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Vanadium oxides

1. Introduction

1.1 Batteries

Batteries are devices that store and release electrical energy through
chemical reactions that store energy generated from renewable sources
including solar energy, geothermal energy, bioenergy, hydropower,
tidal and ocean energy [1] for later use or in emergency backup systems
become the most widely used energy storage technology. Especially,
electrical energy storage systems (EESS) some types of batteries as
shown in Figure 1 [2] must have large-scale batteries used to store spare
energy generated by power plants during periods of low demand.
This spare energy can be released during peak demand times, helping
to stabilize the electrical grid.

Battery energy storage (BES) has 2 common types of batteries,
Type 1: primary or non-rechargeable batteries are designed for one-
time use and cannot be reused because the electrochemical reaction
cannot be reversible. Examples are zinc-carbon batteries (Leclanche
batteries), metal-air batteries (Al, Fe, Mg, Cd and Zn), manganese-
alkaline batteries, lithium-manganese dioxide batteries (Li-MnO2),
lithium iron disulfide (Li-FeS2) [3-5]. These are widely used in many
applications due to their high energy density, long lifespan and cost-
effectiveness. Alkaline batteries are the standard choice for most remote
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Rechargeable zinc-ion batteries (ZIBs) are emerging as promising energy storage devices for various
applications, including large-scale energy storage, due to their environmental friendliness, enhanced
safety, and low cost. A key challenge in ZIB development is creating cathode materials that reduce
the solubility of active materials in aqueous electrolytes, increase electrical conductivity, and extend
life cycles for high performance. Vanadium-based compounds, with their diverse structures and multiple
oxidation states (+2, +3, +4, and +5), have been extensively studied as effective cathodes for ZIBs.
This mini review highlights recent research on doping transition metals into vanadium oxide materials
to achieve superior electrochemical performance compared to electrodes prepared via solid-phase
synthesis and hydrothermal methods. Additionally, it offers guidance for the future development of

controls, small handheld calculators and analog and digital clocks
often use them. Especially those requiring high power output like
toys, flashlights, sensors and monitoring devices also use alkaline
batteries for long-term deployments) [3]. Batteries with long shelf life,
like lithium, are preferred for devices that may be stored for extended
periods. In summary, while primary batteries have their place in
certain applications, their limitations in terms of sustainability, cost-
effectiveness, and performance. Type 2: secondary or rechargeable
batteries can be recharged multiple times. Examples, Lead-acid
batteries are widely used for automotive (starting, lighting), UPS
systems, and stationary energy storage owing to their low cost and
high current output on the other hand the big size with heavy weight
affects low energy density and poor cycle life compared to other types.
Nickel-cadmium (Ni-Cd) batteries are used for power tools with good
performance at low temperatures and long cycle life but environmental
concerns due to cadmium. Nickel-metal hydride (NiMH) batteries
have a higher energy density than NiCd but still lower energy density
than lithium-ion and are used for hybrid electric vehicles. Lithium-ion
(Li-ion) batteries have become the most popular battery in recent years.
Their high energy density, long cycle life, and relatively high power
output have made them the preferred choice for various applications
such as smartphones, laptops, electric vehicles and energy storage
[3,4,6,7]. However, these batteries still have some limitations and
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Figure 1. Ragone plot of several electrical energy storage systems (EESS) [2].
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Figure 2. Overview of zinc-ion batteries [36].

we will discuss this in more detail in the next subsection. Two types of
battery systems are different in their ability to be reused. The desired
operating time of the device determines the battery type and size. Each
type has its own set of characteristics, advantages, and disadvantages,
making them suitable for different applications. This article review
provides a comprehensive summary of the recent cathode materials.
Especially, the development of vanadium-based cathode material via
metal doping elements will be discussed in the next section.

1.2 Lithium-Ion Batteries (LIBS)

Lithium-ion batteries (LIBS) are among the most popular and
widely used in various applications. They are commonly operating
in small electronic devices, electric vehicles (EV), electrical renewable
energy storage systems, and many other technologies due to their
high operating voltage (~ 3.7 V) with high energy and power density,
low self-discharge reaction, operating in various range of temperature
and lightweight design [4,6].

However, they also have limitations, such as safety concerns
especially if damaged or improperly charged, which can cause thermal
runaways and fires due to lithium-ion batteries using flammable
organic electrolytes, and the lithium resource available is not being
distributed globally can affect the supply chain and high price [7-9].
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1.3 Aqueous Zinc Ion Batteries (AZIBS)

At present several alternative battery technologies to solve the
limitations associated with traditional lithium-ion batteries. One
interesting alternative battery technology is the aqueous zinc ion
batteries (AZIBS) [10,11] are rechargeable battery that uses Zn>*
as charge carriers with high performance and can be operated with
an aqueous electrolyte, which means the electrolyte is composed
mainly of water. Aqueous systems have several advantages over non-
aqueous systems, such as lower cost, increased safety because of their
non-flammability of aqueous solution, and environmental friendliness
[2,10,12,13].

The components of aqueous zinc-ion batteries consist of four parts,
First, the anode in AZIBs is typically made of metallic zinc (zinc foil,
electrodeposition on substrate and zinc nanoparticles) during the discharge
process, zinc atoms are oxidized to release zinc ions and electrons [14].
Second, the cathode material can vary, but common materials include
manganese-based (MnO2, Mn3O4 [15-17]) vanadium-based (V205
[18-22], VO [23], Zn3(OH)2V207-2H20, Zn2V207 [24,25] and V30s)
[26,27] or organic and other cathode materials [21,28]. During the
discharge process, Zn?" from the anode moves to the cathode and
captures electrons. Third, the electrolyte allows ions moving between the
anode and cathode in this system using an aqueous solution containing
zinc ions. Unlike non-aqueous systems, which use organic solvents,
AZIBs use water-based electrolytes [29-32]. This contributes to the
safety and cost-effectiveness of the system. Fourth, the separator is like
other batteries, AZIBs include a separator that protects direct contact
between the anode and cathode to avoid a short circuit while allowing
the flow of ions, commonly using a glass fiber separator [33-35].

While aqueous zinc-ion batteries show promise for various
applications, they also have several challenges and limitations are
including, On the anode, zinc dendrite formation on the surface can
pose a safety risk and lead to short circuits within the battery. Dendrites
can penetrate the separator and compromise the integrity of the battery,
affecting its performance [37,38]. On the cathode side, some cathode
materials have high dissolution of elements in the aqueous electrolytes
system, which affects poor cycling stability, leading to a gradual
degradation of capacity over multiple charge-discharge cycles and
may exhibit limited stability or low capacity. Also, the kinetics reaction
of aqueous zinc-ion insertion and extraction at the cathode can be
slower compared to some other battery systems [39-41]. This can impact
the rate capability and efficiency of the aqueous zinc-ion batteries.
[52]. Therefore, suitable cathode materials is crucial in enhancing the
performance of zinc-ion batteries. Vanadium compounds, which come in
various structures and can exist in multiple charged states, are considered
good candidates for the cathode material but still have challenges and
limitations there are low electrical conductivity in their pure form.
Also, the kinetics reaction are slower compared to some other battery
systems.

Cathode materials, as the most important parts of zinc-ion batteries.
The improvement of cathode materials to reduce the solubility of
active material in aqueous electrolytes, increase electrical conductivity
and suppress dissolution of active materials and unexpected byproducts
in the aqueous solution to improve high performance of zinc-ion batteries
including large operating voltage windows, reversible capacity and life
cycle stability there are of the challenges.
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2. Developing cathode materials

2.1 Manganese-based cathode

Previous research shows results that these batteries use manganese-
based as a cathode, Pang, S.C. synthesized MnO> nanostructures via
hydrothermal and various aging times and temperature by spherical
agglomerates formed at lower temperatures and short aging times.
At higher temperatures and longer aging, nanorods formed. 3-MnO2
has phase changes to a-MnOz in the range of low to high temperature
[42,43].

0~-MnQOz is the common cathode with a symmetric tunnel structure
ofa[2 x 2] in cross-section. The first research group Xu C. et al., [15]
synthesized a-mno2 via the use of hydrothermal following Pang, S. C.
[42] and reported a novel zinc-ion battery system with metal Zn as
an anode, 0-MnQ: as a cathode (host material), the aqueous electrolyte
2M ZnSOs and 3M Zn(NOs)2 were used in this system to compare
the performance and then they found that Zn?* ions can be reversibly
into the host material which capacity~ 210 mAh-g'.

Toupin M. et al. reported that a MnO> powder can be synthesized
by mixing KMnOs and MnSO4-H>O, after that a dark brown residue
was obtained. To confirm the morphology by XRD pattern and SEM
as shown 0-MnOz with spherical grains. They reported the electro-
chemical behavior of MnO2 powder that has a cyclic voltammogram,
CV looks like a previous report with capacity of 150 F-g~' [44].

1 pm

Figure 3. SEM image of MnO, various aging time (a) at 25°C and (b) at
80°C [42].

Mn©: Mild electrolyte

Figure 4. Schematics of the chemical reaction of the zinc ion battery [15].
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Figure 5. (a) Discharge curves of the ZIB at different current densities and
(b) Cycle performance [15].

Islam S. et al., presented B-MnOz nanorods can synthesized by
microwave-hydrothermal at 200°C, 10 min with the highest stable
structure of 1 X 1 tunnel-type, (101) planes which share corners of
octahedra MnOs in single chains but it has a narrow tunnel affected with
low discharge capacity ~270 mAh-g™! at current density 100 mA-g~!
and the structure transformed to a spinel structure after long cycles [16].

J. Met. Mater. Miner. 34(3). 2024
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Figure 6. (a) XRD pattern, (b) crystallographic structure and (c) FE-SEM of B-MnO, nanorods [16].
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Figure 8. The framework of Prussian blue analogs [45].

Manganese-based materials are excellent cathodes for zinc-ion
batteries with high cycle stability due to higher Zn?" insertion and
high-capacity retentions. On the other hand, it has a high dissolution
of Mn?" into the electrolyte effects on fast capacity decreasing and
the slower dynamics reaction are due to the strong reaction between
Zn?" and the host materials.

2.2 Prussian Blue Analogs (PBAs)
Prussian blue analogs (PBAs) also known as metal hexacyanometallates

by face center cubic structures, FCC have mixed valence with large
ionic channels and number of interstitial sites in the lattice can react
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with the storage sites for some ions, such as Zn?', AI**, etc. The common
formula of a PBA system can be AxMA,[MB(CN)s].'n H20, by A as
alkali metal ( Li, K, Na) and MA, MB is normally as metal cations
(Fe, Co, Cu, Mn or Ni). The synthesis of PBAs can be produced via co-
precipitation, electrochemical deposition, etching and ball milling. Both
methods are facile and can be developed for large-scale applications.

Liu Z. et al., They mixed K3Fe(CN)s and aqueous FeCls via
a solution precipitation method. Finally, a dark green precipitate that
is FeFe(CN)s nanoparticles was observed. The sample was characterized
the morphology by TEM as shown in Figure 9 with a nano cubic shape.
The electrochemical performance of the FeFe(CN)s was studied
with the aqueous electrolyte in a zinc ion battery presented the cyclic
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voltammetry (CV) with operating voltage in a range of 1.0 V to 2.0V
showing reduction at 1.34 and oxidation at 1.47 V and specific capacity
~120mAh-g " at 0.1 C with an open-circuit potential (OCP) ~1.56 V [46].

Xue Y. et al. presented a vanadium hexacyanoferrate (VHCF)
nanoparticle prepared by VOSO4:xH20 and KsFe(CN)s is grown on
CNT by co-precipitation as shown in the Figure 10 [47]. The micro-
structure was analyzed by SEM and TEM, the initial VHCF is an
agglomerate of nanoparticles size of 30 nm. The electrochemical obtained
the discharge capacity of VHCF/CNTs and VHCF are 97.8 mAh-g™!
and 78.5 mAh-g ! at 50 mA-g ! respectively [47].

Prussian blue analogs (PBAs) with mixed valence and many interstitial
sites, resulting has efficiency operating at high voltages. However, PBAs
still have a lower reversible capacity and poor cycling stability because
of severe dissolution and transforming structure after long cycling
which is the limitation of this cathode.

Thus, searching for suitable cathode materials is the key point to
developing the efficiency of ZIBs with high performance for several
applications, especially large-scale electric energy storage. Vanadium-
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based cathodes with several structures and multi-valent electrons
(+2 to +5) are the proper cathode choice for aqueous zinc-ion batteries
owing to their excellent Zn?" storage capacity. In this review, the previous
research advances of dope elements in vanadium oxide are summarized.
The material synthesized strategy and electrochemical performances.

2.3 Vanadium-based cathode

The different valence states of vanadium (+2, +3, +4 and +5) make
vanadium-based materials different structures, compositions and
electrochemical performance [48]. Thus, vanadium-based materials
can contain multiple oxidation states, providing the opportunity for
multiple redox reactions during charge and discharge cycles that can
contribute to the high reversible capacity and energy density because
of multiple valence states and several structures [49]. Vanadium oxides
(VO, V203, VO2 and V307 V20s5) [50-52], vanadates (non-metal,
multivalent metal cations, and monovalent alkali metal cations) [53]
all are members of vanadium-based materials.
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Figure 9. (a) the schematic of Zn//FeFe(CN)g battery, (b) the TEM image, (c) the CV profile and (d) the rate ability of FeFe(CN); at the different current

densities [46].

e o
/. é o
VOSO,

Ultrasonic

Figure 10. A schematic diagram of the preparation of VHCF/CNTs [47].
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Figure 11. (a,b) SEM-TEM images of VHCF and (c,d) SEM-TEM images
of VHCF/CNTs [47].

Figure 12. Strategies V,0Os modifications [54].
2.3.1 Vanadium pentoxide (V20s)

Vanadium pentoxide (V205) is considered a promising cathode
material for several types of batteries, including lithium-ion batteries
(LIBs) and metal-ion batteries (MIBs) as shows high specific capacity
and cycling stability. The V20s often exhibits good reversibility,
allowing for efficient cycling during charge and discharge cycles.
A reversible cathode is essential for long cycle life and stable battery
performance. It is compatible with aqueous electrolytes, making
them suitable for use in aqueous battery systems and generally shows
good thermal stability, which is crucial for the safety of the battery [52].
Although vanadium oxide cathodes show promise for certain types

of batteries but still have specific limitations there are low electrical
conductivity in their pure form. Also, the kinetics reaction of insertion
and extraction are slower compared to some other battery systems
and can result in lower charge/discharge rates due to the V20Os having
a small interlayer spacing [54]. The limitation of V20s can be influenced
by various factors and compositions and any doping involves adding
small amounts of other elements to modify the properties of the
material. This is a modification that can expand interlayered spacing
and improve structure stability during the charge and discharge process
and expand the cycle stability.

3. Metal-doping Vanadium pentoxide (V:0s)

Common transition metals are often used as dopants in V20s for
aqueous zinc-ion batteries. Each metal dopant has unique effects on
the electrochemical properties. The metal doping can increase the
interlayer spacing and improve the stability of the structure that
effected to enhances the electrochemical performance and improves
the conductivity of V20s, facilitating faster charge and discharge rates
and improving the overall efficiency of the battery. Also, can influence
the redox reactions occurring within the cathode and structural stability
that leads to improved energy storage capabilities with higher energy
density.

Ma L. et al. [55] report the synthesis of materials via hydrothermal
is a facile method that involves the dissolution of 0.2 M of commercial
V205 and 0.1 M of Co(CH3C0OO)2-4H20 in a 30 mL solution of
1 M acetic acid at a temperature of 200°C for 72 h. Cool down at
room temperature and then wash with ethanal Finally, the Coo.247
V205-0.944H20 were received and the morphology were characterized
by SEM, TEM and EDS [55] the results in Figure 13.

To investigate the electrochemical performance of the materials,
Cyclic voltammetry (CV) profiles of Zn, C00.247V205-0.944H20 and
V205-nH20 cathode were used to study the reduction reaction by
the three electrodes system. This cathode shows reduction reaction
peaks as displayed in Figure 14 higher than V205-nH20. The electro-
chemical impedance spectroscopy (EIS) results insert is corresponding
electric circuit diagram. The Ret of this cathode ~16.4 Q is smaller than
the V205-nH20 cathode ~35.3 Q [55].

To evaluate the battery performance will assembly of a coin cell
(CR2032) by Zn as anode Co00247V205-0.944H:0 as cathode, the result
shows cyclic stability and capacity retention ~90.26% after 7500 cycles
at4 A-g! and assembly of the Zn/Zn symmetrical cell to investigate Zn
plating/striping can continuous testing for more than 400 h without
ZnO formation on the Zn surface that confirms a dendrite-free on
the anode [55]. This cathode material outperforms previous cathode

materials of zinc-ion batteries.

Figure 13. (a) SEM image, (b) TEM image of C0247V,05-0.944H,0, and (c) EDS mapping [55].

J. Met. Mater. Miner. 34(3). 2024
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Figure 14. The electrochemical properties (a) cyclic voltammetry profiles, (b) electrochemical impedance spectroscopy, and (c)

C00_247V205'O.944H20 and VzOs‘l’leO [55]

Javed ML.S. et al. synthesized the 2D V20s-Ti cathode material by
V205 nanosheets were prepared via a facile hydrothermal and then
V205 nanosheets were formed on a Ti-foil via annealing at 300°C
in air, 2 h. The morphology and microstructure as shown in Figure 15
[56]. The electrochemical properties of the 2D V20s5-Ti cathode was
observed, the results at the first discharge and charge process show
a high capacity of 503.1 mAh-g ! and 583.0 mAh-g™!, respectively
and also have the coulombic efficiency (CE) ~98%.

The 2D V205.Ti compared with the previous V20s cathode, this
cathode shows a high capacity and CE. They are signifying that the
ultra slim nanosheets were grown uniformly which is great conductive
Ti-foil can enhance the discharge capacity [56].

Shan L. ef al. reported that Ago.4V20s nanobelts was prepared
via facile hydrothermal were mixed V205 with AgNOs3 in deionized
water at 40°C. Then the solution was heated at 200°C for 48 h in
autoclave. Finally, the Ago.4V20snanobelts were received [57]. The

cycle ability of Zn,

microstructure results and the XRD pattern as shown in Figure 17,
the phase Ago4V20s is a monoclinic structure.

To study the electrochemical properties of Zn //Ago4V20s battery,
the cyclic voltammetry curve (CV) at scan rate 0.1 mV-s™! start from
0.4 V to 1.4V, three reduction peaks occurring as shown in Figure 18.
The first 5 cycles show that the capacity quickly decreases but then
becomes stable after 5 cycles. The cycle performance shows a high
capacity of 225 mAh-g ' at the current density of 5 A-g! after 1000
cycles and it can still maintain a stable capacity of 144 mAh-g™' at
the current density of 10 A-g! after 2000 cycles [57].

The Ago.4V20:s is a high-efficiency cathode material for aqueous
ZIBs with great electrochemical performance, especially the long-
term cycle stability at high current density. The silver networks in
this cathode can increase the electrical conductivity of V20s to receive
high performance cathode material.
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Figure 15. (a) XRD pattern, (b) XPS spectrum, and (c) FESEM images of V,0Os nanosheets growth directly on Ti-foil [56].
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The sol—gel method is a simple process by Ni-doped V20s nano-
particles [58] can synthesized by this method. Finally, the blue gel
was calcined at 400°C for 4 h and then V20s yellow powder was
received. XRD and SEM were used to characterize morphologies and
microstructure from XRD pattern showing the orthorhombic V205
structure, the SEM image presents the shape as like a nanorod size
in a range of 60 nm to 80 nm and has a few non-uniforms distribution
of Ni placed on V20s based surface displayed in the Figure 19.

From the CV curve, Ni-doped V205 shows a wider curve than pure
V205 because Ni content in V205 nanorod can enhance the conducting
of the material resulting in Ni-doped V20s electrode having a higher
specific capacity than a normal V20s electrode. This material can be
promoted as a new cathode material for Zinc ion batteries
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g
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2 Thata (deqa)

This research group [59], report a cathode material for a zinc battery
cell that is Zno25V20s-nH20, with high a capacity ~300 mAh-g™!
and retention more than 80% over 1,000 cycles. By this cathode
were synthesis by traditional hydrothermal processing resulting in
superlong Zno25V205-nH20 nanobelts with lattice spacing 0.537 nm
distance of the (200) planes were obtained the morphology were
investigated as shown in Figure 21.

Figure 22 presents a schematic of the rechargeable ZIB by Zn
metal as an anode, Zno25V20s as a cathode in an aqueous 1 M ZnSO4
system. During the charge-discharge process, it incorporation water
molecule and V20s layer resulting in interlayer arrangement of each
layer was expand to obtain a high capacity of 250mAh-g' at 1.2 A-g!
with a long cycle stability over 200 cycles [59].

il
200 nm

Figure 19. XRD spectra and SEM images of (a) pure V,Os and (b) Ni-doped V,0s [58].
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Figure 20. CV curves of (a) pure V,0s, and (b) Ni-doped V,0s5[58].
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(b)

Figure 21. (a) SEM image, and (b) HRTEM image of Zn»5V>0s-nH,O nanobelts [59].
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10

The Ti-doped V205 can be prepared from the simple spray-drying
method and annealing in the muffle furnace at 400°C with an aging time
of 2 h by various Ti content and V content then obtained Tio2V18049
as called TVO [60]. These materials confirmed the structure by XRD as
displaying the V205 spectrum, orthorhombic phase. Figure 24 is SEM
image of V20s presents porous spherical with a size of 50 nm to
100 nm under layer can observe porous yolk. Both Tio.2V1.804.9 and

J. Met. Mater. Miner. 34(3). 2024

Ti0.5V1.504.75 are the yolk-shell microspheres without mesopores on
the surface also has Ti uniform distribution that can confirm the
complete Ti doping in V20s.

The electrochemical performance used to study the effect of Ti
doping in V205 was prepared a coin cell CR2025 with 3M ZnSOa4
as the electrolyte. The cyclic voltammetry (CV) curves at scan rate
0.1 mV-s™! show that both Tio2V 18049 and Tio.sV1504.75 occur a pair
of the reduction reaction peaks as shown in Figure 25. Tio2V1.804.9
has a higher capacity than Tio.sV1.504.7s when compared the cycle
ability at current density 1 A-g! also higher with 89% capacity retention
after 2500 cycles.

SEM

V,05

TiD EV 1,80 49

Tig V150 475

Figure 24. The microstructure of V,0s, Tig,V, 50 49 and Tig sV 50475 [60].
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Figure 26. Structural characterization of MVO cathodes. (a) crystal structure, (b) XRD pattern, (c) EDS spectrum, (d-f) SEM, TEM, HRTEM images, and

(g) TEM-EDS elemental maps [61].

Transition metal doping (Ti) can reduce the solubility of cathode
material in aqueous electrolytes and can improve the long-term stability
ofthe battery. Ming F. et al. reported a porous Mgo.34V20s5-0.84H20
nanobelts (MVO) were synthesized by hydrothermal method at
a temperature 220°C for 48 h [61]. The structure was investigated by
XRD as confirmed V205-0.5H20, SEM was used to study morphology,
TEM and HRTEM to analyze lattice spacing and element mapping

the result as shown in Figure 26. The morphology of MVO is the
nanobelts ~10 pm in length and ~500 nm in width and can see a porous
surface with a lattice spacing ~ 0.22 nm. To prove the element of MVO
nanostructure has Mg, V and O elements via use of TEM-EDS mapping
can observe the uniform distribution of each element. These results
prove this method can produce porous layered MVO [61] .

J. Met. Mater. Miner. 34(3). 2024
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For electrochemical measurements, the AZIBs were prepared,
the CV profile at scan rate 0.2 mV-s™! displays the operating voltage
window from 0.1 V to 1.8 V, it is larger than previous reports.

Figure 27 shows the rate performance of MVO at different current
densities from 0.05 A g™ to 5 A-g! and then backward to 0.1 A-g™!
with the discharge capacity ~350 mAh-g~! at 0.05 mA-g~' when
backward to 0.1 A-g™! still high capacity ~330 mAh-g'with capacity
retention ~97%. Thus, can confirm the long-term stability of this
cathode that owing to Mg can provide large interlayer spacing and
the concentration of this electrolyte, Zn(CF3SO3)2 has more acidic
than ZnSOq, resulting in oxygen evolution reaction (OER) kinetics

reaction is lower and can improve to higher capacity and energy
density than normal ZnSOa.

The hydrothermal add-on annealing can used to prepare Cuo.1
V205-0.08H20 to adjust the crystalline structure by synthesizing at
200°C for 48 h. After that further annealing by various temperatures
from 100°C to 600°C in the air [62] when the annealing temperature
is nearly 300°C presented water molecules almost evaporate. So,
the CuVO-300 composite has a chemical formula is Cuo.1V20s5-0.08H20
which is an optimized parameter. The microstructures were observed
by SEM, XRD and TEM to measure the copper (Cu) content in vanadium
(V), the result is shown in Figure 28.
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Figure 27. (a) The CV profile, (b) rate performance various current density, and (c-¢) cycle performances at current densities 0.1, 1, and 5 A-g™' [61].
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Figure 28. (a) XRD spectrum, (b,c) SEM and TEM image, (d) HRTEM image, (e,f) TEM-EDX and XPS spectra of the CuVO-300 composite [62].
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To study the electrochemical performance, the coin cells (CR2016)
were prepared, the cyclic voltammetry profile of CuVO-300 at a scan rate
of 0.1 mV-s™! display 3 pair of the reduction peak as shown in Figure 29
in range of 0.4 V to 1.3 V. The cycle performance as show high capacity
~350 mAh-g ! at current density 1 A-g™! which higher than normal V20s
because of pure V20s its narrow layer spacing and low conductivity.
Adding metal ions into the V20s interlayers increases the structural
stability during cycling but also including enhance the interlayer
spacing to a large size affected on has a higher electrical conductivity
that and can apply to other cathode materials or battery system.

FeVO and VO nanobelts were synthesized using a single-step
hydrothermal method via with and without doping elements [63]. The
schematic illustration of the preparation method is shown in Figure 30
this Fe-doped material creates a new pathway for zinc ion movement
and also a stable layered structure with significantly increased layer
spacing up to 10.8 A.

Figure 31 presents a comparison between commercial V20s and
FeVO, the FeVO shows a diffraction peak at 20 of 8.17° with (001)
plane has a lattice spacing of 10.8 A indicating the expands layer
distance which supported Zn?* ions diffusion into each layer. FESEM
and HRTEM were used to characterize the morphology and structure
of these materials. The SEM images show FeVO nanobelt structure
with the uniform distribution of V, O and Fe in a range of 20 nm to

150 nm, similar to the pure VO. The (201) plane of FeVO with the
interspacing 0.46 nm.

The electrochemical properties was tested in a CR2032 coin cell,
CV profiles at a scan rate of 0.1 mV-s™! of the first 5 cycles of FeVO
shown in Figure 32 with an operating window of 0.2 V to 1.6 V these
observed 3 pairs of redox peaks suggest that zinc ions (Zn?") are insertion
and extraction from the FeVO are the multi-step reaction. The reversible
electrochemical behavior of the FeVO is shown on the high CV peak
which is the effect of Fe doping.

The initial resistance (Rct) of the FeVO is lower than the pure
VO and commercial V20s. This is quite high at 2189 Q, but this
resistance significantly drops after the first, 50, and 100t cycles
due to an electrochemical activation process. At a low current of
0.2 A g7, the FeVO exhibits a specific capacity of276.2 mAh-g™!
and capacity retention of 93.6% after 150 cycles and also at a higher
current density of 0.5 A-g™! and then compared with another cathode
this cathode displays longer cycle stability than the pure VO and
commercial V205 with a specific capacity of 236.2 mAh-g™! and
capacity retention of 94.6% after 300 cycles. The high structural
stability FeVO presents a higher capacity than those of VO and V205
owing to the Fe doping an expanded layer spacing promotes ion
diffusion. This dopant improves the ability to charge and discharge
toward high capacity and long-term cycle stability.
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This study uses a simple one-step hydrothermal method that involves
varying the ratios of Cu and V20s to produce Cu pre-intercalated into
V205, which is a composite phase of Cuo.4V20s consisting of copper
vanadate and zinc vanadate were mixing and VO2-nH20 nanosheets
that with the chemical formula (Cuo.4V205)x(VO2-nH20)y [64]. The
schematic describes the synthesis method, as shown in Figure 33. The
XRD, SEM, and EDS mapping images, TEM, and high-resolution
TEM (HRTEM) were used. Figure 34 displays the SEM analysis with
a uniform distribution of Cu, V, and O nanosheets with a width of
70 nm to 160 nm, 200 nm to 500 nm length and an average thickness
of 22 nm. The TEM images showed a layered structure with a d-spacing
of 0.368 nm and an interlayer distance of 9.125 A, much larger than
the previously reported.

The electrochemical performance was evaluated by assembling
CR2032-type coin cells. The CV curve at scan rates of 0.1 mV-s™! to
1 mV-s™! Figure 35 exhibited consistent shapes, with reduction and
oxidation peaks shifting towards the left and right when the scan rates
increased. This suggests high rate performance. The result shows this
material has an impressive highest reversible capacity of 292 mAh-g™!,
with 91% retention and exhibits long-term performance at high current
density with a capacity 0of 332 mAh-g ™' at 0.2 A-g ! in the voltage range
of 0.3 Vto1.6V.
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The batteries performance is enhanced by the phase change of
Cu and Zn vanadate as well as the reversible redox reactions of Cu?*
and Cu® by increasing the distance between layers with the high
conductivity leading to a high Zn ions diffusion rate.

The development of Ni-doped V20s@3 D Ni core/shell composites
on a carbon cloth electrode by forming Ni-V20s on free-standing
3D Ni metal nanonets [65]. The schematic of the preparation process
of these materials was explained in the Figure 37. The Ni doping
can enhance the interlayer spacing of V205 which can expand the
operating window (0.3 V to 1.8 V) and the zinc-ion reaction kinetics
that allow fast Zn?* ion transport. In this work, the one-step loading
process mixed Ni particles from 3D nanonets into V205 via hydro-
thermal and annealed in air at 300°C, which changed the structure of
the layers between the active materials. To investigate the structure and
morphology, SEM and XRD were used to characterize. Figure 33(d,e)
After low-temperature annealing, rod-shaped 3D nanosheets on CC
was obtained. The homogeneous distribution of V20s nanosheets on
the surfaces of the 3D Ni nanonets displays in Figure 33(f,g) form
unique core-shell composites. The XRD and XPS confirm that has
Ni-incorporated V20s. Between each layer has Ni incorporated effect
on the structural and the electronic environment of V and O causing
shifts in the binding energies.
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Table 1. The summary of synthesis method and electrochemical performances of recently reported metals doping V,Os for AZIBs.

Materials Method Electrolyte Specific capacity Current density Retention % Ref.
(mAh-g™) (A-gh (cycles)
Co9.247 V205:0.944H,0 hydrothermal 21M LiTFSi + 450 4 90.26 (7,500) [55]
1M Zn(CF5S0s),
2D V,0s-Ti hydrothermal 3 M Zn(CF;S0s),  503.1 0.1 98 (50) [56]
Ago4V,0s hydrothermal 3M ZnSO, 237 0.5 85 (1,000) [57]
Ni-doped V,0s Sol-gel 2M ZnSO, - - - [58]
Zny25V,05-nH,O hydrothermal 3M ZnSO, 300 0.05 80 (2,000) [59]
Tip2V15049 hydrothermal 3M ZnSO, 355 0.05 89 (2,500) [60]
Mg 34V205-0.84H,0 hydrothermal 3M Zn(CF5S0;3), 350 0.05 97 (1,000) [61]
Cuy,1V205-0.08H,0 hydrothermal 2M ZnSOy4 359 1.0 88 (1,000) [62]
FeVO hydrothermal 3M Zn(CF5S0;3), 236.2 0.5 94.6 (300) [63]
Cuo4V;05:(VO2'nH,0) 4 hydrothermal 1.8M Zn(CFSO;), 332 0.2 97 (100) [64]
Ni-V,05@3D Ni@CC hydrothermal 2M ZnSOy4 405 4.8 98 (500) [65]
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The electrochemical properties were studied and the result as
shown in Figure 38. Cyclic voltammetry (CV) was measured at a scan
rate of 1.0 mV-s™! compared to the pure V205@CC and the Ni-V20s
@3D Ni@CC this shows a wider voltage window 0of 0.3 Vto 1.8 V
enables to work at a high energy density and also the GCD profile
provides a higher capacity of 270 mAh-g ! at the current density of
0.8 A-g ! due to its high specific surface area and electrical conductivity.
Moreover, at a higher current density of 4.8 A-g™!, after cycling over
500 times this material is still almost 100% CE. The 3D framework
Ni nanonets are better than CC because they have a larger surface
area and better electrical conductivity.

The 3D Ni nanonet can intercalate to active material as an
incorporation ion into the layer V20s could not only serve as a
framework but could also alter the V20Os internal layer structure,
promoting ion and electron transport and accelerating the oxidation-
reduction process resulting in a higher energy density and ion transfer
rate while maintaining long-term stability.

4. Summary and outlook

However, vanadium-based compounds display challenges as the
same Mn-based materials and Prussian blue analogs, presenting fading
long-term cycle stability due to V-based electrode materials having
poor electrical conductivity and unstable structure can change to some
failure structure which a narrow layer spacing and high dissolution
in electrolytes during the charge and discharge mechanism, results in
low working potential, with low cycle stability and energy density.

This mini review summarizes some transition metal doping in
V20s this is one of several methods that can solve the limitation of
V-based cathode materials for aqueous zinc-ion batteries (AZIBs) to
increase electrical conductivity and dopant atoms can inserted between
each interlayer to receive large interlayer spacing as compared to
with the commonly V20s, Including can also enhance the cathode
performance for high capacity and long cycle stability that can be
developing AZIBs to large scale applications. The vanadium-based
cathodes are promising good candidate for high-performance zinc-
ion batteries due to their unique properties. Their diverse structural
configurations and multiple oxidation states offer significant potential for
enhancing energy density and power capability. However, challenges
such as conductivity, vanadium dissolution, and cycle life stability
require further investigation. To unlock the full potential of vanadium
oxide cathodes, future research should focus on optimizing structure,
composite engineering, and developing electrolyte formulations.
Additionally, in-depth studies on reaction mechanisms and degradation
processes are essential for improving battery lifespan and safety. By
addressing these areas, vanadium-based zinc-ion batteries can be
positioned as a viable and sustainable energy storage solution for
the future.
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