture solution. In the next step, to prepare the precursor
powder (Figure 1(b)), the growth solution was moved to
the oil bath and maintained at the intended temperature.
Finally, the obtained precursor powder was thermally
treated in air at different temperatures of 300, 400, and
500°C to get the final products (Figure 1(c)).

Additionally, the detailed electrochemical characteriza-
tions of the prepared electrodes were also described in the SI.

3. Results and Discussion

The VO/ZVO CFA samples were fabricated by the facile and
ecobenign wet-chemical process using ethanol and DI water
as solvents and zinc nitrate hexahydrate and vanadyl acetyl-
acetonate as the source materials.

After successfully preparing VO/ZVO CFA samples, sev-
eral analysis tests were executed to evaluate their physico-
chemical properties. The X-ray diffraction (XRD) analysis
was employed to validate the crystallinity and phase of the
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Figure 2: (a) XRD patterns of the VO/ZVO CFA samples. (b) XPS survey scan spectrum and high-resolution XPS core-level spectra of (c)
Zn 2p, (d) O 1s/V 2p, (e) V 2p, and (f) O 1s of the VO/ZVO CFA-400.
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prepared materials. Figure 2(a) shows the measured XRD
patterns of the prepared samples at different annealing tem-
peratures in an air atmosphere. The XRD patterns showed
the mixed oxide phases of V2O5 (JCPDS # 01-077-2418)
and ZnV2O6 (JCPDS # 00-023-0757) as major diffraction
peaks. The major diffraction peaks located at the angles of
15.38°, 21.75°, 25.58°, 26.17°, 31.04°, 32.37°, 33.34°, 34.28°,
45.50°, and 51.25° correspond to the (200), (101), (201),
(110), (301), (011), (111), (310), (411), and (020) crystallo-
graphic planes, respectively, which is associated to the ortho-
rhombic crystal structure of relative space group of Pmmn of
V2O5 [41]. Similarly, other major diffraction peaks at the
angles of 20.34°, 27.28°, 28.61°, 29.26°, 32.74°, 38.85°, 40.48°,
41.81°, 42.92°, 47.20°, 51.78°, 55.98°, and 59.66° are related
to the (-201), (110), (-202), (201), (111), (-311), (-310),
(400), (-312), (311), (020), (-204), and (510) crystallographic
planes, respectively, and these are associated to the mono-
clinic structure of relative space group of C2 of ZnV2O6
[42]. The analyzed XRD results validated the existence of
complex behavior or heterogeneous (mixed) structures in
the prepared material. To testify to the presence of elemental
constituents and their concerning valance states in the syn-
thesized material, the X-ray photoelectron spectroscopy
(XPS) investigation was further performed. The complete
survey scan XPS analysis of the VO/ZVO CFA-400 sample
is presented in Figure 2(b). As displayed in Figure 2(b), the

total survey scan spectrum uncovered the coexistence of
the Zn, V, and O elements with a referenced binding energy
of C 1s at 283.5 eV. To further study the valance (oxidation)
states of individual components, a high-resolution core-level
XPS analysis was performed. Figure 2(c) shows the core-
level XPS spectrum of Zn 2p, which revealed prominent
peaks at 1019.01 and 1042.03 eV with a 23.01 eV energy split
relating to Zn 2p3/2 and Zn 2p1/2 [43]. Figure 2(d) displays
the O 1s and V 2p spectra, which confirmed the O 1s prin-
cipal peak at ~529.9 eV. The closer view of the V 2p peak
(Figure 2(e)) exhibited two core bands located at 516.4 and
523.9 eV with the splitting energy separation of ~7.5 eV
regarding V 2p3/2 and V 2p1/2, respectively. The deconvolu-
tion of the V 2p spectrum further represented three peaks,
suggesting V3+ (515.4 eV), V4+ (516.4 eV), and V5+

(517.4 eV) oxidation states, which exposes the partial oxida-
tion of V from lower oxidation states to high oxidation states
during the preparation of the material [44, 45]. Figure 2(f)
shows the high-resolution O 1s spectrum. The dominant
bands at 529.7 and 530.15 eV are attributed to the metal
species-oxygen bonds. Furthermore, other peaks located at
532.2 eV could be assigned to surface adsorbents [46].

In addition to the crystallinity and surface elemental
composition analysis, the field-emission scanning electron
microscope (FE-SEM) and transmission electron micro-
scope (TEM) measurements were performed to study the
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Figure 3: FE-SEM images of the (a, i–iii) VO/ZVO CFA-300, (b, i–iii) VO/ZVO CFA-400, and (c, i–iii) VO/ZVO CFA-500.
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morphological structures of the synthesized samples at vari-
ous calcination temperatures. The FE-SEM images of the
precursor sample are shown in Figure S1 of the SI, which
confirms the flake-like architecture with a smooth surface.
All the prepared samples revealed flake-like morphologies
made of tiny nanoparticles in the FE-SEM images, as
shown in Figure 3. The FE-SEM image of the VO/ZVO
CFA-300 at low magnification is shown in Figure 3(a, i).
This image shows the irregular and improper architectures
of the formed flakes with clusters. From the magnified FE-
SEM image (Figure 3(a, ii)), severe aggregation of
nanoparticles was observed in the VO/ZVO CFA-300.
Furthermore, the aggregated nanoparticles exhibited
smooth surface texture and uneven morphological
structures, as presented in Figure 3(a, iii). The uneven
morphological features indicate that the calcination
treatment is not complete or insufficient. Thus, the
annealing temperature was further increased from 300 to
400°C, and the noticed morphological structures are
presented in Figure 3(b). As presented in Figure 3(b, i), the
well-formed flake-like morphological structures with
different shapes were observed. From the magnified FE-
SEM image (Figure 3(b, ii)), the rock-textured morphology
was noticed on the surface of flakes (VO/ZVO CFA-400).
This rock-textured surface was constructed by small
irregular nanoparticles with different dimensions, as shown
in Figure 3(b, ii). Based on the FE-SEM image (Figure 3(b,
iii)), the porous texture was noticed. The porous property
is ascribed to the interconnected nanoparticles in
nanometers, which can be considered as primary building
parts of VO/ZVO CFA-400. The nearly interconnected
nanoparticles in single VO/ZVO CFA-400 cause high grain
boundaries, which can highly reduce the trap numbers for
electron transportation. From Figure S2(a) of the SI, the
average width and length of VO/ZVO CFA-400 were
21.0 μm and 38.4 μm, respectively. Furthermore, the
thickness of VO/ZVO CFA-400 was measured to be
1.5 μm. This is realized owing to adequate thermal
treatment. However, the annealing treatment temperature
was extended to 500°C. The obtained morphologies of VO/
ZVO CFA-500 are shown in Figure 3(c, i–iii). The FE-SEM
image of VO/ZVO CFA-500 at low magnification is
displayed in Figure 3(c, i). From Figure 3(c, i), the surface
morphology of each other interconnected flake was
noticed. Like the VO/ZVO CFA-400, from Figure 3(c, ii),
the VO/ZVO CFA-500 showed rock-textured-like
morphological surface. However, this rock-textured surface
was formed by bigger irregular nanoparticles with different
dimensions compared with the VO/ZVO CFA-400
(Figure 3(b, ii)). From Figure S2(b) of the SI, the average
width and length of VO/ZVO CFA-500 were noticed to be
6.0 μm and 21.9 μm, respectively. Furthermore, the
thickness of VO/ZVO CFA-500 was measured to be
1.7 μm. In addition, the VO/ZVO CFA-500 revealed an
irregular and locked porous morphological structure
compared to the VO/ZVO CFA-400. As the calcination
temperature increases, the flake structures become thicker
by their subnanoparticles. This phenomenon is because the
side-by-side nanoparticles are amalgamated into a larger

one at eminent temperatures, which contributes to a few
boundaries. Such thick grain may also lead to the
debasement of porosity in the sample. From the FE-SEM
results, the unique structure of VO/ZVO CFA-400
consisting of small nanoparticles with better porosity could
offer good electron transport and superior Li-ion kinetics
and adapt the volume changes during the cycling test.
Moreover, the TEM analysis was conducted in an in-deep
study on the structural characteristics of VO/ZVO CFA-
400. Strongly interlinked nanoparticles can be recognized
in a single piece of VO/ZVO CFA-400, as displayed in
Figure 4(a). This is matched well with the FE-SEM images.
The enlarged TEM image (Figure 4(b)) revealed the
porosity between adjacent nanoparticles. This is primarily
accredited to the firmly interlinked large numbers of
irregular nanoparticles. Figure 4(c) shows the high-
resolution TEM (HR-TEM) image for the terminal part of
the nanoparticle. This recorded image displays the lattice
fringes of dissimilar sizes of nanoparticles, as presented in
Figure 4(c). The lattice separation was evaluated by
considering different spots of the HR-TEM image. As
presented in the HR-TEM image of VO/ZVO CFA-400,
the lattice spacings of V2O5 (0.28 nm) and ZnV2O6
(0.27 nm) correspond to the (301) and (111) crystal planes,
respectively, which is consistent with the XRD results. The
selected area electron diffraction (SAED) pattern
(Figure 4(d)) circularly disclosed bright dots, which
validates that the synthesized sample is polycrystalline. The
energy-dispersive X-ray (EDX) spectroscopy examination
of the VO/ZVO CFA-400 was performed, as shown in
Figure 4(e). The Zn, V, and O constituents of the prepared
sample were revealed. Figure 4(f, i–iii) shows the elemental
mapping investigation, specifying the presence of the Zn,
V, and O elements in the VO/ZVO CFA-400. Moreover,
the porous properties of the VO/ZVO CFA-300, VO/ZVO
CFA-400, and VO/ZVO CFA-500 can be evaluated by the
specific surface area (SSA), which is further measured by
Brunauer-Emmett-Teller (BET) investigation. Figure S3(a)
of the SI shows the nitrogen (N2) adsorption-desorption
isotherms to estimate the SSA and typical porosity
characteristics for the VO/ZVO CFA-300, VO/ZVO CFA-
400, and VO/ZVO CFA-500. All the samples revealed
type-IV isotherms with H3 hysteresis loop, excluding the
loop areas at their associated comparative pressures, which
represents the validation of porous behavior in samples.
From the measured BET analysis, the estimated surface
areas/pore volumes of the VO/ZVO CFA-300, VO/ZVO
CFA-400, and VO/ZVO CFA-500 were found to be
3.72m2 g−1/0.049 cm3 g−1, 15.01m2 g−1/0.17 cm3 g−1, and
6.86m2 g−1/0.083 cm3 g−1, respectively (Figure S3(a) of the
SI). All the samples showed a wide-ranging pore-size
nature within the 5-90 nm limit. Figure S3(b) of the SI
shows the diverse porous behavior, suggesting that the
flakes possess mesopores and macropores. The TEM
analysis also verifies an excess number of voids among the
tiny interconnected nanoparticles of flake architectures.
The UV-vis absorbance spectra were used to measure the
band gap for the as-prepared materials as presented in
Figure S4 of the SI. From this figure, the material annealed
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at 400°C exhibited a smaller band gap of 2.61 eV at a
wavelength of 474 nm than the other prepared materials
(i.e., 300°C (401nm with a band gap of 3.09 eV) and 500°C
(440nm with band gap 2.81 eV), respectively). Compared
to materials with higher band gap values, the smaller band
gap value indicates that the material has good electrical
conductivity [47, 48]. These results further revealed the
better electrochemical performance of the V2O5/ZnV2O6-
400 composite material. Raman spectra of the VO/ZVO
CFA-300, VO/ZVO CFA-400, and VO/ZVO CFA-500
samples are shown in Figure S5 of the SI. The peaks in the
range of 200–1000 cm−1 were noticed in all the prepared
samples. The typical peaks at 209, 283, 422, 511, 706, 781,
913, and 991 cm-1 were detected in Raman spectra.
However, the alterations are clear in the position and
width of peaks for the prepared samples. The changes
would be attributed to the various particle sizes of the
prepared samples with their mobility of charges [49, 50].

The formation mechanism of flake-like morphological
structures of the hybrid composite can be explained by the
nucleation, self-accumulating, and Ostwald’s ripening
stages, respectively. In the maturing prospect of growth solu-
tion, the employed ammonium fluoride (NH4F) in the solu-
tion shows an efficient action. As per primary studies and
reported literature [51, 52], the NH4F can be readily dissoci-
ated and produces the NH4

+ cations and HF in the growth
solution. The following formulae can give the decomposition
process of ammonium fluoride.

NH4F + H2O⟶NH3 · H2O + HF, ð1Þ

NH3 + H2O⟶NH3 · H2O↔NH4
+ + OH−: ð2Þ

The prepared precursor solution blending the metal

sources in the used solvents showed an unstable nature
due to an acidic environment. As per the equations men-
tioned earlier, the released NH4

+ ions in the complex reac-
tion system can adjust the pH and reduce the acidic
content in the growth solution at the evaluated temperature,
producing more alkali content in the solution. As a result,
the ZnV2(OH)F and/or V2(OH)F complex is formed. The
involved reactions in the formation of respective precursor
products can be assessed as follows:

ZnV2O2+ + F− ⟶ ZnV2OF+, ð3Þ

V2O2+ + F− ⟶V2OF+, ð4Þ
NH3 · H2O↔NH4

+ + OH−, ð5Þ
2ZnV2OF+ + 2OH− ⟶ 2ZnV2 OHð ÞF + O2, ð6Þ
2V2OF+ + 2OH− ⟶ 2V2 OHð ÞF + O2: ð7Þ

Moreover, the obtained precursor products were cal-
cined at different temperatures (300, 400, and 500°C, 2 h)
and formed into the crystallite phases of ZnV2O6 and
V2O5 powders:

2ZnV2 OHð ÞF + 5O2 ⟶ 2ZnV2O6 + 2HF, ð8Þ

V2 OHð ÞF + 2O2 ⟶V2O5 + HF: ð9Þ
Inspired by the obtained interesting morphological

structures and crystal phases, the flake-like VO/ZVO CFA
materials were further investigated as an anode material
for LIBs. To study the Faradaic reaction of the prepared elec-
trodes, the cyclic voltammetry (CV) tests were performed at
the sweep rate of 0.1mV/s within the potential window from
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Figure 4: (a, b) TEM images, (c) HR-TEM image, (d) SAED pattern, (e) EDX spectrum, and (f) elemental mapping images of the VO/ZVO
CFA-400.
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0.01 to 3.0V. The measured CV curves for the VO/ZVO
CFA-300, VO/ZVO CFA-400, and VO/ZVO CFA-500 elec-
trodes are shown in Figure S6(a) of the SI, Figure 5(a), and
Figure S7(a) of the SI, respectively. In the intercalation and
deintercalation process, the CV curves of all the electrodes
showed similar and comparable redox peaks in cathodic
and anodic sweeps. The initial CV curve displayed various
reduction peaks in the cathodic scan and similar oxidation
peaks in the anodic scan compared to the following cycles.
This exposes that discrete Li-insertion reactions occur
during the initial discharge process [53, 54]. As presented
in Figure 5(a), the initial cycle revealed three irreversible
cathodic (reduction) peaks positioned at about 2.3, 1.9, and
1.5V, respectively and they vanish in the subsequent
cycles. From the published reports, it may be assorted with
the intercalation of Li+ into ZnV2O6 and/or V2O5 to form
the LixVyOn alloy, related to the reduction of V element
from higher to lower valence states [55, 56].

In addition to these peaks, there is a strong peak at
nearly 0.7V in the initial cathodic scan, which can be
assigned to a reduction of ZnO to Zn and Vx+ to their metal-
lic state along with the construction of the solid electrolyte
interface (SEI) layer, respectively [57, 58]. Moreover, the
observed peak below 0.5V may be ascribed to the construc-
tion of Zn-Li alloy [31, 59]. During the anodic scan, three
major oxidation peaks were obtained at approximately 0.8,
1.17, and 2.5V. For the initial anodic sweep, the oxidation
peaks were observed below 1V (0.12, 0.65, and 0.8V), which
is ascribed to the multistage delithiation reaction mechanism
of Zn-Li alloy [60, 61]. The oxidation peak at ~1.17V is due
to the oxidation of metallic Zn into zinc oxide and further
oxidation of metallic vanadium into vanadium oxide. The
observed peak at ~2.5V can be assigned to the additional
oxidation of V to its higher valance states [17]. After the first
cycle, only noticeable reduction peaks at ~0.6V can be
noticed, corresponding to the reduction of both V and Zn.
In addition, there was a small peak at ~0.25V, which is
accredited to the further formation Zn-Li alloy. However,
the anodic scan displays a similar pattern to the initial one.
The CV profile of the prepared electrode material is well
coincided after the second cycle, indicating good electro-
chemical reversibility. From the published literature, the
redox reactions of the electrode material can be described
as shown below [18, 62].

ZnV2O6 + 2x + yð ÞLi+ + 2x + yð Þe− ⟶ Zn − Liy + LixV2O5 + 1/2Li2O,

ð10Þ

V2O5 + xLi+xe− ↔ LixV2O5, ð11Þ
Zn − Liy ↔ Zn + yLi+ + ye−, ð12Þ

Zn + Li2O↔ ZnO + 2Li+ + 2e−, ð13Þ
Li2V2O5 + 8Li↔ 5Li2O + 2V 0ð Þ, ð14Þ

1 ≤ x ≤ 2, y ≤ 1: ð15Þ
Moreover, the measured CV curves were further vali-

dated by the galvanostatic charge-discharge (GCD) analysis.

The GCD curves of the VO/ZVO CFA-300, VO/ZVO CFA-
400, and VO/ZVO CFA-500 electrodes were measured at
100mA/g, as displayed in Figure S6(b) of the SI,
Figure 5(b), and Figure S7(b) of the SI, respectively. All the
measured GCD profiles showed similar charge-discharge
profiles as per their respective CV curves. During the first
discharge cycle, various voltage plateaus were noticed.
Subsequently, the sloping line reached a minimum
potential of 0.01V. This can be accredited to the multiple
reduction reactions of the electrode material to their
metallic states. The respective involved redox reactions are
explained in the CV analysis. In the starting cycle, the
charge/discharge specific capacity values of the VO/ZVO
CFA-300, VO/ZVO CFA-400, and VO/ZVO CFA-500
electrodes were noticed to be 1005mAh/g/754mAh/g,
1218mAh/g/846mAh/g, and 811mAh/g/678mAh/g,
respectively. The obtained high-irreversible capacity
performance in an initial discharge curve is imputed to the
developed SEI layer associated with the disintegration of
electrolytes at the electrode/electrolyte interface. The
sustainability of the prepared electrodes over a long-lasting
life span is a significant factor for their real-world
applications. For this, the cycling investigation of all the
prepared electrodes was performed at 100mA/g and
compared over 150 cycles, as displayed in Figure 5(c). The
Coulombic efficiency (CE) values of initial cycles were
noticed to be 75.02%, 69.45%, and 83.60% for the VO/
ZVO CFA-300, VO/ZVO CFA-400, and VO/ZVO CFA-
500 electrodes, respectively (Figure 5(d)). As displayed in
Figure 5(d), the CE performance of the electrodes was
improved to 98.91%, 99.52%, and 97.03% for the VO/ZVO
CFA-300, VO/ZVO CFA-400, and VO/ZVO CFA-500,
respectively, after 150 cycles. After completing 150 cycles,
the discharge capacity value of 844mAh/g was achieved for
the VO/ZVO CFA-400 electrode. In the meantime, the
VO/ZVO CFA-300 and VO/ZVO CFA-500 electrodes
showed lower discharge capacity values of 645 and
743mAh/g, respectively. The higher discharge capacity of
the VO/ZVO CFA-400 electrode was obtained as
compared to the other two electrodes. Thus, the VO/ZVO
CFA-400 electrode was selected as the optimal sample for
further cycling tests at high current densities. The cycling
tests for the VO/ZVO CFA-400 electrode were further
performed at a current density of 500mA/g (Figure 5(e)).
As shown in Figure 5(e), the VO/ZVO CFA-400 electrode
showed an impressive capacity value of 1146mAh/g over
600 cycles. Furthermore, it demonstrated a CE value of
~100% after 600 cycles, as presented in Figure 5(e). The
achieved discharge capacity of the VO/ZVO CFA-400
electrode was much greater than those of the previously
published studies on zinc vanadate-based anodes, and the
comparison performance is shown in Table S1 of the SI.
To investigate the efficient usage of the prepared electrodes
toward the practical application, it is essential to test the
electrodes with quick charge/discharge cycling ability at
high current values over a long-term time with good
reversible capacity. The cycling performance for the VO/
ZVO CFA-400 electrode was investigated at the high
current densities of 1000 and 2000mA/g over 500 cycles
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between 0.05 and 3.0V, as displayed in Figure 6(a). As
presented in Figure 6(a), the VO/ZVO CFA-400 electrode
revealed higher discharge capacity values of ~497 and
340mAh/g at 1000 and 2000mA/g, respectively, after 500

cycles. The superior reversibility of the VO/ZVO CFA-400
electrode can be attributed to flake-like structures with
porous properties formed by closely connecting a large
number of tiny nanoparticles. It is important to describe
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Figure 5: (a) CV curves at 0.1 mV/s and (b) GCD curves at 100mA/g for the VO/ZVO CFA-400 electrode. (c) Cycling performance and (d)
CE of the VO/ZVO CFA-300, VO/ZVO CFA-400, and VO/ZVO CFA-500 electrodes at 100mA/g. (e) Cycling performance of the VO/ZVO
CFA-400 electrode at 500mA/g.
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Figure 6: Continued.
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the cycle tendency that was found in the current
investigation. The capacity loss in the initial few cycles
may be ascribed to the irreversible reactions that occur in
the generation of the SEI layer and the decomposition of
electrolyte. As well-known, the formation and stability of
the SEI film is a step-by-step method. Hence, increasing
CE gradually generates a general phenomenon reported in
many published literature. On the other hand, the capacity
of the electrode increases slowly during the following
cycles after fading to its lowest value at the 40th cycle. The
increased capacity is attributed to continuous high-rate
lithiation and a partially polymeric layer formation during
the electrolyte decomposition. Moreover, this observed
slowly rising capacity could also be attributed to the
structural reconstruction of the material. This period is
also called the activation process [63–65].

The rate performance of the electrodes is essential for
constructing the advanced LIBs to fulfill the requirements
of high-power consumed electronic appliances such as EVs
and HEVs. Figures 6(b)–6(d) show the rate performance of
the VO/ZVO CFA-300, VO/ZVO CFA-400, and VO/ZVO
CFA-500 electrodes, respectively. Figure 6(b) displays the
rate capability of VO/ZVO CFA-300 electrode, which deliv-
ered the discharge capacity values of 670, 564, 460, 363, 299,
247, and 122mAh/g from 100 to 2000mA/g, respectively.
When it was reverted to its starting current density of
100mA/g, the reversible discharge capacity value of
682mAh/g was obtained after 110 cycles. Figure 6(c) shows
the rate capability of the VO/ZVO CFA-400 electrode. The
VO/ZVO CFA-400 electrode delivered the specific capacity
value of 498mAh/g at 100mA/g, and it was reduced to
444, 415, 410, 387, and 371mAh/g from 200 to 1000mA/g,
respectively. At 2000mA/g, it still maintained an excellent
discharge capacity value of ~300mAh/g. Moreover, the
VO/ZVO CFA-400 electrode at 100mA/g in reverse
revealed a superior retention capacity value of 840mAh/g
after 110 cycles. The rate capability of the VO/ZVO CFA-
500 sample was also studied, as demonstrated in

Figure 6(d). The measured reversible capacity values were
502, 286, 262, 326, 238, 227, and 155mAh/g from 100 to
2000mA/g, respectively. The recovered discharge capacity
value of 745mAh/g was obtained when it returned to
100mA/g. The measured rate performance reveals that the
prepared electrode has good discharge capacity when oper-
ated at several current densities. It is also worth noticing that
the capacity performance of the VO/ZVO CFA-300 and
VO/ZVO CFA-500 electrodes rapidly drops when applying
high current densities. In contrast, the VO/ZVO CFA-400
electrode showed better stable rate performance than the
other electrodes, which implies good reversibility. The
kinetic transport properties of all the VO/ZVO CFA elec-
trodes were studied by electrochemical impedance spectros-
copy (EIS) analysis between 105Hz and 0.01Hz, as
presented in Figures 6(e)–6(g). The EIS studies were exe-
cuted for all the electrodes on the new cell and the cell after
cycling over 150 cycles. The Nyquist plots of the electrode
showed depressed semicircles in the high-frequency region,
indicating a steep vertical line in the following frequency
domain. The semicircle denotes the resistance of the inter-
face formed at the electrode/electrolyte interface, called
charge transfer resistance (Rct). The vertical line on the
low-frequency side signifies Warburg impedance. As pre-
sented in Figures 6(e)–6(g), for all the electrodes, the formed
semicircle has a smaller value before cycling than after
cycling. This implies that the Rct of all the electrodes is
noticeably enhanced via cycling. However, the diameter of
the semicircle of the VO/ZVO CFA-400 electrode is frac-
tionally lower than that of the other electrodes (for the
new cell and the cell after cycling). The reduced diameter
of the semicircle of the VO/ZVO CFA-400 electrode can
lead to the rapid transfer rate of Li ions, which results in bet-
ter capacity performance over the long-term cycling process.
The long-lasting cycling, good Li-ion storage capacity, and
superior rate ability of the VO/ZVO CFA-400 electrode are
maybe ascribed to their distinctive structural characteristics.
First, the nanosized subbuilding units result in highway
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Figure 6: (a) Cycling performance of the VO/ZVO CFA-400 electrode at 1000 and 2000mA/g. (b–d) Rate performance and (e–g) EIS plots
of the VO/ZVO CFA-300, VO/ZVO CFA-400, and VO/ZVO CFA-500 electrodes, respectively.
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transport paths for the easy kinetics of Li ions, which highly
simplifies lithiation/delithiation and charge carriers during
the cycling process. Second, the excellent access area and
reactive channels at the interface and interior of voids of
flake can efficiently reduce the volume variations, advance
the structural consistency during the repeated cycling pro-
cess, and allow the stress-free penetration of Li ions into
flake structures, hence partially alleviating pulverization
issue and enhancing the cycling performance. Last, the
improved redox reactivity concerns the executable syner-
getic nature between Zn2+ and Vx+.

4. Conclusions

In summary, we first fabricated novel flake-like highly
porous VO/ZVO CFA using the wet-chemical approach,
followed by annealing treatment. Firstly, the complex pre-
cursor material was prepared at a low temperature (i.e.,
100°C) through a silicone oil bath-assisted wet-chemical
approach. The precursor product was annealed at different
temperatures (i.e., 300, 400, and 500°C) to study the influ-
ence of annealing temperature on the energy storage perfor-
mance. The as-prepared products revealed unique thick
flake-like structures assembled from the emergence of voids’
self-assembly of many tiny nanoparticles. When investigated
as an anode for LIBs, the VO/ZVO CFAs showed excellent
Li-ion storage performance. The VO/ZVO CFA-400 elec-
trode exhibited a remarkable capacity value of 844mAh/g
over 150 cycles at 100mA/g, whereas the VO/ZVO CFA-
300 and VO/ZVO CFA-500 electrodes were limited to 645
and 743mAh/g, respectively. The VO/ZVO CFA-400 elec-
trode showed an excellent discharge capacity of 1146mAh/
g after 600 cycles. Among them, the VO/ZVO CFA-400 elec-
trode showed better reversibility and rate capability
(840mAh/g at 100mA/g over 110 cycles) than the other
electrodes. The obtained excellent capacity performance is
ascribed to unique flake-like structures with high porosity
from the self-assembled nanosized particles, which can per-
mit an easy and rapid charge/electron alleyway for electrodes
during the cycling. Based on these findings, the facile, low-
temperature, and low-cost approach of VO/ZVO material
can offer new routes for developing advanced TMO active
materials. This also promotes an easy and efficient process
to prepare porous structured flakes composed of hybrid
compounds with good reversibility for practicable LIBs.
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