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The fast depletion of lithium resources has led to active
research works on other emerging electrochemical energy
storage systems. Among those, many works have focused on
the development of cathode materials of zinc ion batteries for
even higher energy efficiency, outstanding rate capability,
remarkable power density, and longer lifetime. Vanadium-
based nanomaterials show fast ion diffusion and excellent
reversible capacity because of their rich valence state of
vanadium, facile distortion of V-O polyhedrons, and tunable
chemical composition, offering great opportunities for
developing emerging energy storage technologies. This article
systematically reviews vanadium-based nanomaterials in the
cathode materials for zinc ion batteries, aiming to present a
comprehensive discussion. Herein, we group vanadium-based
cathode materials into three categories including vanadium
oxides, vanadates, and vanadium phosphates. Cathode
electrochemical performance, improvement strategy,
structural stability, and zinc storage mechanism are reviewed
in detail. Lastly, the existing bottlenecks and prospects are
provided for further progressive research.

1. Introduction

The looming energy crisis and environmental concerns have
promoted the transformation of the world energy landscape to
sustainable energy development.1® As efficient means of
energy storage, batteries are commonly used for e-mobility,
portable electronics, and micro-grids. Among all, lithium ion
batteries (LIBs) are widely used due to their high energy density,
reasonable lifespan.”10 Nevertheless, the limited lithium
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resources, increasing cost, and safety concerns encourage
researchers to put efforts on other metal ion battery
chemistries of mono- (K, Na) and multivalent (Mg, Ca, Zn, Al)
ions,11-18

As one of the most promising energy storage solutions for
micro-grids, rechargeable zinc ion batteries (ZIBs) can bring the
intermittent renewable energy to rural areas.1® 20 The benefits
of ZIBs includes abundant natural resources, environmental
friendliness, low oxidation-reduction potential of Zn (-0.76 V),
and high theoretical capacity (820 mAh g=1).2% 22 |t is expected
that ZIBs can bear a higher energy density than those of other
alkali metal ion batteries through realizing a broad voltage
window during reaction. The ZIBs cathode material has less
deintercalated ions at the same discharge capacity; thus, crystal
structure is preserved, ensuring good electrode stability. The
research on secondary ZIBs started in 1988 when Shoji et al.
demonstrated a rechargeable ZIB using zinc flakes and
manganese dioxide as the anode and cathode materials,
respectively, and neutral zinc sulfate aqueous solution as the
electrolyte.?2 The MnO, exhibits large and stable tunnels,
making it easier for reversible injection and removal of Zn2* ions.
Since then, the research of ZIBs focuses mainly on
nanostructured cathode materials. Apart from different crystal
forms of manganese-based oxides, other promising materials
were also explored for ZIBs (Prussian blue analogs and some
organic materials). These materials often have their own
shortcomings, such as unsatisfactory rate performance of
manganese dioxide and low capacity of Prussian blue analogues.

Vanadium-based compounds have recently become a hot
research topic for the ZIBs, thanks to the versatile V-O
octahedra structure and multiple oxidation states of
vanadium.?* The degree of occupancy in the d-orbital can
influence the magnitude of the structural change. In octahedral
configuration, a small volume change will occur when
nonbonding orbitals are filled. However, if antibonding orbitals
are filled, the volume will suffer a huge extension. As one of the
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early transition metals, vanadium will bear a small volume
change due to the presence of many unoccupied nonbonding
orbitals. Moreover, the different oxidation states of vanadium
allow higher degree of structural changes and greater functional
flexibility when introducing multivalent cations into vanadium-
based compounds.?> 26 Vanadium could facilitate realizing local
electroneutrality by altering two or more oxidation states to
stabilize the crystal structure and optimizing the multivalent
mechanism of cation diffusion. Those peculiar vanadium
properties make it a suitable choice for the use of cathode
materials for ZIBs.?7. 28

In this minireview, we present an analysis on the latest
progresses of vanadium-based nanomaterials for ZIBs to
provide necessary comprehension for the further evolution of
nanostructured vanadium-based materials. In addition to
electrochemical properties of various vanadium related
compounds, the dynamic mechanism of intercalation between

multivalent cations and materials are also described extensively.

In the end, challenges and prospects for ZIBs in the above areas
are discussed.

2. The overview of zinc ion batteries

Zinc-based batteries have been mainly used as primary
batteries, which raised the problem with regards to waste
management and environmental pollution. The zinc-based
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Fig. 1 (a) Schematic illustration for interior constitute of
rechargeable Zn-MnQO; energy storage system. Replicated with
permission from ref. 30. Copyright 2015 Springer Nature. (b)
Comparison of Ragone plots among various energy storage
technologies. Reprinted with permission from ref. 31. Copyright
2018 American Chemical Society. (c-d) V-t curves of ZIBs using
MnO; as cathode at 100 mA g~ and 8000 mA g1, respectively.
Reprinted with permission from ref. 35. Copyright 2012 WILEY-
VCH.

battery industry should conform with the current energy
efficiency and environmental policies if such large amounts of
primary batteries can be converted to secondary batteries. Zinc-
based primary batteries mainly include zinc-manganese
(Zn/MnO,) batteries, zinc-silver (Zn/AgO) batteries, zinc-nickel
(Zn/NiOOH) batteries, and zinc-air (Zn/Ai) batteries. In the
1970s, rechargeable zinc-manganese dioxide batteries were
first put on the market. This is an extension of alkaline battery
technology, but it has the shortcomings of unstable cycling
performance, short cycling lifespan, and the inability to
charge/discharge at large currents. Therefore, to further
improve the rechargeability, cycling stability, and discharge
performance at a high current density, new rechargeable ZIBs
are highly desirable.

2.1 Concept and principle of zinc ion batteries

Zinc ion batteries are mainly secondary batteries. Cairns et
al. described a divalent ion energy storage system for a-MnO,,
and further extended into cathode materials for ZIB in neutral
electrolyte systems.2° ZIBs usually employ large-tunnel a-MnO,
or layered vanadium oxides as cathode materials, metallic zinc
as the anode, and a neutral or weakly acidic aqueous solution
containing ZnZ* as the electrolyte. During operation, cathode
material undergoes a structural change, i.e. transforming into a
new phase containing zinc. Once fully discharge, the new phase
and the original phase can coexist. The electrochemical
principle of zinc ion battery is depicted in Fig. 1a.3% Taking the
manganese oxide cathode material as an example, when being
charged, ZnZ* is extracted from the cathode MnO, tunnel
structure and then deposited on the surface of the anode zinc.
During discharge, the zinc anode loses electrons to form zinc
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Fig. 2 (a) The schematic illustration for a typical rechargeable Zn-V,0s battery system. (b) Ex-situ XRD patterns of V,0s cathode at
selected status during charging and discharging process. (c) Ex-situ XPS analysis of V 2p at completely discharged and charged
state of the first cycle. (d) Cycling stability of V,0s cathode 5.0 A g1. (e) Rate-capacity performance of V,0s at various current
density. (f) TEM image of V,0s electrode after 100 cycles. Reproduced with permission from ref. 41. Copyright 2018 American

Chemical Society.

ions which is then embedded in MnO; tunnel. Therefore, the ZIB
can be visually compared to a “rocking chair battery”, i.e. zinc
ions run back and forth at both ends of the rocking chair, that is,
the positive and negative electrodes of the battery.

2.2 The advantages of zinc ion batteries

exhibit  superior
performances compared to others. In general, the following are
the most noticeable:

i). High power density and high energy density. Current
literature has reported ZIBs with high energy density and power
density of up to 320 Wh kg=* and 12 kW kg1, respectively, which
is much higher than the existing alkali metal ion batteries,
nickel-cadmium batteries, supercapacitors, lead-acid batteries
(Fig. 1b).31-34 Furthermore, the commercially available batteries
have not been able to provide both high power density and high
energy density simultaneously. And this is where ZIBs can really
come in and make a difference.

ii). Superior rate performance. As shown in Fig. 1c and Fig.
1d, ZIBs with MnO; cathode is able to discharge at a current
density of 100 mA g~1. Noticeably, when a large current of 8000
mA g1 is applied, the battery can complete a charging process
in only 30 s.35

iii). Low manufacturing and material cost. ZIBs can be
assembled in ambient air, which saves assembly costs to a
considerable extent when compared to lithium or sodium
batteries. Meanwhile, zinc metal is rich in resources and
inexpensive (<$1/lb compared to ~13/lb of Co). This potential
low cost of zinc ion battery will reshape the battery industry.

iv). Environmentally friendly and safe. The electrolyte of the
zinc ion battery uses near-neutral aqueous solution of zinc

Zinc ion batteries electrochemical

This journal is © The Royal Society of Chemistry 2020 and the Chinese Chemical Society 2020

sulfate and zinc acetate (pH between 5~7). Zinc metal and its
inorganic salts are non-toxic, recyclable, and no pollutants will
be produced in the production of batteries.

2.3. The anode material of zinc ion batteries

Metallic zinc plays a crucial part as anode material in zinc ion
batteries. Zinc crystals exhibit a close-packed hexagonal
structure, with deformation and anisotropy characteristics. Zinc
is an amphoteric metal with relatively active chemical
properties. It can quickly dissolve near its equilibrium potential
and generate divalent ions. The dissolved product in acidic
solution is Zn?*, while the main dissolved product in alkaline
solution is tetrahedron Zn(OH)4s2~. The standard reduction
potential of zinc compared to other metals indicates its great
potentials as electrode material. As battery anode, zinc has
numerous advantages including rich resources, low-cost, low
toxicity, good conductivity, high hydrogen evolution
overpotential, and high energy density.

3. Vanadium-based cathode materials for zinc ion
batteries

Vanadium-based compounds, especially vanadium-based
oxides, have been extensively applied as zinc storage materials
on account of their low cost, abundant resources, and multiple
oxidation states (V2* to V5*). Due to the diversity of the V-O
coordination polyhedron structure, there are many types of
vanadium-based oxides. As the valence state of the vanadium
changes, the structure of the V and O-coordinated polyhedron
also changes; hence, the intercalation/deintercalation of the
multivalent ions will not destroy the structure of the vanadium
oxide. In 1998, V,0s aerogel was reported for the first time to

Mater. Chem. Front., 2020, 00, 1-3 | 3
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Fig. 3 (a) SEM image of E-VO electrode. (b) Normalized V K-edge
XANES for E-VO, V,0s, standard V>* and standard V4*. (c) The
rate performances of E-VO electrode and V,0s electrode.
Reprinted with permission from ref. 66. Copyright 2019 Elsevier.
(d) The SEM image of hollow V,0s nanosphere. (e) The rate
performances of hollow V,0s nanosphere compared with
commercial V,0s. Reproduced with permission from ref. 67.
Copyright 2019 Elsevier. (f) The favorable pathways of ZnZ* in
the 3D-NRAs-V,0s electrode. (g) Cycling performance for 3D-
NRAs-V,0s at 50 mA g1 (inset: EIS spectra of different cycles).
(h) Diffusion pathway of 3D-NRAs-V,0s view along [100]
direction. (i) The minimum energy paths for Zn2* diffusion along
[100] direction. Reproduced with permission from ref. 36.
Copyright 2019 Elsevier.

reversibly store Zn?*. However, it was only until 2016 when
vanadium-based materials became the research hotspots for
ZIBs cathode.

V205 has become the focus for researchers due to its unique
layered structure (composed of VOs units in a square pyramid)
and mature preparation process. However, the electron/ion
transfer kinetics of V,0s during the electrochemical reaction is
relatively low, and the structure easily collapses during the cycle,
resulting in undesirable rate performances and faster capacity
decay, respectively. To alleviate that drawback, lots of
strategies were employed, including nanostructuring, structural
changes, cationic/molecular column supports, etc. It is worth
noting that metal ions and water molecules inserted into
interlayer of V,0s could be used as “pillars” which improves
structural stability and ensures the rapid electrochemical
reaction kinetics.

With the different amount of metal ions incorporated into
vanadium oxides layer, the formed metal vanadate exhibits
different crystal structures and distinct electrochemical
performances, furnishing a wide range of options for ZIBs

4 | Mater. Chem. Front., 2020, 00, 1-3

cathode. Other than vanadium oxides and vanadatgs, thapnkste
the strong induction of the [PO,] té&XP&4HEdPEW,DAANAEMIM
phosphate generally has a higher redox potential than those of
the aforementioned, which is promising for higher energy
density. In this section, the progresses and reaction mechanism
of vanadium oxides, vanadates, and vanadium phosphates
nanomaterials for rechargeable ZIBs are summarized and
discussed in detail. Table 1 presents the typical reported
vanadium-based nanomaterials and their electrochemical
properties for zinc ion batteries.

3.1. Vanadium oxides

With variety of oxidation state, vanadium oxide has several
variants, including but not limited to orthorhombic V;Os,
double—layer V205-nH20, V10024, V307'H20, V5013, VOz, and V203.
Among them, the orthorhombic V,0s and double-layer
V,0s5:nH,0 exhibit a typical layered structure with the opened
channel that is easy for ion insertion between interlayers.
However, despite being studied for other battery systems
including LIBs for decades, vanadium oxides have shown the
characteristics of low voltage and poor ion storage. Recently,
the research on vanadium oxide in ZIBs has attracted extensive
attention.

3.1.1. V205

On account of the two-electron redox center, large interlayer
spacing (up to 0.44 nm) and high theorical zinc storage capacity
(589 mAh g1), bilayer vanadium pentoxide (V,0s) possesses
enormous potentials as cathode materials for zinc ion storage.3%
37 A broad open channel is provided by the layered structure
allowing metal ions to insert or extract conveniently, which
shows that the intercalation behavior is pseudo-capacitive.
Many efforts have been made to figure out the reaction
mechanism of zinc ion towards layered V,05.20-22,38-40 |n 2018, a
rechargeable Zn-V,0s energy supply system was reported by
Zhang et al. with outstanding specific capacities and excellent
stability at room temperature and extreme conditions (-10 °C
and 50 °C) using 3M Zn(CFsSOs); as electrolyte (Fig. 2a).%* The
ex-situ X-ray diffraction (XRD) and ex-situ X-ray photoelectron
spectroscopy (XPS) were used to explore the mechanism of zinc
storage. As revealed in Fig. 2b, during discharging, the X-ray
diffraction peak of V,0s gradually decreases, while other peaks
emerge which can be assigned to ZnyV,0s-H,O. This result
indicated that the insertion of Zn?* and H,O enlarged the
interlayer spacing, and the pristine layered V,0s was converted
into ZnyV,0s-H,0. Ex-situ XPS indicated that during discharge,
the valence state of vanadium changes to a lower value, which
further proves the insertion of ZnZ*. During charging, the V 2p
spectrum can be recovered to almost initial state, indicating the
high reversibility of V,0s electrode (Fig. 2c). Therefore, the V,0s
cathode exhibits a remarkable capacity of 372 mAh g1 and the
excellent cyclability of 4000 cycles with 91.1% capacity
retention (Fig. 2d). Moreover, this aqueous battery
demonstrates superior rate capability (Fig. 2e). An impressive
reversible capacity as high as 386 mAh g1 was successfully
achieved at a current density of 10 A g1, accompanied with
capacity retention of 83.7%. In addition, the morphology of
V205 turns into a porous structure after 100 cycles during

This journal is © The Royal Society of Chemistry 2020 and the Chinese Chemical Society 2020

Page 4 of 20


https://doi.org/10.1039/d0qm00577k

stry;Frontiers:

Materials Chemistry Frontiers Review

Table 1. The typical vanadium-based nanomaterials and their electrochemical properties for zinc ion batteries. .., articie Online
DOI: 10.1039/DOQM00577K

Electrochemical performance

. Operating
Materials Electrolyte voltage Currentdensity ~ Cycling  Capability ~ Retention  Ref.
(mAg1) number  (mAhg) (%)
NC@V,0s ZnCly in PVA 0.3-1.6V 300 400 458 85.3 42
100 100 401 /
V205 Zn(CF3503)2 0.3-1.5V 43
2000 1000 230 73
TIN@ . g 38
V,0sNWA/CNTF 2 M ZnS04-7H,0 0-1.6V 0.5 / 636 /
BL-V,05 0.5 M AN-Zn(TFSI), 0.3-1.5V 100 120 170 / a4
500 100 354.8
V205'6H20 3M Zn(CF3503)2 0.2-16V 45
2000 1000 297 94
100 / 408
VO, (D) 3 M ZnS0O4 0.2-1.5V 20000 / 200 / 46
. 3000 1200 298 78
= 50 50 357 /
% VO, (B) Zn(CF3503)2 0.3-1.5V a7
& 58000 / 171 /
~
< 1500 / 325
§ 1 M ZnSO4/H,0 0.4-1.1V
S V30,-H,0 3000 / 270 80 18
S 0.25M
— -
< Zn(CF3503)2/AN 0.5-1.8V 375 50 175 /
% V307-H,0/rGO 1 M ZnSO,4 0.3-1.5V 1500 1000 202 79 49
% 100 50 395 /
% Vsolg'nHzo 3M Zn(CF3503)2 0.2-1.4V 50
a 5000 1000 262 87
g 1000 300 355 /
S V10024:12H,0 3 M Zn(CF3S0s3); 0.3-1.6V 51
o 5000 3000 301 98
Q
S 100 / 350 /
8 V,03@C 3 M Zn(CF3S0s); 0.3-15V 52
8 5000 4000 165 90
_g LiV30sg 1 M ZnS0O4 0.6-1.2V 133 65 200 75 53
2 Nap.33V20s5 3 M Zn(CF3S0s3); 0.2-1.6V 100 1000 367.1 93 54
- 200 200 385 /
C-Kvo|od 2 M Zn(CF3S0s); 0.1-1.7V 55
20000 1000 166 95
100 200 353 /
MgyV205-nH,0 3 M Zn(CF3S0s3); 0.1-1.8V 56
1000 1000 264 80
200 / 340 /
Cap2V205-nH,0 1.0 M ZnSO4 0.6-1.6 V 57
80000 5000 ~60 96
0.1 / 367 /
Mng.15V205-nH,0 1 M Zn(ClOy); in PC 0.2-1.7V 10000 8000 153 80 58
2000 (-20 °C) 3000 100
300 / 282 /
Zno,25V205~nH20 1M ZnSO4 0.5-14V 59
2400 1000 260 81
200 50 402 95
6-Nio,25V205'nH20 3M ZnSO4 0.3-14V 60
5000 1200 218 98
200 / 213 /
Ag2V4011 0.5M Zn(CF3503)2 0.4-1.7V 61
5000 6000 100 93
NH4V4010 2 M ZnSO4 0.4-1.4V 10000 1000 255.5 / 62
NasV2(POa)3 0.5 M Zn(CH3COO0), 0.8-1.8V 1000 200 108 93 63
This journal is © The Royal Society of Chemistry 2020 and the Chinese Chemical Society 2020 Mater. Chem. Front., 2013, 00, 1-3 | 5
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repeated ZnZ* insertion and exaction as confirmed by post-
mortem transmission electron microscopy (TEM) images (Fig. 2f)
This unique porous structure could provide more active sites for
ZnZ* storage and a low barrier energy for the Zn2+
intercalation/deintercalation processes, resulting in an increase
of initial capacity and excellent rate capability of V,0s electrode.
The reaction mechanism can be summed up in this equation:
V,0s5 +x Zn?* + 2 x € +n H,0 <> Zn,V,05-nH,0 [1]
While great successes were achieved, most V,0s cathode still
suffers from certain difficulties such as low ion diffusion, low
conductivity, dissolution of materials, and self-aggregation. To
further overcome these drawbacks, it is reported that the
intercalation of H,O molecules into V,0s interlayer could
efficiently enlarge the interlayer spacing, offering a rapid zinc
ion transport pathway.** 6 To further enhance the
electrochemical performances, recent studies have found that
the vanadium oxides with mixed-valence could also enhance
the charge transfer kinetics by increasing the electrical
conductivity and ionic conductivity via electron hopping
between V4 and V5* ions and forming the extra oxygen vacancy,
respectively.5> Specifically, a simple in-situ method was
developed by Zhao et al. to introduce V# and V>* at the same
time, increasing the amount of interlayer water while
expanding the distance between layers to avoid the import of
exogenous cations together with the dehydration of V,0s
nanosheets.’6 As revealed by scanning electron microscopy
(SEM) (Fig. 3a), the layer-expanded V,;0s-2.2H,0 (E-VO)
electrode exhibits a typical three-dimensional porous
architecture composed of interconnected ultrathin nanoflakes
with large lateral size. The high-resolution transmission electron
microscopy (HRTEM) image indicates high exposure of [001]
facets, allowing the preparation of flexible binder-free
electrode. According to X-ray absorption near edge structure
(XANES) spectra, the K-edge of E-VO cathode locates between
V105 and VO; standard spectra, revealing that V in E-VO is of

6 | Mater. Chem. Front., 2020, 00, 1-3

View Article Online

mixed-valence (Fig. 3b). The authdeOlclaiHREIDAREL0HE
appearance of mixed-valence in E-VO is beneficial to the
conductivity. In addition, the generation of oxygen vacancy can
still maintain electroneutrality, which could effectively improve
the ion transfer rate while ensuring the structure stability of
electrode materials. In conclusion, the improvement of zinc
storage performance compared to standard V,0:s is ascribed to
the formation of mixed-valence, the increase of the amount of
interlayer water and the expansion of layer spacing (Fig. 3c).

The development of well-defined electrode structures is of
great importance in improving electrochemical performance.?:
36,43,67 For instance, hollow structures could effectively alleviate
volume expansion during charge-discharge. Chen et al. reported
a hollow V,0s nanospheres fabricated by the template-free
solvothermal approach.®” The SEM image shows that the as-
prepared V,0s particles exhibit hollow structure with high
uniformity (Fig. 3d). As can be seen in Fig. 3e, when employed
as cathode materials for ZIBs, this hollow nanospheres display
outstanding rate capability performance. In another example,
Chen et al. reported the viability of V,0s nanorods constructed
3D porous architectures (3D-NRAS-V,0s) architecture as
cathode.3% As presented by SEM image, the individual cluster of
porous 3D-NRAS-V,0s is constituted of major amount of
nanorods interweaving tightly each other (Fig. 3f). This
structure composed of nanosized building blocks has the
combined benefits of increased interaction with the electrolyte
and decreased load/mass diffusion pathways. As a result, a
remarkable capacity of 336 mAh g1 at 50 mA g1 was delivered
(Fig. 3g). Apparent capacity increase in the first 50 cycles can be
attributed to the activation process. On the basis of the first-
principle calculation, the author emphasized that the pathway
along the [100] channel is of most feasibility for zZn2+
intercalation into the interlayer of V,0s, which exhibits energy
barrier as low as 0.69 eV (Fig. 3h and Fig. 3i).

Direct growth of nanostructured active materials on flexible
conductive substrates is one of the most effective way to
improve electrode kinetic and while giving flexibility aspect to
the ZIB. The most commonly used substrates include carbon
clothes (CC), carbon nanotubes (CNTs), graphene-based
materials, nickel foam, titanium, and so forth.1° 22,45,68,69 Ggved
et al. reported a binder-free cathode for ZIBs consisting of
ultrathin 2D V,0s nanosheets on titanium substrate.®® Owing to
the merits of numerous exposed active sites, enlarged
electrode-electrolyte contact, accelerated charge transfer, and
facilitated mass diffusion, this two-dimensional flexible Ti-V,0s
cathode has a good command of rapid insertion/extraction of
zinc ions, bringing out a higher pseudo-capacitive storage of up
to 80% at 0.5 mV s~ (Fig. 4a). Due to the high flexibility of the
Ti-V,0s cathode, the assembled Zn//Ti-V,0s system manifests
excellent  electrochemical performance and  energy
characteristics under different bending states (Fig. 4b). Similarly,
He et al. fabricated a hierarchical core-shell nanostructure using
V,0s deposited on carbon nanotube fibers (CNTF), which
significantly enhanced the charge transfer and mass diffusion of
the cathode (Fig. 4c).*2 Besides, benefitting from the unique 3D
structure, the binder-free CNTF@NC@V,0s cathode delivered

This journal is © The Royal Society of Chemistry 2020 and the Chinese Chemical Society 2020
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an outstanding capacity retention of 85.3% after 400 cycles.
Moreover, the fiber-shaped battery could achieve the
volumetric energy density of 85.8 mWh cm~3 and a power
density of 5.6 W cm™3, higher than those of most reported
aqueous energy storage devices. Li et al. also reported a binder-
free cathode for fiber-based zinc ion battery, which also used
CNTF as the substrate. Benefiting from the synergistic effect of
highly conductive TiN nanowire arrays (NWAs) and layered V,0s
nanosheets, the TIN@V,0s NWAs/CNTF cathode revealed the
excellent zinc ion storage performances. These fiber-based zinc
ion batteries satisfy with the desire for high energy density in
low-volume energy-storage devices.

In addition to the aqueous ZIBs system, the hydrated V,0s in
the non-aqueous ZIBs system was also studied. One advantage
of the non-aqueous ZIBs system is that it is not limited by the
water decomposition voltage, therefore, nonaqueous ZIBs
could achieve the goal of high voltage and power density.
Zn//V>0s battery with a nonaqueous acetonitrile-zinc(ll) bis
(trifluoromethanesulfonyl) imide ((AN)-Zn(TFSl);) electrolyte
was investigated by Senguttuvan et al.** The V,0s was directly
grown on carbon foams substrate (CFS) via electrodeposition
technique, which was expected to percolate the electrons

effectively during redox reactions (Fig. 4d). The electrochemical
properties in ZnZ* storage of V,0s/CFS are shown in Fig. 4e.
Noteworthy, it was found that the coulombic efficiency is close
to 100%. It should be pointed out that, in the aqueous ZIBs
system, the Zn?* participating in the reaction are hydrated, not
the insertion/extraction of pure zinc ions. Nevertheless, in the
first hydration layer, the exact amount of water molecules still
remains a mystery. The majority of investigators believed that
the hydrated Zn2* ions are more suitable for insertion into the
host materials due to their reduced electrostatic interaction,
which explains the higher coulombic efficiencies of aqueous
system compared to that of nonaqueous system.

3.1.2VO0,

Among over ten phases of VO,,7° the metastable VO,(B) is
the most stable and possesses outstanding energy storage
performances towards. VO3(B) is constructed from VOsg
octahedron (Fig. 5a), which shares angles and edges to form a
tunnel-like skeleton (0.82 nm? along b axis, 0.34 nm2 along a axis,
and 0.5 nm?2 along c axis). Such a big tunnel is of great
convenience for the insertion of metal ions (Li*, Na*, and Zn2* et
al.).’7t 72 The performance of VO,(B) as ZIBs cathode was

This journal is © The Royal Society of Chemistry 2020 and the Chinese Chemical Society 2020 Mater. Chem. Front., 2020, 00, 1-3 | 7
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Fig. 6 (a) TEM and HRTEM images of LVO-250. (b) The discharge/charge profiles of LVO-250 measured at GITT condition and
corresponding Dznz+ values of LVO-250 and control samples during the 2" and 3" cycles. (c) Ex-situ XRD results during different
voltage of LVO-250. Reproduced with permission from ref. 89. Copyright 2016 The Royal Society of Chemistry. (d, e) Comparison
of normalized V K-edge XANES spectra between LVO and the standard vanadium oxides. (f) The reaction mechanism of LiV3Os
cathode materials. Reproduced with permission from ref. 53. Copyright 2017 American Chemical Society.

investigated by Ding et al. in 2018.47 Remarkable specific discharging, suggesting the ZnZ* were gradually intercalated
capacity of 357 mAh g1 at 0.25 C and an outstanding energy into the tunnels parallel to the b and c-axis. During charge, these
density of approximately 297 Ah kg1 were achieved (Fig. 5b). peaks were shifted reversibly to the initial position, revealing an
The unique tunnel pathways delivered by VO3(B) nanofibers excellent structural stability of VO3(B). Similarly, the VO3(B)
facilitates the transportation of Zn2* and limits the volume nanorods were fabricated by Li et al. through simple
expansion during the insertion. In-situ measurement was hydrothermal reaction and employed as cathode material for
conducted to explore the structural stability of VO,(B) upon ZIBs.”® The VO3(B) nanorods shows outstanding cyclability and
charging/discharging process. As revealed by Fig. 5c, three capacity within an operating voltage between 0.2 and 1.3 V.
diffraction peaks located at 45.1°, 59.1°, and 49.2° assigned to Many reported works showed that both the zinc hydroxide
(-601), (-404), and (020) were shifted to lower angles when sulfate and H* are involved in the electrochemical process when

8 | Mater. Chem. Front., 2020, 00, 1-3 This journal is © The Royal Society of Chemistry 2020 and the Chinese Chemical Society 2020
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aqueous ZnSO, is used as an electrolyte.35 7475 |n this work, the
authors claimed that the minimal structural changes due to H*
insertion into VO, were expected, which extended the cycle life.
The dynamics of discharge were first started by the deposition
of Zny(OH)eS0O4:5H,0 and later by the injection of protons into
the VO, both are due to the excellent rate of discharge
reactions. There is a competition between the insertion of H*
and Zn?*, which is determined by the stability of the deposited
compound and the energy change of H*/ZnZ* in the host of
vanadium oxide.”0, 71, 76-78

Apart from VO3(B), VO3(A) and VO,(D) have also been
investigated as ZIBs cathode. For instance, VO3(A) hollow
spheres with outstanding electrochemical performances were
synthesized by Li et al.”? Ex-situ XRD indicated the stability of
the structure with no significant shift of any diffraction peaks
after charge/discharge. Moreover, monoclinic VO3(D) hollow
nanospheres with homogeneous distribution of elements were
fabricated as aqueous ZIBs cathode.*® Benefiting from the
unique structure and the interior hollow architecture, excellent
stability and rate performances were achieved in 3 M ZnSQO4.
3.1.3. V307-H,0

V307-H,0 (H,V30g), a mixed-valence vanadium oxide (V5*/V4*
of 2:1), is composed of V30s layers along a axis that connected
together by hydrogen bonds.8% 81 The VOg octahedron and the
VOs triangular bipyramid share sides and angles parallel to the
b axis and further constitute all building blocks of H,V30s. The
layered structure of H,V30s provides spaces for the insertion of
ions, while the mixed valence state implies better
electrochemical performance than other single-valence
vanadium oxides.82 Recently, Kundu et al. reported a layered
V307:-H,O for ZIBs cathode in aqueous and nonaqueous
electrolyte to shed light into interfacial (de)solvation kinetics.>®
The layered V307-H,0 in aqueous electrolyte could store more
than two Zn?2* per building block and exhibit excellent specific
capacity; while performing poorly in a nonaqueous electrolyte.
The operando XRD analysis showed similar structural
transformation in both aqueous and nonaqueous system. The
structural energetics and solid-state diffusion characteristics of
ZnZ* are not the main factors leading to different
media. The
corresponding charge transfer resistance and activation energy

electrochemical properties in the two
in the aqueous system were reduced significantly. As a result,
V307-H,O cathode demonstrated excellent reversible zinc
storage properties (375 mAh g1 at 1C) in the aqueous
(ZnS0O4/H,0) electrolyte mainly determined by solid-state
diffusion and interfacial charge transfer processes. In order to
enhance the electrochemical performances of V307:-H,0, Wei’s
group fabricated a V307-H,0/rGO cathode and a Zn/rGO anode
in an aqueous ZIB system in which rGO could restrain the
dendrite problem.*®* The V307:H,O cathode delivered a
remarkable specific capacity while rGO could enhance the rate
capability. A splendid cyclability for 1000 cycles with capacity
retention of 79% at 5 C was delivered. Fig. 5d illustrates the
reaction mechanism of Zn//V307-H,0/rGO system. Due to the
enhanced electrostatic attraction, water molecules are inserted

This journal is © The Royal Society of Chemistry 2020 and the Chinese Chemical Society 2020
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into layers leading to the decrease of layer spacing, resultingin
the distinctions in XRD patterns from init?4l/st84#€39/D0QM00577K

3.1.4. V6O13

V6013 in mixed-valence state (V5" and V**) delivers high
electron conductivity at room temperature, which is conducive
to ultra-fast reaction process. The crystalline structure of VO3
is comprised of VOg octahedrons with shared corners and edge
distortions. They are connected to each other through shared
corners to form single or double vanadium oxide layers. In the
double layer, only small part of V sites exhibits the property of
V5* while the remaining V sites are occupied by V4*. In 2019, Shin
et al. reported a V¢O13 with high crystallinity (Fig. 5e), projected
down to the b axis.83 When applied to ZIBs cathode between 0.2
and 1.6V, it could deliver a prolonged cyclability for 2000 cycles.
Ex-situ XRD were used to study the intercalation behavior of
Zn?* (Fig. 5f). In these XRD diffractograms, the overall trend of
diffraction peak shifts is consistent, i.e. while the peak position
during discharge shift to lower angles (increase of d-spacing),
the reverse is seen during charge (decrease of d-spacing).
Moreover, benefiting from the preponderance of stable
architecture as well as the expanded interlayer spacing, Lai et al.
synthesized a V¢O13:nH,0 hollow micro flower consisting of
ultrathin nanoflakes, which showed a remarkable capacity and
good cyclability performance.>® Very recently, an oxygen-
deficient V¢Oi13 cathode with alternating single and double
vanadium oxide layers was fabricated by Peng et al. in 2020,
which was enriched with oxygen vacancies to create more
divalent cation-intercalating sites and there by enhance
capacity.8* The ZnZ* storage mechanism for Vg013-nH,0 can be
reflected in Fig. 5g, and the corresponding electrochemical
mechanism of cathode can be displayed as follows:
Ve013-nH,0 + (a+x) Zn?* +2 (a+x) e + (m-n+2)

H,0 <> Zn,V0,3-mH,0 + Zn,V,0,(0H),-2H, 0 (the first charge
process) [2]

Zn,Vs0;13-mH,0 + Zn,V,0,(0H),-2H,0 <>

ZnpVe0q3-mH,0 + n x V,05(0H),-2H,0 +

(a+x-b-y) Zn?*+2 (a+x-b-y) e’(subsequent cycles) [3]
3.1.5. V19024-12H,0

V10024:12H,0 can be considered as an oxygen-deficient
V,0s5:nH,0 or as a representative hydrated vanadium oxide with
mixed-valence (V5*/V4* ratio is 4:1).85> A layered V10024:12H,0
(VOH) with large interlayer spacing (1.4 nm) and high valence
state (4.8) was fabricated through a facile hydrothermal
method by Liu et al.8¢6 Owing to partially reduction V,0Os, the
reduction of particle size, and the stability of interlayer water
molecules, the VOH cathode showed a stable cyclability (115
mAh g1 at 1 A g for 3000 cycles). To enhance its
electrochemical performance, elemental doping is usually
employed. Li et al. developed a layered Vi10024:12H,0 as
cathode for aqueous ZIBs, which delivered an excellent
cyclability for 3000 cycles after Al doping.>® The Al doped
V10024:12H,0 shows an urchin-like morphology consisting of
thinner belts. Benefiting from the unique layer structure, Al
doped V10024-12H,0 cathode showing an outstanding cyclability
with 98% capacity retention after 3000 cycles, which is superior
to 65% in the pure V10024:12H,0. The significant improvement
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in long-term cycling performance indicates that aluminum
doping is an alternative opportunity to further develop
revolutionary vanadium oxides materials in ZIBs. The reaction
of the Zn//V10024:12H,0 system can be described using the
following equation:

V100,4:12H,0 + x Zn(HZO)ﬁ' +2xe ¢ 2ZnV.90,4-nH,0 [4]
3.1.6. V03

Vanadium sesquioxides (V203) processes typical corundum-
type structures. Restricted by the special rhombohedral
structure, V03 could hardly provide sufficient sites for Zn2*
insertion, which fails to be effectively discharged as a cathode
material in ZIB. Nevertheless, if the reversible two-electron
redox of V,0s3 is fully realized, a high capacity can be reached up
to 715 mAh g1 by taking the advantage of its high conductivity.
Surprisingly, through an in-situ anodic oxidation strategy, Dou
et al. reported a V,03 cathode with high performance.8’
Efficient anodic oxidation process of V,03 cathode was achieved
during the first charging process by simultaneously regulating
the concentration of the electrolyte and the morphology of
V,0s3. Moreover, what noteworthy is that owing to the low

valence state of vanadium (V3+*), V.03 tends to be easily oxidized.

To solve this problem, carbon coating may be a practical
method to improve the stability in air. Therefore, a porous
V,03@C cathode was fabricated for aqueous ZIBs by Ding et
al.>2 The unique channel and the proper pore size distribution
of V,03 are favorable for penetration of zinc ions, offering a
good rate performance. The electrochemical reaction for V,03
cathode can therefore be illustrated as the following equations:
V,0; +xZn** + n H,0 + 2 x e <> Zn,V,03-nH,0 [5]
3.2. Vanadates

The deformability of vanadium-oxygen polyhedron and the
change of vanadium valence state cause the vanadium oxides
structure to have a strong adaptability to compound with other
cations; thus, generating a large number of derivatives with
various M-V-O structures (M stands for metal ions or NH4*),
which are called as vanadates. Many works related to vanadates
have been reported so far, most of which are in Li* storage
research, with different compositions, structure and properties.
Generally, the introduction of cations will yield some benefits
and lead to splendid electrochemical properties. A lot of
reported alkali vanadates (such as Nag33V20s and Kg25V,05)
illustrate a better cycling stability than pure V,0s when used as
cathodes in lithium batteries owing to their “pillar” effect of the
alkali metal ions. The composed vanadates have shown
numerous different crystal structures with various
electromagnetic characteristics through the addition of
different metal ions, offering a wide range of options to
research new metal-ion batteries.

3.2.1. Alkali vanadates

Most of the vanadates usually show more attractive
electrochemical performances compared to the pristine
vanadium oxides. In this part, we introduce alkali vanadate in
three categories, namely, lithium vanadates, sodium vanadates,
and potassium vanadates. The addition of alkali metal ions has
great effects on the structure and electrochemical properties.
For example, K* ions in K2Ve016:2.7H,0 act as “pillars” to bring a
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Fig. 7 (a) The XRD pattern together with the corresponding
crystal structure of Nag33V,0s. (b) The I-V profiles of NVO and
control sample. (c) The ex-situ XRD results of NVO electrode at
different voltage states. Reproduced with permission from ref.
54. Copyright 2018 WILEY-VCH. (d) Schematic illustrations of
Na,Vs016 during charging and discharging processes. Reprinted
with permission from ref. 94. Copyright 2018 American
Chemical Society. (e, f) Rate performances and cycling stability
of C-KVO|Od electrode. Reproduced with permission from ref.
55. Copyright 2019 WILEY-VCH.

stabilizing effect. It effectively improves the structural stability
and the size of ion diffusion channel; thereby, enhancing the
cyclability and rate capability as compared to V,0s.88 Alkali
metal vanadates have been used for Li and Na storage system
for decades; however, applications of alkali metal vanadate for
ZIBs is only emerged while in recent years.

Yang et al. reported an cotton-like lithium vanadate (LVO-
250) electrode as Zinc ion cathode with an enlarged layer
spacing of 13.77 A in (001) face compared to VO-250 (12.0 A in
(001) face), which effectively facilitates Zn?* diffusion (Fig. 6a).8°
Therefore, the LVO-250 shows an outstanding rate performance
and cyclability under extreme condition (0-50 °C), revealing the
excellent temperature adaptability in practical application. At
room temperature, LVO-250 electrode displays a reversible
capacity of 232 mAh g1 at 5 A g~ with a remarkable cyclability.
The Galvanostatic Intermittent Titration Technique (GITT) tests
reflect a higher diffusion coefficient (D.) compared to control
samples (Fig. 6b). As revealed in Fig. 6¢, the ex-situ XRD were
performed to analyze Zn2?* storage mechanism of LVO-250
electrode. When discharging, the diffraction peak located at 6.2°
that corresponding to the (001) plane shifted to a lower angle,
which recovered to the initial state during charging process. This
phenomenon can be attributed to the fact that Zn2* ions are
inserted into the layers of LVO-250 during the discharge,
resulting in the expansion of the interlayer space. Moreover,
two other phases of Zng25V20s5-nH;0 and Zng29V20s appeared
and gradually increased during charging, reflecting the process
of Zn?* intercalation into layered LVO-250 electrode. To further
explore the working principle of lithium vanadate, Alfaruqi et al.
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prepared a layered LiV30g (LVO), as an intercalated cathode of
ZIBs with high storage capacity.53 Ex-situ XANES analyses were
carried out to probe the change in vanadium oxidation states
after ZnZ* insertion/extraction process (Fig. 6d and Fig. 6e). The
main edge features before electrochemical process are
identified as the standard V5* in pure vanadium pentoxide.
Remarkably, during continuous charging, the main absorption
peak moves gradually toward the high energy direction (or
positive displacement), indicating the increase in valence states
of vanadium. The schematic illustration of the reaction
mechanism is shown in Fig. 6f.

Sodium vanadate (NVO) is the most reported ZIBs cathode
material in the family of alkali metal vanadate .%0-93 With larger
diameter of Na* compared to that of Li*, the interlayer spacing
of is larger than that of lithium vanadate. This makes sodium

vanadate more conducive to the insertion and extraction of Zn2*.

Three different vanadium sites can be founded in the crystal
structure of NVO, which could be abbreviated as V(a), V(b) and
V(c). V(a)Oe octahedron forms a zigzag chain, while V(b)Oe
octahedron forms a double chain that along the direction of b
axis. With Na* intercalated into the layers, [V4012]n layer
structure with V(a)Ogand V(b)Og units are built by oxygen atoms
along the (001) plane. The layered [V4012]n is linked with V(c)Os
and oxygen atoms at the edge to form a three-dimensional
tunnel structure.>* He et al. was the first to construct Nag 33V20s
(NVO) as cathode for aqueous ZIBs (Fig. 7a). Thanks to the stable
layered structure and high electronic conductivity (5.9x104 S
m~1), the high reversible capacity as well as an exceptional
cyclability were achieved (Fig. 7b). The ex-situ XRD shows a
invertible phase transition processes between Nag33V;0s and
new phase of ZnyNap33V20s (0 < x < 0.96) during charge and
discharge, reasoning the cycling stability of the electrode
material. (Fig. 7c). The inductively coupled plasma optical
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emission spectroscopy analysis (ICP-OES) after gygles. shows
only little dissolution products (<1%) ofOthelaéfit AatEal ik
the electrolyte, further confirming the stability of NVO during
insertion and extraction of zinc ions. In 2018, Hu’s group
reported a Na;VeO16-1.63H,0 (H-NVO) single-nanowire with as
the cathode for ZIBs, illustrating that the H-NVO could provide
an ultra-stable structure for reversible Zn?*
intercalation/deintercalation (Fig. 7d).?* Moreover, if the host
materials could achieve simultaneous proton and Zn?*
insertion/extraction, the synergistic effect between
thermodynamics and kinetics of ion insertion can also be
significantly enhanced. To achieve this goal, Wan et al.
fabricated a NaV30s-1.5H,0 (NVO) nanobelt composed of V30g
layers and inserted Na*, realizing the coinstantaneous
insertion/extraction process of H* and Zn2* between the V30g
layers.?> Thereby, on account of the pillars function of interlayer
water and sodium ions stabilizing the V3Og structure, the
cathode exhibits an outstanding capacity as well as an enhanced
cyclability of 1000 cycles. The authors claimed that the
outstanding electrochemical properties could also be attributed
to Na* addition into ZnSO, electrolyte, which inhibits the
dissolution of the active materials and Zn dendrite deposition
synchronously. Below are electrochemical reactions formulas of
the Zn/NVO aqueous batteries:
First discharge:
NaV30g-1.5H,0 + 0.65 ZnSO,+ 6.5 H,0 + 2.45 Zn <>0.65
Zn,S04(0OH)4-4H,0 + H3 gNaZng sV30g-1.5H,0 [6]
Subsequent cycles:
0.65 Zn,S04(OH)-4H,0 + H3 gNaZng sV304-1.5H,0 <>
NazZng 1V30g-1.5H,0 +0.65 ZnSO, +6.5 H,0 + 2.35 Zn [7]
Potassium vanadate as ZIBs cathode materials could also
provide outstanding electrochemical performance.88 % A
unique 3D structure of C-KVO|O4 with oxygen defect and
carbon engineering was studied by Yang et al.5> As shown in Fig.
7e and Fig. 7f, by virtue of the enhanced electrical conductivity
of carbon hybrids and promoted diffusion/adsorption of
reactants, this cathode presented an outstanding specific
capacity and remarkable rate-capability performance. More
importantly, the existence of oxygen vacancies in C-KVO|Qq4
lattice significantly decreases the Gibbs free energy (-0.22 eV)
of Zn?* adsorption, which is 1.33 eV lower than that of KVO,
indicating that the adsorption/desorption of ZnZ* in oxygen
defective KVO is highly reversible. Moreover, the carbon-coated
porous structure can facilitate the charge transfer and furnish
more active site for Zn2* storage. The synergistic effect of these
two factors endows the rapid insertion/extraction of Zn2* into
C-KVO| Qg4 host.
3.2.2. Alkali earth vanadates

Alkaline earth metal vanadate was long overlooked as
electrode materials for energy storage applications as opposed
to alkaline earth metal vanadate. However, recent studies of
alkaline earth metal vanadates have shown that the
electrochemical performance in this field really deserves more
attention. Alkali earth vanadate usually exhibits layered
structure, with inserted metal ion (e.g., Be, Mg, Ca) and water
as “pillars” to guarantee the structure stability. Recent studies
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Fig. 9 (a) SEM image of VOOH nanospheres. (b) TEM and SAED
images of ZVO nanoflower. (c) Cycling stability of ZVO electrode
at 0.2 A g'1. (d) XRD patterns of VOOH electrode at different
cycling stages. (e, f) Ex-situ HRTEM images of the ZVO electrode
at fully charged and discharged states. Reproduced with
permission from ref. 104. Copyright 2019 American Association
for the Advancement of Science.

revealed that alkali earth vanadate could provide superior
electrochemical performance toward Zn?* storage.®’” %8 For
instance, the Mg-intercalated V,0s possesses high energy
density and theoretical capacity for Zn ion cathode than ZVO
owing to the smaller molecular weight of Mg?*. Ming et al.
reported a Mgo34V20s5-nH,0 (MVO) nanobelts with a porous
structure at a wide voltage window between 0.1 and 1.8 V
versus Zn?*/Zn (Fig. 8a).5° With the expanded interlayer spacing
of 1.34 nm, excellent specific capacity and outstanding rate
performance have realized in this system. By the analysis of ex-
situ XRD, Raman, TEM, and XPS, the reaction mechanism during
electrochemical charge and discharge processes of MVO can be
illustrated as Fig. 8b. The electrode reaction can be summarized
as follows:

Znp3Mg V,05 + 2 Zn <> Zn(y,0.3)Mg,V,05 [8]
Surprisingly, as the content of Zn?* increases, the inserted Zn?*
combined with water molecules could reduce the electrostatic
repulsion between layers.
hydrogen bonds among Zn?* and H,O further narrowing the
layer spacing. These two factors induce the decrease of
interlayer spacing, making the XRD diffraction peaks shift to the
higher angles.

A Cap.25V20s5-nH,0 nanobelt was also reported by Xia et al.
for the application in Zn ion storage.3” With the higher electrical
conductivity (185 S m™1) than that of Zng.25V20s-nH,0 (46 S m~1),
the impressive cycling performance was obtained (Fig. 8c and
Fig. 8d). During discharge, the author suggested that the
intercalation of Zn?* can bring out a contraction of interlayer
spacing because the intercalated Zn2* attracts the adjacent
cations; consequently, the crystal structure can be recovered by
reversing the voltage, as shown by the HRTEM images in Fig. 8e.
This finding is parallel to the Mgo.34V20s5-nH,0 which we have
mentioned before. The similar reaction mechanism also can be
seen in the case of CaVgO16-3H,0 and BaVeO16-3H,0 cathodes,
which  demonstrate  excellent reversibility of Zn%*

Moreover, the formation of

(de)intercalation.%7.99

3.2.3. Transition metal vanadates
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MnVO electrode. Reproduced with permission from ref. 58.
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capacitive and diffusion-controlled capacities of AVO electrode.
Reproduced with permission from ref. 61. Copyright 2019
WILEY-VCH. (c) Ragone plots of energy density versus power
density compared with other standard devices. Reproduced
with permission from ref. 112. Copyright 2018 The Royal Society
of Chemistry. (d) Cycling stability for NH4V4010 at 10 A g1, (e)
Reaction mechanism illustration of NH4V4010 showing the
intercalation intercalation/extraction for H,O and Zn2*.
Reproduced with permission from ref. 62. Copyright 2019 The
Royal Society of Chemistry.

With various compositions, structures and properties,
transition metal vanadates have a large number of family
members. To tackle the limitations such as poor rate
performances,

capacity, many efforts have also been devoted to explore

unsatisfied cyclability, and limited specific

transition metal vanadate favoring multielectron redox per
formula unit.200-202 |n 2016, F. Nazar’s group reported a
microwave-assisted hydrothermal method to synthesize single-
crystal Zng2sV20s:nH>0 nanobelts which delivered a superior
specific capacity and prolong cyclability.>® The compound has a
double-layer structure with a layer spacing of more than 1 nm.
“pillars” between
interlayer to stabilize the interior structure. HRTEM image

The water molecules and Zn2?* serve as

proved that the nanobelts exhibit a lattice spacing of 0.537 nm,
corresponding to (200) planes. The authors claimed that these
planes are parallel to the length of the nanobelts, suggesting
that that the b axis is the crystal growth direction. The
Alshareef’s group subsequently reported an ultra-long ZVO
nanowires with a porous frame, which display a high energy
density when serves as Zn ion cathode materials.13 The opening
framework and multiple oxidation states are the reasons to the
performance enhancements. In 2019, Wang et al. made a
significant improvement in specific capacity.1%* Through a
spontaneous phase transition, VOOH hollow nanospheres was
converted to reversible Zng3V,0s5:1.5H,0 (ZVO) nanoflowers
(Fig. 9a and Fig. 9b). A remarkable capacity of 426 mAh g1 at

This journal is © The Royal Society of Chemistry 2020 and the Chinese Chemical Society 2020
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0.2 A g1 and excellent cyclability of 20,000 cycles with 96% of
the capacity retained were delivered by ZVO electrode, (Fig. 9c).
The activation process at low current density and reassembling
of batteries are the key factors of that superior performance. As
shown in Fig. 9d, after 10 cycles of activation, the VOOH
electrode completely transform to ZVO, which is indicated by
the diffraction peak from (001) to (005) planes. More
interestingly, the interlayer spacing of ZVO remains almost
unchanged during the Zn?* and H* intercalation/extraction
process (Fig. 9e and Fig. 9f). The author emphasizes that the
effects of electrochemical reactions can be reduced to a
minimum thanks to the cancellation of two opposite effects
which results in a constant interlayer distance throughout the
charge/discharge cycle.

Interlayer Mn2*-doped vanadium oxide hybrids are also the
research hotspots in cathode materials towards ZIBs. An
expanded interlayer spacing manganese hydrated vanadate
(MnVO) with connected layers was fabricated by Liu et al.105
Upon discharge at a high current density, Mn?* facilitates the
rapid insertion of Zn2?*; thus; significantly enhancing the
electrochemical performances. An Mn2*-doped vanadium oxide
(Mno.15V20s5-nH;0) that can work at low temperature (-20 °C)
was explored by Li’s group in 2020.58 The narrow direct bandgap
enhanced the excitation of the conduction band by carriers,
resulting in the increased conductivity. Ex-situ XRD patterns
show the shift to higher angles during the first discharge, which
proved the contraction of the interlayer spacing during Zn2*
insertion (Fig. 10a). This phenomenon can be attributed to the
weakening electrostatic repulsion between connected layers
and the improved combination of Zn2* with lattice oxygen and
water molecules. While charging, the XRD peaks recovered to
the initial position, demonstrating the high reversibility of

This journal is © The Royal Society of Chemistry 2020 and the Chinese Chemical Society 2020

electrode structure, contributing to the stable cycling
performance. The author claimed that the synergistic effect
between the intercalated Mn?2* ions or water molecules and the
layered nanostructures enhanced the electron/ion transport
kinetics; thus, improving the structural stability during cycling.

Common transition metals (Fe, Co, Ni, and Cu) can also be
combined with vanadium oxides to form vanadates for ZIBs.106
107 |In 2019, Zhi’s group reported a Co00.247V205:0.944H,0
nanobelts with extraordinary capacity (432 mAh g1 at 100 mA
g 1) and excellent rate-capacity performance (163 mAh g1 at 10
A g1).108 By first-principle calculation, owing to the Co?%*
intercalation into layers, the absorption energy for ZnZ*
increased by 0.39 eV compared to the pristine V,0s-:nH,0,
resulting in a high working voltage of Zn//C0¢.247V205:0.944H,0
system. Subsequently, the high output voltage together with
high capacity of Co¢.247V205-0.944H,0 results in the outstanding
energy density of 458.7 Wh kg~1. Moreover, two new phases of
hydrated 6-Nio.25V20s and 6-Coo.25V205 were fabricated and first
utilized for ZIBs by P. Parkin’s group recently, which exhibited
the outstanding electrochemical performance.50

Recently, thanks to the high conductivity of silver, silver
vanadate of cathode materials has been gradually reported.10®
The existence of silver nanoparticles is conducive to the pseudo-
zinc-air reaction, and at the same time, benefiting the
electrochemical performance. In 2019, Wang’s group reported
an Ag;V4011 (AVO) layered structure as cathode materials in
ZIBs.®® Through a simple titration method, the authors firstly
confirmed the phase composition of the basic zinc salt (BZS) in
the Zn(CF3S0s3),-based electrolyte. Experimental results clearly
demonstrate the simultaneous formation/decomposition of
silver and BZS, further confirming feasible pseudo-zinc-air
reaction mode arose on the surface of silver. Moreover, ex-situ
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XRD analysis further ensures the reversible reaction process of
Zn(H20)e2*. As shown in Fig. 10b, the capacitive contribution is
more than 88% at 0.5 mV s-1, which is beneficial to high-rate
performance. Therefore, the AVO cathode exhibits an
extraordinary electrochemical performance (capacity retention
of 93% at 5 A g1 after 6000 cycles).

3.2.4. Ammonium Vanadates

In the past few years, ammonium vanadates have been
reported as an extraordinary cathode for ZIBs.110. 111 For
example, ultrathin (NH4)2V10025 nanobelts were fabricated by
Wei et al. in 2018.112 With an expanded spacing layer from 1.04
nm to 1.32 nm in c-axis along with the facile Zn?* insertion, the
electrode delivered an excellent rate performances as well as
an outstanding specific energy density up to 225.4 Wh kg
without structural damage (Fig. 10c). Similarly, NH4V4010 with
interlayer spacing of 9.8 A was also reported by Tang et al.,
which delivered impressive electrochemical properties (Fig.
10d).%2 The ex-situ XRD results suggested that corresponding
interlayer spacing was narrowed during the Zn?2* insertion,
which can be attributed to the intensive interlayer electrostatic
attraction between V3Og layers and inserted Zn2*. Based on
some data discussion and analysis, the author summarizes the
reaction mechanism can be illustrated in Fig. 10e.

3.3. Vanadium Phosphates

Due to the presence of [PO4] tetrahedrons and [VO6]
octahedrons in the structure, vanadium phosphate usually
exhibits robust crystal structures with good structural stability
during the ions insertion/extraction compared to other
vanadium-based electrodes.!13 Few of vanadium phosphates
possesses the layered structure, such as VOPO4. However, the
majority of the vanadium phosphates have the three-
dimensional open framework structure which are connected by
[VOe] octahedron and [PO4] tetrahedron through a shared
corner. Due to [VOg] octahedrons that are separated by [PO4]
tetrahedrons and are isolated from each other, vanadium
phosphates usually attain poor electron transfer. The most
effective modification method to overcome that has been
nanostructuring and conductive coating.

Oxygen redox reactions in ZIBs usually take place in
vanadium-based compound, leading to an obvious
enhancement of the electrochemical activity at the oxygen
center. Increasing the electron density of oxygen atoms by
reducing the covalent state of V-O is an effective strategy.
Among vanadium oxides and vanadates, only the V,0,
polyhedron has abundant V-O covalent.114 P-O covalent displays
weaker bonding energy as compared to V-O covalent.
Consequently, the importation of P-O covalent in the V0,
polyhedron layer will increase the electron density of oxygen.
Owing to the merits of high output voltage, stabilized interior
nanostructure as well as fast ion diffusion coefficient, many
vanadium phosphates, such as Zng4sVOPQO,4-0.8H,0, have been
widely put into practice as cathode materials for ZIBs.11>

Thanks to the stable 3D Na* superionic conductor structure,
Na3V2(PO4)s (NVP) has been widely studied as cathode materials
for ZIBs. For example, in 2016, Li’s group prepared the
NasV2(PO4)s as the ZIBs cathode materials.53 Graphene-like

14 | Mater. Chem. Front., 2020, 00, 1-3

carbon was used for the purpose of overcoming the, weakness
of poor conductivity. This special ERhEdE39dNVE ES77H
remarkable capacity and good cyclability in a 0.5 M
Zn(CH3COO0), electrolyte. Importantly, the Zn//NasVy(POu)s
system displays high voltage platform (about 1.1 V while
discharging) (Fig. 11a). The ex-situ XRD were employed to
explore the reaction mechanism of NazVy(PO4)s during the
(de)intercalation process of Zn2*, which demonstrate marginal
difference from the other cathodes that we have discussed
above. During the first cycle of charging process, two Na* were
extracted from the NasV,(PO4)s cathode which transform to a
new phase of NaV2(PO4)s. In the following cycles, Zn2* exhibit
continuous insertion and extraction behavior in NazV3(PO4)s3
cathode without the Na* extraction (Fig. 11b). According to the
Rietveld-refined XRD results, shrunk lattice constant was seen,
which is attributed to the formation of new vacancies or the
higher charge current density during ZnZ* intercalation.
Moreover, the authors claimed that ZnZ* may occupy 6b and
18e sites at the same time, and then change the occupied sites
during insertion. From the ex-situ XPS spectra, during the first
cycle of charging process, V3* is oxidized into V4. In the
subsequent discharging procedure, V4* is reduced back to V3,
while part of Zn2* ions are irreversibly inserted.

VOPOQ,, an atypical layered structure, is connected to the PO4
tetrahedron by a common angle VO¢ octahedron. A layered
VOPO, cathode was fabricated by Niu’s group, which delivered
a reversible oxygen redox electrochemical performance at a
high output voltage region.'® An additional capacity of about
27% was provided by the redox process, and the averaged
operating voltage was soared to approximately 1.56 V (doubled
those of traditional vanadium-based ZIBs), thereby boosting the
energy density by 36%. More importantly, in this system, the
authors use a mixture of LiTFSI and Zn(Tr); as the electrolyte to
ensure high working voltage and inhibit the decomposition of
VOPO, during reaction (Fig. 11c). By the XPS analysis of VOPO4
after cycling, the Zn2* extraction and oxidation of V and P were
not found, indicating that the platform of high voltage region
should be arose from the oxidation of oxygen. The XANES
results further prove the oxygen redox process should be
occurred at the high-voltage region. The above discussion could
summarize the reaction mechanism contributed to the
remarkable energy density (217 Wh kg1) of VOPO, electrode
(Fig. 11d).

A flexible solid-state aqueous ZIBs using “scarf-blanket”
hierarchically structured LiVPO4F as cathode was fabricated by
Liu et al.l17 Because of the poor electronic conductivity of
LiVPO4F, CNTs and PPy were employed to largely boost the
electrochemical performances. The electrode displayed a high-
voltage plateau of about 1.9 V in aqueous ZIBs; hence, a
superior specific capacity and excellent energy density (235.6
Wh kg1) were seen. When LiVPO4F was applied to un-sealed
flexible battery (Fig. 11e), remarkable electrochemical
properties were delivered at various bending states with a
stabilized output voltage of 3.7 V at 800 mA g1,

4. Summary and Prospects
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The development of Zn ions storage device is driven by the
innovation in cathode materials. Vanadium-based materials
with a large family members, diverse compositions, structures

and characteristics, have provided great potentials towards ZIBs.

In this review, we have comprehensively summarized most
recent advances of vanadium-based nanomaterials as cathode
materials for ZIBs, classified into vanadium oxide, vanadates,
and vanadium phosphates. Inserted metal ions and water
molecular between layers could act as “pillars” to alter the layer
spacing and stabilize cathode structure, accelerating the
migration rate of Zn2* insertion/extraction into vanadium-based
cathodes. More importantly, apart from the traditional
insertion/extraction of Zn2*, the simultaneous-insertion of H*
and Zn?* was also discovered. The involvement of H* gives rise
to the rapid kinetics; thus, enhancing the capacity and cycling
performances.

Despite the impressive progress already reported,
vanadium-based cathode is still far from practical applications;
and therefore, greater efforts need to be made to improve
cycling stability and capacity:

1) Vanadium-based compounds usually show a low
operating voltage in zinc ion battery system (usually less than 2
V), which seriously limits the energy density of vanadium-based
ZIBs. By incorporating electron-absorbing groups into
vanadium-based cathode, the average operating voltage can be
increased. Therefore, further study should concentrate on high
working voltage and high specific capacity, so as to further
realize high energy density of ZIBs.

2) Designing the hierarchical structure of the electrode is
considered to be a promising approach since abundant porous
channels for ion transfer and high vibrational density could be

delivered, thus further improving the volumetric energy density.

3) During rapid insertion/extraction of Zn2*, the layered
structure of vanadium-based nanomaterials may be impaired.
Therefore, interlayered insertion of metal ions or bonded water
is an effective method to enhance the interlaminar attraction
and further strengthen the layered structure.

4) Vanadium-based ZIBs also exhibit a controversial reaction
mechanism. Electrode materials are essentially undergoing
phase transition during the reaction process. In addition to
inhibiting the insertion of Zn2*, the metal ions inserted between
the layers will also cause a phase change. The insertion of metal
ions results in phase transition, and it depends on the
type/number of metal ions. Thus, it is necessary to further
obtain the relationship between inserted metal ions and the
crystal structure/electrochemical performance. At the same
time, the reaction mechanism of water molecules between
layers also needs further exploration.

5) The conductivity of vanadium-based electrodes should
also be improved to facilitate the charge transfer during the
insertion/extraction. In addition, the morphological design with
a larger number of exposed active areas has also proved to be
an effective means to enhance the electrode activity, along with
the combination of conductive materials.

6) The weakly acidic electrolyte which slowly dissolves
vanadium or vanadium oxide, might be the reason for the
decline in cycle efficiency. This issue has yet to be properly
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discussed. Electrolyte optimization is a promisjpg ,research
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