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Abstract: Aqueous zinc ion batteries (AZIBs) are an ideal choice for a new generation of large
energy storage devices because of their high safety and low cost. Vanadium oxide-based materials
have attracted great attention in the field of AZIB cathode materials due to their high theoretical
capacity resulting from their rich oxidation states. However, the serious structural collapse and
low intrinsic conductivity of vanadium oxide-based materials cause rapid capacity fading, which
hinders their further applications in AZIB cathode materials. Here, the structural characteristics and
energy storage mechanisms of vanadium oxide-based materials are reviewed, and the optimization
strategies of vanadium oxide-based cathode materials are summarized, including substitutional
doping, vacancy engineering, interlayer engineering, and structural composite. Finally, the future
research and development direction of vanadium oxide-based AZIBs are prospected in terms of
cathode, anode, electrolyte, non-electrode components, and recovery technology.

Keywords: aqueous zinc ion batteries; vanadium oxide—based cathode; energy storage mechanism;
design strategy

1. Introduction

With the continuous advancement of the global carbon neutrality strategy, the
share of renewable energy (wind and water resources, etc.) in global power production
has gradually increased [1-3]. However, due to the intermittence and uncontrollability
of wind and solar resources, the stability of the power-system will be destroyed when
wind and solar resources are directly input into the power grid [2,4]. As a result, it
is urgently necessary for an advanced energy storage device to coordinate the power
transmission between these unstable energy sources and the power grid [5]. Lithium-
ion batteries (LIBs) are excellent representatives of energy storage devices. However,
LIBs also have safety problems caused by organic electrolytes and lithium dendrites, as
well as high cost problems and harsh process conditions, which limit their larger-scale
applications [6,7].

Aqueous batteries directly use an aqueous solution as an electrolyte, which fun-
damentally solves the safety problems caused by organic electrolytes. In addition,
aqueous batteries have the advantages of excellent ion conductivity, low cost, and low
toxicity [8-11]. Aqueous zinc ion batteries (AZIBs), which are one of the different
types of aqueous batteries, are an ideal choice for the next generation of large-scale
energy storage devices due to the high stability of zinc, high theoretical specific ca-
pacity, abundant reserves, and the inexpensive price of zinc [12-16]. However, the
strong Coulomb interaction between divalent Zn?* and the main framework of cathode
materials prevents greater ion diffusion kinetics from being achieved, despite the ionic
radius of Zn?* (0.74 A) being relatively moderate [17]. Even if the structural water
molecules can effectively reduce the high charge density of Zn?* to a certain extent
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through the charge shielding effect, the large radius of hydrated Zn?* undoubtedly
puts forward higher requirements on the openness and stability of the main frame of
cathode materials [17,18].

Among the reported cathode materials for AZIBs, the host materials that can
achieve reversible deintercalation of Zn?* are mainly concentrated in Prussian blue
analogues, organic polymer materials, manganese-based compounds, and vanadium
oxide-based materials [19]. However, the former three have serious problems during
Zn?* insertion/extraction, such as the unsatisfactory theoretical capacity of Prussian
blue analogues, the dissolution of organic polymer materials in aqueous electrolytes,
and the structural collapse of manganese-based compounds [19]. These defects limit
their development as AZIB cathode materials. Owing to vanadium’s multi-variable
valence state and the V-O polyhedron layer’s high level spacing, vanadium oxide-based
materials exhibit high specific capacities, long cycle stability, and better ion diffusion
kinetics when compared to other AZIB cathode materials (Table 1) [20]. Although
vanadium oxide-based materials also have the problems of structural collapse and the
dissolution of active substances, the collapse and dissolution of vanadium oxide-based
materials are less than manganese-based compounds because of the steadier oxidation
state and structure.

Table 1. Performance comparison of vanadium oxide-based cathode materials.

Specific Capacit Cyclic Stabilit
Cathode Electrolyte (Clilrrent Delilsit;; (Cycles}: Current De}1,1sity) Ref.
V,05 3M Zn(CF3503), 319 mAh g1 (0.02Ag™1) 81% (2000,2.0 A g~ 1) [21]
V505 3M Zn(CF3503), 503.1 mAh g1 (0.1A g™ 1) 86% (700,05 A g~ 1) [22]
VO, (B) 1M ZnSO, 325.6mAh g~ ! (0.05 A g™ 1) 86% (5000,3.0 A g~ 1) [23]
VO, (B) 1M ZnSO, 353mAhg~! (1.0A g™ 1) 75.5% (945,3.0 A g~ 1) [24]
VO,(B) 3M Zn(CF3503), 274mAhg™1 (0.1Ag™!) 79% (10,000, 10.0 A g~ 1) [25]
VO, (D) 3M ZnSO, 408 mAh g~ (0.1Ag™1) 58% (10,000, 10.0 A g~ 1) [26]
V5,03 3M Zn(CF3S03), 382.5mAhg ! (0.8 Ag™!) 97.3% (800,32 A g 1) [27]
V,0;3 2M Zn(CF3503), 625mAh g~ (0.1 A g™ 100 % (10,000, 10.0 A g~ 1) [28]
V¢O13 3M Zn(CF3503), 360mAh g~ (02A g™ 1) 92% (2000, 4.0 A g~ 1) [29]

With the rapid development of vanadium oxide-based materials in AZIB cath-
ode materials, it is necessary to summarize their latest progress. In this review, we
analyze the vanadium oxide-based materials in detail from the aspects of structural
characteristics, energy storage mechanisms, and design strategy. Firstly, we describe
the structural characteristics of vanadium oxide-based materials and several typical
energy storage mechanisms (Figure 1). Secondly, we describe the design strategy of
typical vanadium oxide-based cathode materials. Finally, future research directions
and prospects of AZIB cathode materials are prospected.
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Figure 1. Overview of energy storage mechanisms and design strategy from vanadium oxide-based
cathode materials for AZIBs.

2. Energy Storage Mechanisms of Vanadium Oxide-Based Cathodes

There are several different oxidation states for vanadium, including Vo, V4 and
V3* [20]. Vanadium in different oxidation states can coordinate with oxygen to form various
types of V-O polyhedrons, including VO, tetrahedron, VOs5 square pyramid, trigonal
bipyramid, regular octahedron, and distorted octahedron (Figure 2a) [30]. The valence
state of vanadium in VOy tetrahedron must be +5, while the valence states of VOs5 square
pyramids and trigonal bipyramids are +5 or +4. For V-O octahedron (including a regular
octahedron and distorted octahedron), the vanadium ions are usually Vo, V4 or V3, and
even lower valence V2*. Different vanadium oxide-based materials are usually assembled
by different types of V-O coordination polyhedrons. For example, V,05 is a layered
structure formed by the corner-sharing of VOs5 square pyramids [31], and VO,(B) is a
tunnel-like structure consisting of the edge-sharing of VOg octahedron. Therefore, in the
electrochemical reaction process, the structure of the V-O framework varies significantly
with the oxidation state of vanadium, thus forming vanadium oxide-based materials with
different phases. This change is beneficial to inhibit the crystal structure degradation during
the Zn?* insertion/extraction process to maintain the stability of the structure, and also
provides more redox reaction paths for the electrochemical reaction process [9].
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Figure 2. (a) Classification of V-O coordination polyhedron (Ref. [20]). (b) Structural changes
of Zng25V,05-nHyO during electrochemical reaction (Ref. [32]). (c) The insertion site (left) and
migration pathway (middle) of Zn?* and H* during charging and the long cycle performance (right)
of VO,-0.45H,0 (Ref. [33]). (d) A schematic diagram of reversible extraction/insertion of Zn?* and
water molecules in V¢O13-nH;O during initial charge/discharge and subsequent processes (Ref. [34]).

Due to the diversity of the compositions and structural frameworks of vanadium
oxide-based materials, there are many energy storage mechanisms in aqueous zinc ion
batteries: Zn%* insertion/extraction, H* /Zn?* co-insertion/extraction, and H,O/Zn%*
co-insertion/extraction mechanism.

2.1. Zn?* Insertion/Extraction Mechanism

Vanadium oxide-based materials often have open structures (tunnel, layered, etc.),
and their large voids contribute to the insertion of Zn?*. Typical V,0s shows a Zn?*
sertion/extraction mechanism. In the electrochemical reaction process, Zn?* is embedded
into the interlayer of V,05 to form Zn,V,0Os [35]. Metal ion-intercalated hydrated V,05
(MyxV305-nH,O, M = metal) also adopts the Zn?* insertion/extraction mechanism. For ex-
ample, Kundu et al. synthesized Zng »5V,05-nH,O by introducing Zn?* and H,O as ‘pillars’
between the V,0s layers (Figure 2b) [32]. During charge and discharge, Zng 55V,05-nH,O
exhibited a reversible insertion/extraction process of Zn?*

Anode: 1.1Zn < 1.1Zn*" +2.2¢~

Cathode: 1.1Zn%" +2.2¢™ + Zng »5V,05-nH,0 < Znj 35V,05-nH,O
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2.2. H*/Zn?* Co-Insertion/Extraction Mechanism

The electrolyte of AZIBs is mainly composed of inorganic zinc salt solutions such as
ZnS0Oy, Zn(CF3503)2, and ZnCly, which are usually weakly acidic [36]. In these inorganic
zinc salt solutions, in addition to Zn?*, there are also a lot of H*. This results in a synergistic
insertion /extraction mechanism between Zn?* and H* in some vanadium oxide-based
cathode materials during charging/discharging. The lower charge valence and smaller
volume of H* make it have higher diffusion kinetics, and the lattice distortion caused
by the insertion/extraction process is much smaller than that of Zn?*. Therefore, a long
cycle life and an outstanding rate performance are more likely to be displayed by cathode
materials with H*/Zn?* co-insertion/extraction mechanisms. Zhu et al. reported the
reversible electrochemical reaction between VO,-0.45H,0O cathode and zinc foil anode [33].
VO,-0.45H,0 cathode material based on H*/Zn?* co-insertion/extraction mechanism
enabled AZIBs to obtain long cycle stabilities at both low and high current densities
(Figure 2c). The specific reaction mechanism is as follows:

Anode: Zn < Zn%t + 2e”

Cathode: V0205H2O +H'"+e™ HV0205H20
H,O +» OH™ + H*
Zn** + 20H™ + Zn(OH),

2.3. H,O/Zn** Co-Insertion/Extraction Mechanism

H,0/Zn?* co-insertion/extraction mechanisms are often observed in some vanadium
oxide-based materials, such as V,05 and V¢Oi3. During the electrochemical reaction
process, the solvated water can be used as a charge shielding medium, thereby weak-
ening the Coulomb force between Zn?* and the V-O polyhedral framework [18]. The
presence of solvated water makes Zn?" obtain faster ion diffusion kinetics in the inser-
tion/extraction process, realizing the ‘self-lubricating’ effect of the ion transport. Lai et al. re-
ported the Zn?* /H,0 co-insertion /extraction mechanism in V¢O;3-nH,O cathode materials
(Figure 2d) [34]. During charging and discharging, H,O was embedded in the V4O13-nH,O
cathode to form Zn,V¢O13-mH,O. The introduction of water molecules greatly reduced
the effective charge of Zn?", thereby shielding the Coulomb force with the V4013 skeleton
and significantly improving the ion diffusion kinetics of Zn?*.

3. Design Strategies for Vanadium Oxide-Based Cathode
3.1. Substitutional Doping

Doping is a very effective modification strategy. It introduces metal ions or non-
metallic heteroatoms into the structure of cathode materials by in situ or ex situ methods.
Doping ions/atoms can adjust the electronic distribution of cathode materials to optimize
the electrochemical performance [37].

Metal-ion doping is a very promising strategy to solve the problems of high solubility
in aqueous electrolytes, poor intrinsic conductivity, and structural collapse during the
charging/discharging of vanadium oxide-based cathode materials [38]. Metal-ion dop-
ing alleviates the dissolution of vanadium to a certain extent and inhibits the structural
degradation of vanadium oxide-based materials. The doped materials have more abundant
active sites, stable structures, and excellent conductivity. Liu et al. controllably synthesized
Ni-doped V¢Oq3 (NixV_xO13) nanobelts by a one-step hydrothermal method and used
them as cathodes in AZIBs (Figure 3a) [39]. The NiyVs_4O13 cathode material had an
excellent conductivity, high interlayer spacing, and abundant reaction sites (Figure 3b,c).
Finally, the NixV¢_4O13 cathode material achieved a high specific capacity and excellent
cycle performance (Figure 3e). Li et al. reported Al-doped V19O4-12H,O as a cathode
material for AZIBs (Figure 3d) [40]. Al-doped V19O4-12H,0O had a longer cycle life and
could provide a higher capacity (Figure 3e). Due to the different electron distributions and
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radii between the metal ions, the introduction of different metal ions as dopants produces
different charge structure changes and lattice distortions. This leads to the difference in
cathode electrochemical performance (Table 2).
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Figure 3. (a) Zn>* storage diagram of NixVy_,O3 cathode material (Ref. [39]). (b) Density of
states (DOSs) of NiyV_xO13 and V4Oy3 are calculated by density function theory (DFT) (Ref. [39]).
(c) High-resolution transmission electronic microscopy (HRTEM) images of NiyV4_4O13 (Ref. [39]).
(d) Element mapping images, energy dispersive X-ray (EDX) spectra and X-ray photoelectron
spectroscopy (XPS) spectra of Al-doped V1pOy4 (Ref. [40]). (e) Long-term cycling performance
of V19Op4 and V19Oy4-Al (Ref. [40]). (f) Scanning electronic microscopy (SEM), transmission elec-
tronic microscopy (TEM), and HRTEM images of VO,@NC (Ref. [49]). (g) Long cycle performance of
VO,@NC (Ref. [49]).
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Table 2. Performance comparison of vanadium oxide-based materials doped with different metal ions.

Specific Capacity

Cyclic Stability

Cathode Electrolyte (Current Density) (Cycles, Current Density) Ref.
Ag-doped V,05 2M Zn(CF3503), 418mAhg=1 (0.1Ag™1) ~100% (700,3.0 A g~ 1) [41]
Fe-doped V,0s5 3M Zn(CF3503), 214mAh g1 (05A g™ 1) 94.6% (300,0.5 A g~ 1) [42]
Mn-doped V,05 1M Zn(ClOy)» 367mAhg~! (0.1 Ag™1) ~140% (3000,2.0 A g~ 1) [43]

Al-doped V19Oy4-12H,0 3M Zn(CF3S03), 355mAhg! (1.0Ag™!) 98% (3000, 5.0 A g~ 1) [40]
La-doped V,05 1M Zn(CF5503), 405mAh g~ (0.1Ag™ ) 93.8% (5000, 10.0 A g~ 1) [44]
Ti-doped NH4 V401 3M Zn(CF3S03), 298 mAh g~ (0.1 Ag™1) 89.02% (2000,2.0 A g~ 1) [45]
Sn-doped hydrated V,05 3M Zn(CF3503), 373mAh g~ (0.1 A g™ 87.2% (2500,87.2 A g~ 1) [46]
Ni-doped V¢O13 3M Zn(CF3S03), 3026 mAhg~ ! (1.0Ag™")  96.5% (10,000,8.0 A g~ 1) [39]
W-doped VO, 3M Zn(CF3503), 346mAhg™ ' (0.1Ag™) 76.4% (1000, 4.0 A g~ 1) [47]
K-doped VO,(B) 3M Zn(CF3S03), 376 mAh g~ (05 A g™ 80% (3000, 20.0 A g 1) [48]

Non-metallic heteroatom doping is another effective doping method. Non-metallic
heteroatom doping usually introduces elements such as nitrogen, phosphorus, sulfur, or
fluorine into carbon-based or conductive polymer materials compounded with vanadium
oxide-based materials. The doping of elements with high electronegative enhances the
binding force between the composite materials, which effectively improves the cycle
stability and rate performance of the cathode [50]. Lv et al. synthesized VO, with an
N-doped amorphous carbon (VO,@NC) by annealing the polydopamine-coated V¢O13 in
argon at a high temperature (Figure 3f) [49]. VO,@NC composites had abundant active
sites, fast electron/ion transport rates, and amazing structural stabilities. Therefore, the
VO,@NC composite could maintain 99.7 % capacity after long cycles at a high current
density (Figure 3g)

3.2. Vacancy Engineering

Vacancy engineering can adjust the electron distribution in vanadium oxide-based
materials, which is an important strategy to optimize the electrochemical performance
of vanadium oxide-based cathodes. Here, we divide vacancy engineering into cation
vacancies and anion vacancies, according to the type of introduced vacancies.

3.2.1. Anion Vacancies

The introduction of anion vacancies is an effective strategy for tuning the electrochem-
ical performance of the AZIB cathode. The most common forms of anion vacancies in
vanadium oxide-based materials are oxygen vacancies. The formation of oxygen defects
usually requires the material to be treated in a reducing environment [51,52]. It is a common
method to introduce oxygen vacancies by placing vanadium oxide-based materials into a
NaBHj solution with a strong reducibility. Zhang et al. prepared VO,_,(B) with oxygen
vacancies by reacting VO, (B) with a NaBH4 solution (Figure 4a—c) [53]. Due to the presence
of oxygen vacancies, VO,_,(B) exhibited excellent specific capacity and cycle stability. At
a high temperature, the reducing atmosphere (mixture of H, and inert gas, etc.) can also
provide the environment required for vacancy generation. Liao et al. synthesized oxygen
vacancy-rich V¢O13 (O4-VO) by annealing nano-textile-like V4O;3 at 250 °C in a Hy /Ny
mixed atmosphere for 3 h (Figure 4d) [54]. The presence of oxygen vacancies brought more
Zn%*-embedded active sites, resulting in an increase in the specific capacity (Figure 4e).
Through electrochemical performance and simulation, it was found that the introduction
of oxygen vacancies could effectively improve the structural stability of VO3 in the Zn?*
insertion/extraction process (Figure 4f). In addition, the assembled flexible Zn/O4-VO
battery achieved good mechanical properties due to the absence of binders in the cathode.



Inorganics 2023, 11,118

8 of 20

(a) (b) Raman shift em™,
: [ Isopropanol g
{HZOZ 3
V,05 180°C Wash NaBH4 z
— g
Stirring Wash/Dry g
VOI-x
C
(© (d) NN
450 mm&:%%
=
- o
N

Oxygen-deficient
vanadium oxide cathode

Aqueous electrolyte —?' o o
3M Zn(CHF,SO,);

Pristine structure Oxygen-deﬁcient structure

Zinc anode —

o 00 400 600
Z'lohm

Non-defective

4 NH*
[ ] /5

® 0*

NH,*
ZI
V5+I4+
e

Figure 4. (a) Preparation flow chart of VO, and VO,_y (Ref. [53]). (b) Electron paramagnetic reso-
nance (EPR) spectra of VO, and VO,_ (Ref. [53]). (c) Nyquist diagram of VO, and VO,_y (Ref. [53]).
(d) Structure and discharge process of Zn/O4-VO battery (Ref. [54]). (e) Zn2+ acceptance/release
model of V¢Oj3 before and after modification (Ref. [54]). (f) The charge distribution and correspond-
ing structure of p-VO and O4-VO (Ref. [54]). (g) Crystal structure diagram of NH; V401 (Ref. [55]).
(h) Diffusion diagram of Zn?* in ZNV with NH** interlayer vacancy (Ref. [55]).

3.2.2. Cation Vacancies

Cation vacancies can also be introduced into vanadium oxide-based cathode mate-
rials to improve their electrochemical performance. However, unlike oxygen vacancies,
the generation of cation vacancies in vanadium oxide-based materials is usually ac-
companied by the introduction of guest species. For example, He et al. introduced
Zn?* as a pre-intercalated guest species by a two-step hydrothermal method and
a Zng 3(NHy)03V4019-0.91H,0 (ZNV) cathode material with a large number of cation
vacancies was prepared (Figure 4g) [55]. The existence of cation vacancies was benefi-
cial to the diffusion of Zn?* and provided a significant number of active sites embedded
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by Zn2+ (Figure 4h). In addition, Zn%*, NH**, and structural water molecules acted
as interlayer pillars to improve structural stability. The interlayer water molecules
alleviated the electrostatic interaction during the electrochemical reaction and achieved
the effect of charge shielding [18].

3.3. Interlayer Engineering

The pre-intercalation strategy is a very promising method for the modification of
vanadium oxide-based materials. The guest species introduced into the interlayer can form
strong ionic bonds or hydrogen bonds with the host material to prevent interlayer slip
and structural collapse, thereby effectively suppressing structural degradation [56]. In
addition, pre-intercalation can also expand the interlayer distance of the host materials,
which promotes the ion diffusion kinetics of Zn%* in vanadium oxide-based materials [57].
According to different guest species, we divide the pre-intercalation into: (1) molecular
pre-intercalation and (2) cation pre-intercalation.

3.3.1. Molecules Pre-Intercalation

Small molecules such as H,O and CO, can be supported between the layers of vana-
dium oxide-based materials, while optimizing the cycle life and ion transport of the cathode,
thereby obtaining excellent cycle performances and rate performances [24]. Yan et al. re-
ported V,05-nH,O with structural water molecules. Structural water molecules could be
used as shielding media, which reduces the effective charge of Zn?* and optimizes the ion
transport rate (Figure 5a) [18]. The cycle stability of V,05-nH,O was significantly improved
compared with V,O5 without interlayer crystal water. In the pre-intercalation strategy, CO,
can also be introduced into the interlayer as a guest species. Shi et al. creatively synthesized
COg-intercalated V¢O13 by decomposing oxalic acid in the framework of hydrated V¢Oq3
(Figure 5b) [58]. Due to the Coulomb interaction between Oco, and Zn?*, the path diffusion
barrier of Zn?* was significantly reduced, which promoted the improvement of the cycle
stability and rate performance.
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Figure 5. (a) The crystal structure of the original VOG and the VOG after charge and
discharge (Ref. [18]). (b) The structure diagram of V¢O;3 before and after CO, molecule
embedding (Ref. [58]). (c) Preparation of PANI-V superlattice material (Ref. [59]). (d) DOS
of V,05-nH,0O and PANI-V (Ref. [59]). (e) Rate capacity of PANI-V (Ref. [59]). (f) The schematic
diagram of PANI-intercalated V,05 (Ref. [60]).

Although H;O or CO; molecules can be embedded in the crystal framework as
pillars, the pillars are irreversibly removed during charging and discharging due to the
weak binding force between the molecules and the lattice skeleton. Recently, conductive
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polymers (polyaniline (PANI), polypyrrole (PPy), and poly(3,4-ethylenedioxythiophene)
(PEDOT), etc.) have been embedded as guest species into the interlayer of vanadium oxide-
based materials [61-63]. The presence of conductive polymers promotes the electron/ion
transport rate of the cathode, resulting in better rates and cycle performances. Li et al.
obtained PANI-V,0s5 by embedding PANI as the guest species (Figure 5c) [59]. PANI was
connected to the host material through hydrogen bonds between the -NH, group and
the V-O layer, and PANI acted as a pillar to obtain a super high-rise spacing of 15.6 A for
the AZIB cathode. In addition, the electron transport rates of the cathode material can be
improved by introducing a conductive polymer (PANI) (Figure 5d). The large number of
interfaces in PANI-V changed the charge distribution and the structure inside the cathode
material, weakening the Coulomb force between 7Zn2* and the host framework. Therefore,
PANI-V had an excellent rate capability and capacity retention (Figure 5e). Similarly,
Chen et al. intercalated PANI in situ into V,Os5 by a hydrothermal method to improve
the battery performance (Figure 5f) [60]. The flexibility of the conjugated polymer chain
alleviated the structural stress of the confined layer during the Zn?* deintercalation process,
thereby improving the cycle stability.

3.3.2. Cation Pre-Intercalation

Metal cations usually have unique d-orbital electrons [64]. Pre-embedding different
metal cations into vanadium oxide-based materials can inhibit structural collapse and
promote the electron/ion transport rate of the cathode. For example, Yang et al. reported
that different metal cations (Fe?*, Co?*, Ni**, Mn?*, Zn?*, and Cu®*) were intercalated into
V,0s5 to obtain M, V,05 cathode materials (Figure 6a,b) [65]. Compared with unmodified
V705, MxV,05 had a higher Zn?* transport rate and cycle stability (Figure 6c).

The radius of metal ions is a critical factor affecting the degree of pre-intercalation.
The difficulty of embedding metal ions increases with the increase of the radius [56]. The
introduction of metal ions with large radii can be used as interlayer pillars to suppress
volume change, increase interlayer spacing and improve the Zn?* transmission rate. How-
ever, interlayer ions with large radii may hinder the intercalation of Zn?* and reduce the
capacity [66]. In addition, the introduction of ions with too large radius also can destroy
the interaction force between layers, resulting in structural instability and the decline of the
cycle performance.
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NH**, as a small inorganic ion, is also often used as a pre-embedded guest cation. The
radius of the inserted NH** (1.48 A) is larger than the radius of the zinc ion
(0.75 A), which guarantees a high transport rate during Zn2?* insertion [69]. In addi-
tion, due to the hydrogen bond between NH** and the lattice oxygen ions of vana-
dium oxide-based materials, NH** is firmly combined with the main framework of
vanadium oxides, which optimizes the structural stability and alleviates the dissolu-
tion of the cathode. Compared with metal ions, NH** has a lower molar mass, which
can alleviate the loss of specific capacity caused by the introduction of guest species.
Tamilselvan et al. synthesized (NHy)g 37V205-0.15H,0 nanoflowers as cathode materials
for AZIBs. (Figure 6d) [67]. The intercalation of NH** resulted in a large interlayer spacing
of 11.85 A for (NH4)0.37V205-0.15H,0, which greatly promoted the transport rate of Zn%*
(Figure 6e). In addition, Wei et al. used ultrathin (NHy),V19O25-8H2O nanobelts as cathode
materials for AZIBs (Figure 6f) [68]. (NH4);V19O25:8H0 had a very high controllable
interlayer spacing, which could be adjusted between 10.45~13.2A. The high Zn?* transport
rate was achieved due to the unique ultra-thin stable structure and large interlayer spacing.

3.4. Structural Composite
3.4.1. Coating

In general, vanadium oxide-based materials have low intrinsic conductivities, and
structural deterioration during charging and discharging causes capacity decline [70].
Surface coating is a typical strategy to optimize the structural stability of vanadium oxide-
based cathodes. It can be used as a barrier between the vanadium oxide and the electrolyte
to protect the cathode. The surface coating inhibits the side reactions at the cathode and
electrolyte interface, which improve the cycle stability of the cathode. In addition, the
introduction of carbon-based materials and conductive polymers as surface coatings can
significantly improve the electrical conductivity, thereby achieving rapid reaction kinetics
of the cathode [71,72].

Amorphous carbon coating has been widely used in vanadium oxide-based materials
due to its significantly improved conductivity of the cathode, which promotes electron
transfer during the redox reaction. For example, Zhang et al. synthesized N-doped
carbon/V;0O3 composite fibers as cathode materials for AZIB by electrospinning and high
temperature carbonization (Figure 7a) [73]. V,03 nanoparticles were encapsulated in an
amorphous carbon skeleton, which significantly improved the electron transport rate of
V203. Moreover, the presence of a carbon skeleton improved the structural degradation
problem and alleviated the capacity decay during the cycle. In addition to amorphous
carbon, graphene and carbon nanotubes can also be combined with vanadium oxide-
based materials. Pang et al. prepared a graphene-coated H,V30Og composite as a cathode
material for AZIBs (Figure 7b) [74]. Due to the high electron transfer rate of graphene, the
H,V30g/graphene cathode exhibited an excellent rate performance. The graphene sheet
acted as an elastic skeleton of H,V3QOg to alleviate the dissolution of the cathode material
during the cycle, which greatly improved the cycle stability of the cathode (Figure 7c).
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H,V303 NW/graphene composite material at 20 C rate (Ref. [74]). (d) Crystal structure dia-
gram of O4-VO,-xH,O (Ref. [75]). (e) Schematic diagram of preparation process of O4—HVO@PPy
nanosheets (Ref. [75]). (f) Diagram of V,0O5 and V,05/PEDOT [76]. (g) Cycle performance of V05
and V,05/PEDOT (Ref. [76]).

Organic polymer coating is another effective method for optimizing electrochemical
performance in addition to coating with carbon-based materials. For example,
Zhang et al. synthesized an anoxic VO, hydrate (O4-HVO@PPy) with PPY coating by a
hydrothermal reaction (Figure 7d,e) [75]. The presence of conductive polymers improved
the conductivity of the cathode and inhibited the dissolution of vanadium during the
cycle. In addition, embedding crystal water in the VO, tunnel structure could expand
the tunnel size and alleviated the Coulomb interaction between Zn?* and the V-O frame-
work [18]. The O4-HVO@PPy cathode material exhibited an excellent structural stability
and cycle stability. Volkov et al. obtained V,05 with poly (3,4-ethylenedioxythiophene)
(V205/PEDQOT) coating as the cathode material for AZIBs by the chemical oxidation of
EDOT (Figure 7f) [76]. Compared with the unmodified V05, V205 /PEDOT exhibited an
excellent rate performance and an amazing cycle stability (Figure 7g).
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3.4.2. Heterostructure

When there are different phases in the AZIB cathode material, a built-in electric field
is generated at the phase interface because of the difference in the work function of the
heterostructure interface [77]. During the electrochemical reaction, Zn** moves in the
direction of the built-in electric field. This significantly reduces the diffusion barrier of Zn?*
which promotes the transmission efficiency of Zn%*. Moreover, the heterostructure can
also cause the redistribution of charge on both sides of the interface, change the structure
and distribution of charge inside the cathode material, and optimize the conductivity of
the cathode. The simultaneous change of the electron/ion transport rate and diffusion
distance makes AZIBs obtain better rate performances. Chen et al. synthesized VO,@V,C
heterostructure by hydrothermal reaction (Figure 8a) [78]. The generation of heterostruc-
tures shortened the diffusion size of Zn?>* and promoted the electron transport of VO,
(Figure 8b). Finally, the rate performance of VO, was effectively improved (Figure 8c). In
addition, Zhao et al. synthesized a-V,05@Ti3C,Tx heterostructure by the in situ assembly
of amorphous V,05 and Ti3C,Tx MXene (Figure 8d) [79]. Under the synergistic effect
of a-V,0j5 and TizC,Tx Mxene, the a-V,05@TizC, T heterostructure obtained abundant
active sites, excellent electron/ion transport rates, and isotropic ion diffusion pathways.

Finally, a-V,05@Ti3C, T exhibited an amazing specific capacity, rate performance, and cycle
stability (Figure 8e).
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Figure 8. (a) Preparation process chart of VO, nanorods and VO,@V,C (Ref. [78]). (b) The rate
performance improvement diagram of VO,@V,C relative to VO, (Ref. [78]). (c) Rate performance
diagrams for VO, and VO,@V,C (Ref. [78]). (d) Synthesis schematic of a-V,05@TizC,Tx (Ref. [79]).
(e) Long cycle performance of a-V,05 @ TizC, Tx (Ref. [79]).

Recently, other optimization strategies for some vanadium oxide-based cathode ma-
terials have been effectively developed. For example, Zhu et al. in situ electrochemically
oxidized VO, nanorods to V,05-1.75H,0 at a high anodic potential as AZIB cathode ma-
terials [80]. Due to the structural similarity between VO, and V,05-1.75H,0, the surface
electrochemical reaction was enhanced by adaptively adjusting the lattice structure during
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the electrochemical activation process, so that the cathode obtained an excellent electro-
chemical performance. In addition, Wu et al. synthesized vanadium oxides with different
crystal structures from different V°* solute species by controlling the pH value of the
precursor solution [81]. The Zng 15V,05-0.76H,0 bilayer structure with a large interplanar
spacing of 14.0 A was obtained by adjusting the pH value. This provided a large number
of active sites for Zn?* insertion/extraction and achieved rapid ion transport kinetics. The
discovery and proposal of these strategies further enriches the research direction of AZIB
cathode materials, which greatly promotes the progress and development of AZIBs.

4. Summary and Perspectives

Recently, the development of vanadium oxide-based aqueous AZIBs has made great
progress in terms of the synthesis, characterization, and performance. Vanadium oxide-
based aqueous AZIBs exhibit excellent electrochemical performances because of their rich
oxidation state species and open structures. This paper summarizes various methods,
such as substitutional doping, vacancy engineering, interlayer engineering, and structural
composite, for optimizing the performance of vanadium oxide-based cathodes. Although
great achievements have been made in vanadium oxide-based cathode materials in recent
years, several issues should be carefully considered for more advanced aqueous AZIBs in
the future.

1. Find the right object species. The dissolution and collapse of vanadium oxide-based
materials during electrochemical reactions always destroy their cyclic stability, making
it difficult for vanadium oxide-based materials to achieve large-scale commercial
applications. Finding suitable guest species as interlayer pillars is the key to effectively
improve the structural stability. In addition, the pre-embedded amount of guest
species also has a considerable impact on the structural stability.

2. Explore new methods to inhibit the formation of zinc dendrites. The anode material
is one of the crucial parts of the battery system, which has a significant impact on
the performance of AZIBs [82,83]. The zinc dendrite problem is a major challenge for
AZIB anode materials. The presence of zinc dendrites can lead to a decrease in the
battery life. Surface modification and regulation of zinc deposition and dissolution
behavior are common strategies for the study of zinc anodes [84,85]. For example,
Chen inhibited dendrite formation by covering the polyacrylonitrile coating on the
zinc anode [85]. In addition, we urgently need to find new strategies to solve the
problem of zinc dendrite growth.

3. Explore new electrolyte additives and their mechanisms. The use of aqueous elec-
trolyte makes AZIBs much safer than LIBs. However, the presence of solvent water in
aqueous electrolytes also leads to many side reactions, which have a negative impact
on the reversibility of electrochemical reactions [86]. The electrolyte additives can sta-
bilize the positive and negative structures at the same time and eliminate the adverse
side reactions during the reaction [1,87]. Cao et al. introduced sulfolane (SL) into the
ZnSOy electrolyte, which inhibited zinc dendrite growth and side reactions [87]. In
addition, the compatibility of electrolytes with cathode and anode materials should
also be considered in the modification of electrolytes.

4. Development of more advanced non-electrode components. The significant progress
in the field of AZIBs not only benefits from the rapid development of electrode
materials, but also requires efforts in non-electrode components (current collectors,
binders, separators, etc.) [88]. For example, Li et al. developed a waste palm lignocel-
lulose nanofiber (LCNF) separator, which improved the kinetics of zinc deposition
and effectively inhibited the growth of zinc dendrites [89]. Each battery is a system
formed by the synergy of electrode materials and non-electrode components. The
compatibility between electrode materials and non-electrode components determines
the efficiency of the battery. Advanced non-electrode components enable AZIBs to
achieve a higher energy and power density, which is expected to promote the further
development of AZIBs.
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5. Develop advanced AZIB recycling technology. Although most vanadium oxide-based
AZIBs have the characteristic of low toxicity, they still have potential hazards to the
environment when they are widely used as AZIB cathode materials in various energy
storage systems [90]. Hence, it is meaningful to develop a new recovery technology
with a simple process and a low cost. In addition, the recovery of Ti and other metals
in zinc-ion batteries can further reduce the production costs and improve economic
efficiency. Therefore, it is urgent to develop an effective AZIB recycling technology
to form a green, safe, and sustainable production cycle chain to further promote the
progress and development of AZIBs.
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