WL
J. Electrochem. 2022, 28(11), 2219004 (1 of 23)

[Review] DOI: 10.13208/j.electrochem.2219004 http://electrochem.xmu.edu.cn

Review on Oxygen-Free Vanadium-Based Cathodes for
Aqueous Zinc-Ion Batteries

Xiao-Ru Yun, Yu-Fang Chen’, Pei-Tao Xiao®, Chun-Man Zheng"
(College of Aerospace Science and Engineering, National University of Defense Technology,
Changsha, Hunan, 410073, China)

Abstract: Aqueous zinc-ion batteries (AZIBs) are considered as one of the most promising next-generation electrochemical en-
ergy storage systems owing to their high-power density, environmental benign, intrinsic safety, and the low cost of the abundant
zinc resources. However, their further development is still plagued by the inferior electrochemical performance of cathode materials.
Though extensive research has been conducted to investigate various cathode materials (including manganese oxides, vanadium ox-
ides, Prussian blues analogy, and organic materials), design of high-performance cathodes with satisfying capacity and long-term
cycling stability still faces great challenges. Oxygen-free vanadium-based compounds, owing to their better conductivity, larger in-
terlayer spacing, lower ion diffusion barrier and higher theoretical specific capacity than those of vanadium oxides, have gained in-
creasing attention recently. In this review, we summarize the recent development about the emerging oxygen-free vanadium-based
compounds in AZIBs, emphasizing the methods to design electrode materials with desired structures, effective strategies to improve
their electrochemical performance, and the fundamental electrochemical mechanisms. Finally, the current challenges and outlooks
of oxygen-free vanadium-based compounds are proposed, providing a novel perspective and useful guidance for the design of

high-performance vanadium-based cathode materials for AZIBs.
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1 Introduction

With the increasing attention to global environ-
mental issues, development of new energy stor-
age/conversion systems with high performance is,
though challenging, urgently needed!?. Among vari-
ous energy storage/conversion systems, lithium-ion
batteries, as a type of commercial battery, are exten-
sively employed in portable electronic products, elec-
tric vehicle power pack and large-scale energy stor-
age systems owing to their broad potential window,
excellent cycle stability, and relative high energy

density®®. Nevertheless, the limited metal resources

(high cost) and flammable organic electrolytes (high
safety risk) severely impede further application of
lithium-ion batteries, which, in turn, has inspired re-
searchers to pay their attention to aqueous metal-ion
batteries with low cost, safety and easy preparation
(Na', K, Zn*, Mg*, Al*, etc.)®?.

Among various aqueous metal-ion batteries, aque-
ous zinc-ion batteries (AZIBs) have been widely in-
vestigated due to the following advantages: (1) lower
redox potential (-0.762 V vs. S.H.E.), (2) high the-
oretical gravimetric (820 mAh-g™) and volumetric
(5855 mAh -cm™) capacities, and (3) better stability
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in aqueous electrolyte (higher overpotential for hy-
drogen evolution)™ ', However, traditional alkaline
ZIBs have two main issues that affect the electro-
chemical performance. On the one hand, Zn den-
drites are easily generated on the surface of Zn metal
anodes, which may penetrate the separator, resulting
in rapid capacity failure and even short circuit of the
battery!> 3, Great progresses have been achieved to
suppress Zn dendrites via design of novel Zn com-
posites anode, engineering of current collectors, and
regulations of electrolytes and electrode-electrolyte
interphases. On the other hand, the cathode materials
are often prone to be dissolved in the electrolyte,
which also leads to rapid capacity fading during the
long-term electrochemical process™. To address those
issues, extensive studies have been made to develop
AZIBs with advanced cathode materials, such as
manganese-based oxides, Prussian blue analogs, or-
ganic compounds and vanadium-based compounds,
etc. 781 Although manganese-based materials ex-
hibit high theoretical capacity, poor cycling stability
is induced by the irreversible structural degradation
during charge-discharge process.

Recently, our group, taking advantages of the
porous nature and large specific surface area of car-
bon-based composite, has prepared the conductive
carbon-coated manganese oxides (C-MnQO,) derived
from MOFs, which improved the cycle performance
of MnO,"%. Specifically, compounding the electrode
material with the MOF framework boosts the stability
of the structure, mitigating the collapse of the struc-
ture during cycling. Moreover, the stable carbon
framework effectively inhibits the dissolution of
MnO, in the electrolyte and improves the ion trans-
port efficiency. Additionally, the porous structure can
also provide additional active sites for ion/electron
diffusion, shortening the ion/electron transport path-
way and improving the efficiency of Zn*" ions de/in-
tercalation. Consequently, C-MnQO,//Zn AZIBs exhib-
ited a high specific capacity of 234 mAh-g™ at a cur-
rent density of 0.2 A -g™ and an excellent long-term
cycling stability with a capacity retention of 81% at 1
A - g™ after 1000 cycles. Prussian Blue analogs, bene-

fiting from the open lattice structural framework with
tunable pore size, can effectively alleviate the huge
volume expansion during the cycling process, but the
inherent low theoretical capacity impedes their
practical application™. Our group firstly synthesized
an organ-ometallic framework porous cathode mate-
rial (Ni-PTA-Mn) with large specific surface area and
excellent electrical conductivity by a one-step hy-
drothermal method. Benefiting from the hydrogen
bond network in the skeletal structure and the re-
versible proton conductivity, the electrode exhibited
high specific capacity (139 mAh-g” at 0.1 A-g™) and
impressive long-term cycling life (93% capacity re-
tention over 100 cycles at 1 A-g™)". In addition, or-
ganic compounds have superior reversibility and
wide voltage windows. However, the issues about
poor cycling life and low conductivity need to be ad-
dressed before their further application"®. By compar-
ison, vanadium-based compounds possess a more
promising development potential than the above
compounds, because they have typical layered struc-
ture and rich valence states, as well as significantly
higher energy density and theoretical capacity -+,
Various types of vanadium oxides have been widely
studied and summarized in previous reports. Recently,
oxygen-free vanadium-based compounds, as one type
of the vanadium-based compounds, have emerged as
novel cathodes for AZIBs due to their higher electri-
cal conductivity, larger layer spacing and lower ion
diffusion barrier"”. Up to now, the research on oxygen-
free vanadium-based compounds is at a relatively
early stage, a comprehensive review summarizing the
recent development of oxygen-free vanadium-based
compounds as cathodes for AZIBs is lacking.

This review is dedicated to providing a comprehen-
sive summary of the research progress on oxygen-free
vanadium-based compounds in AZIBs (mainly includ-
ing vanadium sulfides, vanadium selenide, vanadium
nitrides, and other oxygen-free vanadium-based com-
pounds), emphasizing the current status of research
on energy storage mechanisms and various effective
methods to improve the electrochemical performance,

which is outlined in Figure 1. Finally, some reason-
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Figure 1 Schematical illustration of the contents emphasized
in this review. Reproduced with permission of Ref.™ 21, copy-
right 2020 Wiley-VCH. Reproduced with permission of Ref.?,
copyright 2020 Royal Society of Chemistry. Reproduced with
permission of Ref. @), copyright 2021 Elsevier. Reproduced
with permission of Ref. ™, copyright 2021 Elsevier. Repro-
duced with permission of Ref. ™), copyright 2022 American

Chemical Society. (color on line)

able insights into the current challenges and future
application of oxygen-free vanadium-based com-
pounds are presented, which may shed lights on the
development of new oxygen-free vanadium-based
AZIBs cathode materials and further practical appli-
cation of AZIBs.

2 Vanadium Sulfides and their Com-

posites in AZIBs
2.1 VS, and Its Composites in AZIBs

VS, possesses a typical layered crystal structure and
is composed of two S-layers sandwiched by V-layers.
The adjacent layers are bound together by weak van
der Waals forces, rendering an open structure with a
large interlayer spacing of 5.76 A, as shown in Figure
2A™ 1 This large interlayer spacing is sufficient to
allow the insertion/extraction, and enable rapid ion
diffusions of Li* (0.69 A), Zn* (0.74 A), Na* (1.02 A),
Mg* (1.32), K* (1.33), and even NH* (1.48 A). In ad-
dition, VS, has good metallic properties (conductivity

of 5.0 x 10* S-m™) and is expected to be capable of
providing faster ion diffusion than molybdenum
disulphide and graphite, both of which also possess
the layered crystal structures™. Based on these advan-
tages, VS,, with its novel and complex electronic
structure, has attracted tremendous attention as a
promising cathode material for ZIBs.

He et al.l" first synthesized the VS, nanosheets by
a simple hydrothermal approach, and then fabricated
the AZIBs with a zinc foil anode (Figure 2B). As ex-
hibited in Figure 2C, nanosheets with a thickness of
50 ~ 100 nm were assembled into VS, bouquet. The
VS, nanosheets showed a reversible capacity of 190.3
mAh-g™ at 0.05 A-g™ in the voltage range of 0.4 ~ 1
V and excellent long-term cycling stability with a ca-
pacity retention of 98% at 0.5 A -g™ after 200 cycles.
As shown in Figure 2D, the ex-situ X-ray diffraction
(XRD) results display that the intensity and position
of the characteristic peak of VS, at 15.4° gradually
decreased with the progress of discharge, indicating
that the interlayer spacing of the (001) plane was ex-
panded as a result of the insertion of Zn** ions. Con-
versely, the peak magnitude and peak location gradu-
ally went back to the initial state when charged to 1
V, corresponding to the zinc ion extraction process.
The evolution of XRD during the discharge-charge
process indicated that the Zn®" ions de/intercalation
during charging/discharging is fully reversible. More-
over, the results obtained by ex-situ transmission elec-
tron microscopy/high-resolution transmission electron
microscopy (TEM/HRTEM), ex-situ selected area
electron diffraction (SAED) spectroscopy, in-siiu
Raman spectroscopy and ex-situ X-ray photoelectron
spectroscopy (XPS) were in good agreement with the
in-situ XRD results. In summary, the electrochemical
reactions of Zn//VS, AZIBs can be proposed as fol-

lows:
Cathode:
VS, +0.09Zn* + 0.18¢™ <> ZnypVS, (1
Z1nyVS, + 0.14Zn* + 0.28¢™ <> Zny» VS, ?2)
Anode:
Zn* +2¢ <> Zn 3)

In order to rationally control the inherent Zn?
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insertion/extraction behavior within VS,, it is impor- bility of the VS, nanospheres. Furthermore, as exhib-
tant to understand relationship between energy stor- ited in Figure 2E-K, it was found that compared with
age mechanism and potential range. Tan et al.”” pre- that at 1.0 V, there were residual incompletely re-

pared unique 1T-VS, nanospheres by assemble of moved Zn* ions between the VS, layers when
thin nanosheets. The abundant active sites and stable charged to 0.85 V. It is speculated that these Zn*" ions
structure in the 1T-VS, nanospheres promoted rapid might act as “pillars” to strengthen the stability of
electron/ion diffusion and improved the cycling sta- layered structure in VS,, thus ensuring the highly
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Figure 2 (A) Schematic crystal structure of the VS,. Reproduced with permission of Ref.?”, copyright 2020 Wiley-VCH. (B) Schemat-
ic illustration for the operation mechanism of Zn//VS, ZIBs. (C) The SEM image of layered VS,. (D) Ex-situ XRD patterns of VS,
collected at various states. Reproduced with permission of Ref.l"), copyright 2017 Wiley-VCH. (E) Charge-discharge curve of VS,
nanospheres within 0.4 ~ 1.0 V at 0.1 A-g™ in the first cycle. Ex-situ (F) XRD patterns with magnified signals at the G and H states
(inset), (G) Raman spectra, and XPS spectra of (H) Zn 2p and (I) V 2p. (J) HRTEM images and the corresponding contrast line pro-
files, and (K) STEM element mapping images of VS, nanospheres at various charge/discharge states. (L) Schematic illustration of
the Zn-ion storage mechanisms on layered VS, under the charge cut-off voltages of 0.85 V and 1.0 V. Reproduced with permission
of Ref.?", copyright 2022 Wiley-VCH. (color on line)
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reversible Zn*' insertion/extraction behavior and the
structure stability during the cycling process, as
schematically illustrated in Figure 2L. As a result,
the VS, nanospheres delivered a capacity of 212.9
mAh-g'at0.1 A-g” with the excellent cycling perfor-
mance of 93.3% and 86.7% at 0.5 and 2 A -g™ after
100 and 2000 cycles, respectively (in the voltage range
0f 0.4 ~ 0.85 V). In contrast, the VS, nanospheres cath-
ode faced severe structural degradation when cycling
at a voltage range of 0.4 ~ 1 V, demonstrating the key
role of the Zn' located in the VS, interlayer as “pil-
lars” played in strengthening the VS, laminate struc-
tural stability. This discovery redefines the concept of
“dead Zn*"”, which is generally considered to be
detrimental to electrochemical performance, and
broadens the prospects for layered oxygen-free vana-
dium-based cathode for AZIBs.

It is widely accepted that some disadvantages of
vanadium-based materials, such as their tendency to

be dissolved in the electrolyte and the large volume
changes during cycling, have a severe impact on elec-
trochemical performance™*?, In recent years, studies
have demonstrated that vanadium-based composites
and carbon materials can effectively address the above
problems. This approach has also been extensively in-
vestigated in vanadium-based oxides in AZIBs, such as
V,0s/graphene !, V,0; - nH,O/graphene*"!, RGO/
VO, H,V;0¢/rGO nanowires™!, and Na;V,(PO,)s/
rGOPY. In particular, our group has also carried out
some work on modifying vanadium oxide materials
with carbon materials. Li et al.’™ used the strategy of
in-situ growth of MOF derived V,0; on carbon cloth
to prepare V,0;-CC cathode. Combined with the oxy-
gen vacancy and the stability of MOF structure, the
as-fabricated V,0;-CC//Zn AZIBs showed high spe-
cific capacity (447 mAh-g™" at 0.1 A-g™) and excellent
cycle stability (~100% capacity retention over 5000
cycles at 1 A -g™, with a reversible capacity of 203
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mAh-g™). Similar guideline can be made for sulfides,
Liu et al. ™ prepared spindle-like VS, nanocrystals
anchored onto N-doped carbon layer (VS,@N-C) via
in-situ hybridization. Results demonstrated that the
strong interfacial interactions generated by the N-C
composite significantly improved the charge transfer
kinetics and cycle performance of the VS,@N-C
cathode. Hence, the VS,@N-C//Zn ZIBs exhibited a
high specific capacity of 203 mAh-g™ at 0.05 mA-g™
and a remarkable cycling stability of 97% of the
initial capacity retention over 600 cycles at 1 A-g™.

In addition to compounding with highly conduc-
tive carbon materials, building heterostructures with
other compounds is also an effective modification
method. Yu et al. ™ synthesized a heterostructure
VS,/VO, material by in-situ electrochemical strategy.
Owing to the strong internal electric field at
phase-boundary and the synergistic effect between
the VS, with high electrical conductivity and the VO,
with high chemical stability, the heterostructure
VS,/VO, cathode has obtained good electrochemical
performance. Moreover, Gao et al.?” also studied the
synergistic effect of high conductive sulfides and
high stability of oxides by constructing a biphasic
V,0; -3H,O@VS, nanocomposite. Owing to the lu-
bricating effect of structural water in V,0s+3H,0 and
the high conductivity of VS,, proved by the first prin-
ciples density functional theory (DFT) calculation (as
demonstrated in Figure 3A-D), the V,05:3H,0@VS,/
Zn ZIBs showed excellent performances with high
specific capacity (290 mAh-g” at 0.5 A-g™), improved
rate capability (202 mAh-g™ at 10 A-g™) and im-
pressive long-term cycling life (69.7% capacity reten-
tion over 6700 cycles at 5 A-g™', with a reversible ca-
pacity of 207 mAh-g™).

In general, electrochemical oxidation has been re-
garded as a universal and facial strategy to boost the
electrochemical performance of active materials with
low-valence by forming new high-valence active mate-
rials®*, Yang et al.® reported a flower-like VS,-NH;
hollow spheres cathode, which was further subjected

to in-situ electrochemical oxidation (charged to 1.7 V)

to obtain V,0Os-nH,0O that actually participates in the
reversible Zn*" insertion/detachment process, and the
electrochemical mechanisms are proposed based on
ex-situ characterization, as shown in Figure 3F.

Moreover, defect engineering is widely used to
regulate the electronic properties to improve the elec-
trochemical performance. Yin et al.™ prepared sul-
fur-deficient VS, (D-VS,) as a AZIB cathode by defect
engineering strategy. The DFT calculations demon-
strated that Zn*" ions are more prone to be stripped in
the D-VS, than those in the pristine VS,, promoting
the electrochemical kinetics. As a result, the D-VS,//
Zn ZIBs exhibited a higher specific capacity (262
mAh-g™at0.1 A-g™) than VS,//Zn ZIBs (150 mAh-g™
at 0.1 A -g™). Besides, VS,//Zn ZIBs showed an en-
hanced cycling stability (94% capacity retention over
524 hours), which is superior to that of VS,//Zn ZIBs
(94% capacity retention over 270 hours).
2.2 VS, and Its Composites in AZIBs

As an equivalent of VS,, VS, owns an intriguing
one-dimensional (1D) atomic chain structure and has
been widely investigated in recent years as a good in-
tercalation cathode material for high performance
AZIBs. It is worth noting that the anionic redox
mechanism regarding conversion of original S, -
dimers to S*” was detected in various types of VS,-
based ion batteries (Li"/Na'/Al*), which was expected
to be an effective strategy to design cathodes with
high energy density™*). Qin et al.*! fabricated kernel
like VS, particles immobilized on reduced graphene
oxide (VS,@rGO) by a one-step hydrothermal ap-
proach and proposed a possible energy storage mech-
anism involving coexistence of conversion reaction
and Zn*' insertion/extraction reaction by the ex-situ
XPS testing, as shown in the following reactions:

Conversion mechanism :
2VS, + 11H,0 + 3Zn* — Zn;(OH),V,0,-2H,0 +

8S + 16H" + 10e” 4)
Intercalation mechanism:
VS, + xZn* + 2xe” <> Zn, VS, (5)

Similarly, Gao et al.™ prepared nano-flower like
VS,/carbon nanotubes (VS,/CNTs) cathode with ex-
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cellent Zn*" storage capacity. In addition, the reaction
mechanisms were further studied based on ex-situ
characterizations to explain the unrepresentative na-
ture of the first charge/discharge curves (Figure 4A
and B). As presented in Figure 4D and E, the ex-situ
XRD results showed that VS, underwent a phase
transition process during the first discharge process
(1.0 ~ 0.2 V), transforming into ZVO with an open
framework structure accompanied by the formation
of sulfur according to:

VS, + 11H,0 + 3Zn* + 6e” — Zn;(OH),V,0,-2H,0 +
4S,” + 8H" + 4H, 6)
In the subsequent cycles, ZVO underwent a re-
versible Zn?" insertion/extraction reaction. This phe-
nomenon was also corroborated by ex-situ XPS mea-
surement (Figure 4F). Thus, a mechanism involved
phase change in the initial cycle and the reversible
Zn* insertion/extraction of ZVO in subsequent cy-
cles, is proposed for the VS,, as shown in Figure 4G.

Besides, the result of electrochemical dynamics sug-
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gested that the ratio of capacitance contribution in-
creases with the increasing scan rate, as shown in
Figure 4C. Owing to the excellent Zn* diffusion
co-efficient and wide ZVO plane spacing, the
VS,/CNTs cathode provided a reversible specific ca-
pacity of 265 mAh-g™ at 0.25 A-g™ and terrific cycle
life with 93% of capacity retention over 1500 cycles
at5A-g’.

On the basis of utilizing the conversion reaction to
generate ZVO with large interlayer spacing, Samanta
et al.* investigated a novel Mn-doped VS, (Mn-VS,)
as the AZIBs cathode. Mn doping can reduce the
electron density around the V center (V*), which in
turn transform to the VS, chain-like crystal phase,
providing an open framework for the Zn*" inser-
tion/extraction. As a result, the Mn-VS, cathode ex-
hibited an outstanding specific capacity (about 547
mAh-g™ at 0.2 A-g™) and excellent cycling stability
(97.83% of initial capacity retention over 1000 cycles
at 1 A-g™). Combined with ex-situ characterizations
(XRD, Field emission scanning electron microscope
(FESEM), XPS, and Raman), the energy storage
mechanism on coexistence of the conversion reaction
and the reversible Zn*" insertion/extraction reaction is
also revealed, in consistent with that in previous re-

search reported by Gao et al*,

3 Vanadium Selenides and Their

Composites

Vanadium diselenide (VSe,) is a two-dimensional
(2D) material with graphene like layered structure. It
is arranged in a sandwich form of Se-V-Se with a
large layer spacing (6.1 A)**). Moreover, it has ex-
cellent metal properties with the excellent conductiv-
ity (10° S-m™), which is greater than that of vanadium
sulfide. Additionally, with low electronegativity, the
energy barrier during ion intercalation or transport is
largely reduced, all of which make VSe, a potential
cathode for high performance AZIBs. Wang et al.™
first applied layered VSe, with a large interlayer
spacing in AZIBs and demonstrated the improved
electrochemical performance. VSe,//Zn AZIBs exhib-
ited high specific reversible capacities of 250.6 and
132.6 mAh-g™ at 0.2 and 5 A -g™, respectively, and

superior cycle stability with 83% of initial capacity
retention after 800 cycles at 2 A -g™~'. Furthermore,
according to the ex-situ characterization, it was pro-
posed that the reversible de/intercalation reaction in
VSe, was responsible for the energy storage of Zn*
ions:

VSe, + xZn* + 2xe” <> Zn,VSe,. (7

Similarly, Wu et al. ™ prepared ultra-thin VSe,

nanosheets with thickness of few layers by chemical
liquid-phase synthesis, and verified the mechanisms
of Zn* ions storage by ex-situ XRD and XPS charac-
terizations, showing a two-step Zn*" intercalation/dei-
ntercalation reactions (Figure 5A):
VSe, + 0.23Zn* + 0.46xe™ <> Zny»; VSe, ®)
Zny»VSe, + 0.17Zn* + 0.34e” <> Zn,,VSe, )
and the strong structure/crystal stability demonstrated
by CV testing, capacity contribution calculations, and
constant-current  intermittent titration technique
(GITT) analysis (Figure 5B-E). As manifested in Fig-
ure 5 F-J, the DFT calculation further revealed that
VSe, nanosheets have strong metal properties and the
optimal Zn*" diffusion path, with a hopping energy
barrier of 0.91 eV. The above results all indicated
that ultra-thin VSe, nanosheets have great potential
as cathode material for AZIBs.

Bai et al.®” synthesized Se deficient VSe, nanosheets
directly on a stainless steel (VSe,_,-SS) cathode via
one-step hydrothermal method. DFT calculations in-
dicated that Se defects not only improved the con-
ductivity, but also regulated the adsorption energy of
Zn* ions, implying that the adsorption/desorption
process of Zn* ions on VSe,_-SS cathode made bet-
ter reversibility than that of VSe,-SS cathode without
the Se defects. Consequently, Zn//VSe, .-SS AZIBs
exhibited a higher specific capacity (241.2 mAh-g™ at
0.2 A-g™), better rate capability (230.1 mAh-g™ at 4
A -g™), and more enhanced cycling stability (87.8%
of initial capacity retention over 1800 cycles at 4
A -g™) than those of Zn//VSe,-SS ZIBs. Furthermore,
the energy storage mechanism (two-step intercalation
process) for the VSe,,-SS cathode was investigated

by ex-situ characterizations. The reaction process is
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shown in Figure 5K, and the reactions can be ex-

pressed as:

VSe,_-SS + mZn* + 2me™ <> Zn, VSe,.-SS

(10)

7Zn,VSe,.-SS + nZn* + 2ne” <> Zn,, + nVSe,_-SS (11)
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Figure 5 (A) Schematic illustration of the two-step Zn*" intercalation/de-intercalation process in VSe, cathode. (B) CV curves of the
Zn//VSe, battery at various scan rates. (C) The capacity contribution between capacitive effect and battery type. (D) GCD curve mea-

sured in GITT mode of the battery at the second cycle. (E) The calculated zinc-ion diffusion coefficient in the VSe, cathode at
different charge/discharge stages. (F) Calculated partial spin-polarized projected density of states (DOS) for VSe,. (G) Schematic

illustration of charge density map after zinc-ion intercalation into the layered VSe, framework (yellow: charge increase; blue: charge

decrease). (H) Top view and (I) side view of the optimal diffusion pathway of zinc ion. (J) Corresponding diffusion barrier curve

based on the calculated diffusion pathway. Reproduced with permission of Ref."), copyright 2020 Wiley-VCH. (color on line) (K)

Schematic diagram of the two-step Zn*" insertion/extraction process for VSe,_-SS. Reproduced with permission of Ref.™, copyright

2021 American Chemical Society. (color on line)
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Figure 6 (A) In-situ XRD patterns of VSe,/MXene electrode in the initial cycles against the voltage. (B-D) FESEM images for VSe,/
MXene electrode in 200, 500 and 2000 cycles. (E) Schematic diagram of electrode surface changing during long cycles. Repro-

duced with permission of Ref.Y, copyright 2022 Elsevier. (color on line)

Later, Cai et al.P" prepared small-sized VSe, uni-
formly anchored on MXene (VSey/MXene). It was
found that the VSe,/MXene cathode exhibited an ev-
er-increasing specific capacity during cycling, even
after 1000 cycles. It was suggested that during the
Zn*/H" interaction/extraction process, a significant
oxidation reaction occurred under high voltages, and
the formed vanadium oxide further reacts with Zn* in
the electrolyte to form a new phase of Zn,V,0s+ H,O
(PDF# 86-1238), as displayed in Figure 6A. Obvious-
ly, Zn,25V,0s5+-H,0O was accumulated on the electrode
surface as the number of cycles increased, which may
be the reason for the continuous increase of specific
capacity, as schematically shown in Figure 6B-E.
This work provides a new understanding for the ener-
gy storage mechanism of AZIBs.

4 Vanadium Nitride and Its Com-
posites for AZIBs

Vanadium nitride (VN) is an interstitial alloy com-
pound in which vanadium atoms occupy a face center
cube (FCC) lattice and nitrogen atoms fill in the octa-
hedral interstices of metallic vanadium, forming a
NaCl-type structure®, Therefore, VN has the char-
acteristics of both covalent and ionic compounds,
such as high melting point (2619 K), excellent hard-
ness (1500 kg-mm™), and outstanding electronic con-
ductivity (10° S-m™) %3 n addition, owing to its
good chemical stability, low molecular weight, high
theoretical specific capacity, wide working voltage
window, affordable price and abundant resources,
VN has been extensively explored in the energy
storage/conversion fields of catalysis, lithium ion batter-
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ies and supercapacitors®>"),

Since Ding et al.™ first proposed that disordered
rock salt vanadium oxynitride (VN,O,) has excellent
Zn* ions storage capacity, researchers have increas-
ingly paid their attention on VN as a cathode for
AZIBs. Subsequently, Fang et al." also fabricated a
surface-oxidized vanadium nitride (VN,O,) cathode
for AZIBs by a simple nitriding technique. The sur-
face oxidation of VN,O, can improve the electro-
chemical activity, further promoting the electrochem-
ical reaction kinetics. The co-existing reaction mech-

anisms of reversible intercalation (Zn*/H"), redox

S
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reactions of cations (V*/V*), and reversible redox
reactions of surface anions, significantly improved
the performance of Zn//VN,O AZIBs, delivering a
high specific capacity of 240 mAh-g"at 1 A-g™' and
enhanced long-term cycling performance with a ca-
pacity retention of 75% after 2000 cycles at 20 A-g™.
Recently, tremendous efforts have been made to
elucidate the energy storage mechanism of VN cath-
ode in AZIBs. Bai et al. ® fabricated ZnO quantum dots
(QDs)-modified VN nanosheets (ZnO-QDs-VN) by a
facile self-sacrificial template strategy. Compared
with the original VN, ZnO-QDs-VN cathode exhibited
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Figure 7 (A) Schematic illustration showing the formation process of 3D VN/MXene composite structure. (B, C) SEM images of
VO,/MXene. (D, E) SEM images, (F) EDS elemental mappings, (G, H) TEM images and (I) a HRTEM image of VN/MXene com-
posite. (J) Schematic of VN/MXene electrodes during cycling. Reproduced with permission of Ref.[, copyright 2022 Elsevier.
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Figure 8 Zn-storage mechanism of VN. (A-C) In-situ XRD measurement in initial discharge/charge curve at 0.01 A -g™ and the

corresponding high-resolution contour maps between 5 ~ 20° and 30 ~ 80°, (E, F) HRTEM images of the fully discharged and
charged electrode, (G, H) Ex-situ high-resolution XPS spectra of V 2p and Zn 2p at the fully discharged/charged state. (D) Schemat-

ic view of Zn*" intercalation/de-intercalation in VN. Reproduced with permission of Ref.®”, copyright 2022 Elsevier. (color on line)

a highly enhanced specific capacity of 384.1 mAh-g™
at 0.1 A-g™ and extended cycle life with a capacity
retention of about 60% over 1800 cycles at 5 A-g™.
The results of ex-situ XRD pattern, high-resolution
XPS and TEM characterizations all demonstrated the
existence of the Zn* insertion/extraction mechanism,
i.e., the electrochemical mechanism as follows:
VN + aZn* + 2ae~ <> Zn,VN + Zn;,,(OH)55, V2,075,
(H;0), (12)
Later, Du et al.™ encapsulated VN microspheres
in an MXene matrix to construct a three-dimensional
(3D) layered VN/MXene cathode, and the schematic
illustration of the formation process is displayed in
Figure 7A. The surface of the microspheres obtained
after nitriding is relatively rough, providing abundant
active sites for Zn*" storage, and the morphology is
shown in Figure 7B-1. Notably, combined with the
tight coating of MXene, the agglomeration of VN mi-

crospheres is effectively avoided and the volume ex-
pansion during the charging/discharging process is
greatly alleviated, leading to improving specific capacity
and rate performance. Meanwhile, electrochemical
mechanism of VN with reversible Zn*/H" co-inser-
tion/extraction is proposed according to electrochemi-
cal results, and in-situ XRD/XPS and HRTEM analy-
ses (Figures 8 A-C, E-H). Owing to the unique struc-
ture and co-intercalation mechanism (schematic as
exhibited in Figure 8D), VN/MXene cathode achieved
an excellent capacity of 521 mAh-g'at 0.5 A-g™, a
long-term cycling stability with a capacity retention
of 82.8% over 2000 cycles at 5 A-g™, and a high en-
ergy density of 478.1 Wh-kg™.

There is a view that low-valent vanadium ni-
tride-based materials are prone to be oxidized to high-
valence states, accompanied by obvious changes in

physical and chemical properties, leading to enhanced
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electrochemical performance. For the first time, Chen
et al.P synthesized oxygen-doped vanadium nitride
(O-VN) by annealing commercial vanadium pentox-
ide in ammonia, and proposed a new energy storage
mechanism of cationic conversion reaction. Specifi-
cally, the phase transformation and morphologic evo-
lution were comprehensively investigated using
ex-situ XRD, SEM, and XPS characterizations. Dur-
ing charging process under weak acid conditions, the
cathode underwent an O-VN — VO,” — VO, transi-

tion and then was reduced to V,0; on the cathode
surface during discharge. The V (III) species were
subsequently oxidized back to cations dissolved into
the electrolyte. Besides, the DFT calculations al so
confirmed the reversibility of these reactions. benefit-
ing from the mechanism of combined Zn®" inser-
tion/extraction with cation conversion reaction having
more transferred ions, the O-VN cathode provided an
ultra-high specific capacity of 705 mAh-g™ at 0.2

A -g™. At current densities of 1.0 and 2.0 A -g™, the
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Figure 9 Schematic illustrations showing the spray pyrolysis apparatus (A) and formation mechanism of VN-rGO microspheres (B).

(C) Galvanostatic charge-discharge profiles with dots indicating the selected potentials for ex-situ XRD measurements. (D) Ex-situ
XRD patterns. Ex-situ TEM analysis for the (E-G) discharged and (H-J) charged states: (E, H) TEM images, (F, I) SAED patterns,
and (G, J) HR-TEM images. (L) The 1st and 2nd charge/discharge profiles of VN-rGO microspheres at 0.1 A -g™, (M) In-situ EIS
Nyquist plots obtained during initial charge process, (N) CV curves for the initial three cycles, In-sitw EIS analysis: (K) Nyquist
plots obtained at various potentials during the 3rd cycle, changes in (O) R; and (P) R, as a function of potential. /n-situ Bode plots for
(Q) VN-rGO microspheres and (R) VN microspheres/rods. (the black region corresponds to phase angle < 45°). Reproduced with

permission of Ref.®, copyright 2022 Elsevier. (color on line)
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O-VN cathode could provide specific capacities of
400 and 361 mAh-g™ after 200 cycles, corresponding
to capacity retentions of 60.5% and 57.5%, respec-
tively. Some follow-up work has also been carried
out on the exploration of the conversion reaction
mechanism.

Since the composite of reduced graphene oxide
(rGO) with the electrode materials can form a con-
ductive network and provide a buffer layer to effec-
tively alleviate the volume expansion, Chen et al. ™"
prepared rGO-modified VN materials (VN@rGO) by
electrostatic assembly way to improve the conductiv-
ity of VN. Moreover, electrochemical tests and kinet-
ic studies demonstrated that the rGO accelerated the
redox reaction on the electrode surface and improved
the pseudocapacitive of the electrode by accelerating
electron transfer. As a result, VN@rGO cathode ex-
hibited a high specific capacity of 343 mAh-g™" at 0.2
A -g™'. Meanwhile, a ultra-long cycle stability with
capacity retentions of 94.68% and 91.24% over 5851
A-g™?and 10900 cycles at 20 A-g™, respectively, was
achieved. In addition, ex-situ XRD, XPS and SEM
characterizations were used to explore the energy
storage mechanism of the electrode. The results re-
vealed that VN was converted to V;O,,+6H,0 during
the first charge (to 2.0 V), which became the host for
Zn*" insertion/extraction. It was also speculated that
the activation process of the electrode was realized
by the deposition/dissolution of Zn,SO,(OH),-5H,O
to generate holes on the electrode surface. As a result,
an energy storage mechanism combining conversion
reaction and intercalation reaction is proposed:

First charge process (to 2.0 V):
5VN + 23H,0—V;0,,-6H,0 + 5NH* + 50H" + 4.5H,

(13)

Intercalation reaction:

1.29Zn* + V0,5 6H,0 + 2.58¢™ <> Zn, 5V:0,,- 6H,0
(14)
prepared VN-rGO micro-

Similarly, Park et al.®

spheres by spray pyrolysis and one-step nitrification,
which is schematically illustrated in Figure 9A and
B. The first three charge/discharge cycle curves are
shown in Figure 9C. As presented in Figure 9D, the

ex-situ XRD results showed that VN phase disap-
peared and a new phase of ZVO was formed in the
first charging process. During the subsequent charge-
discharge process, the peak intensity of the ZVO in-
creased with discharging and decreased with the
charging, implying the reversibility of Zn* inser-
tion/extraction. The ex-situ TEM/HRTEM, SAED
(Figure 9E-J) and XPS characterizations further
demonstrated the above mechanism. Additionally,
the in-situ EIS analysis was executed to further study
the electrochemical reaction during charge-discharge
process, as shown in Figure 9K-R. The EIS results
present that VN-rGO, whether in the initial stage
state or after the 100 cycles, exhibited smaller impen-
dences than VN, indicating the superior Zn*" ions dif-
fusion kinetics in VN-rGO. As a result, the VN-rGO
cathode exhibited an ultra-high specific capacity of
809 mAh-g™ at 0.1 A-g™, a good rate performance
with a reversible capability of 467 mAh-g” at2 A-g?,
and enhanced long-term cycling stability with a ca-
pacity retention of 78% after 400 cycles at 1 A-g™.

In general, VN has a high theoretical specific ca-
pacity as the cathode of AZIBs. However, in order to
improve the practical capacity and enhance the cycle
performance, it is necessary to adopt different meth-
ods to prepare a stable structural framework with u-

264 Tn addition, the energy storage

nique morphology"
mechanism of VN is complex and still controversial.
In depth understanding of its energy storage mecha-
nism is the pivotal to design novel cathodes for

high-performance AZIBs.
5 Other Oxygen-Free Vanadium
Compounds in AZIBs

In addition to the oxygen-free vanadium materials
described above, a number of other oxygen-free
vanadium materials have also been explored as cath-
odes in AZIBs. For instance, Li et al.® achieved direct
transformation of MAX VLAIC to V,CT, MXene
within the battery using an F-rich electrolyte. The
process was consisted of three main stages: stripping,
oxidation of the electrode and redox of vanadium
pentoxide. The V,CT, MXene exhibited a high spe-
cific capacity of 409.7 mAh-g™ at 0.5 A-g™ and an
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exceptional rate performance of 97.5 mAh-g™ even
at current density as high as 64 A-g. Later, Jiang et
al.” synthesized S-doped modified V,CT, materials
by molten salt method, and obtained good reversible
specific capacity (411.3 mAh-g” at 0.5 A-g™) and an
excellent cycling stability with 80% capacity reten-
tion after 3000 cycles at 10 A-g™.

In addition, the heterostructures obtained by partial
oxidation of the oxygen-free vanadium-based MXene
materials were also studied in AZIBs. For example,
Venkatkarthick et al.® synthesized vanadium-based
oxides on 2D vanadium carbide MXene (V,0,@V,CT,)
by high-temperature etching and electrochemical cy-
cling. As the ZIBs cathode, V,0,@V,CT, provided
improved rate performance (304 and 84 mAh-g™ at
current densities 0.05 and 2 A -g™, respectively) and
cycling performance (81.6% of initial capacity reten-
tion over 200 cycles at 1 A-g™) in 1 mol-L~" ZnSO,
electrolyte. Subsequently, Chen et al.* prepared VO,@
V,C 1D/2D heterostructures by controlled oxidation
of the V,C surface via one-step hydrothermal method.
VO,@V,C cathode also obtained excellent electro-
chemical performance. Furthermore, by selenizaiton
of surface atoms of MXenes, Sha et al./™ synthesized
three transition metal selenides (VSe,@V,CT,, TiSe,
@Ti;C,T, and NbSe,@Nb,CT,) with high capacity
and excellent structural stability. Among those three
cathodes, VSe,@V,CT, exhibited the highest rate ca-
pability (132.7 mAh-g™ at 2.0 A-g™), and long-term
cycling stability (93.1% capacity retention after 600
cycles at 2.0 A-g™). All of the above examples have
inspired us to develop more novel oxygen-free vana-

dium materials in the future? %%,

6 Summary and Outlooks

In this review, the development and application of
oxygen-free vanadium compounds including vanadi-
um sulfides, vanadium selenides, vanadium nitrides,
other oxygen-free vanadium compounds, and their
composites as cathodes in AZIBs are comprehensive-
ly summarized. Specifically, various design strate-
gies, including morphological control, detect engi-
neering, doping elements, composite construction

with carbon materials or metal compounds, and direct

growth of self-supporting cathodes without binder
and conductive agent on the current collector, the
electrochemical performance (Table 1), and the fun-
damental electrochemical mechanisms are empha-
sized. This review not only provides information
about the recent development of oxygen-free vanadi-
um compounds in AZIBs, but also sheds lights on de-
sign of novel high-performance cathodes for AZIBs,
promoting the practical application of AZIBs.

Compared with other cathodes in AZIBs, the large
interlayer spacing of vanadium-based materials is the
key factor for their superior performance over other
AZIBs cathode materials (namely, manganese-based
oxides, Prussian blue analogs, and organic com-
pounds). Intuitively, a detailed comparison in the var-
ious properties of AZIBs cathode materials is shown
in Figure 10. The large interlayer spacing facilitates
the diffusions of electrons/ions and Zn*" insertion/ex-
traction, thus promoting the diffusional kinetics of
Zn*, and making it possess faster electrochemical ki-
netics. Combined with the high theoretical specific
capacity, vanadium-based materials exhibit high en-
ergy density and power density after being convert-
ed into zinc ion batteries, which makes it stand out
among many AZIBs cathode materials. Compared
with vanadium-based oxides, oxygen-free vanadium
compounds have emerged as novel cathodes for
AZIBs and attracted increasing attention because of
their higher electrical conductivity, larger layer spac-
ing and lower ion diffusion barrier™®*!  exhibiting
comparable or huger potential than vanadium-based
oxides as cathodes for AZIBs.

Although great achievements have been made in
oxygen-free vanadium compounds for AZIBs, further
development of oxygen-free vanadium compounds
still faces several similar challenges to these vanadi-
um oxides®™**9, Challenges and possible solutions are
proposed as following (Figure 11):

(1) Narrow working potential windows. Although
vanadium-based compounds including oxygen-free
vanadium compounds and vanadium oxides with lay-
er structure have shown higher specific capacity,

faster kinetics, and more enhanced long-term cycling
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Table 1 Summary of electrochemical performance of oxygen-free vanadium-based materials as cathodes in ZIBs.

Volta a asip e/cr::l:h- » Capacity retention
Material Electrolyte raﬁge;g\i c(clzlr:etli]t densi‘; y ((_:lurrent density/ Ref.
A-g) A-g™'; cycles numbers)

VS, 1 mol-L™" ZnSO, 04~1.0 190.3 (0.05) 98% (0.5; 200) [19]
VS,@rGO 1 mol- L Zn(CF;S0s), 035~1.8 180 (1.0) 93.3% (1; 165) [44]
VS,@SS 1 mol-L™" ZnSO, 04~1.0 198 (0.05) 80% (1; 1600) [26]
VS, @VOOH 3 mol-L™" ZnSO, 04~1.0 184.2 (0.05) 82% (2.5; 400) [70]
D-VS, 1 mol-L™ ZnSO, 02~1.7 262 (0.1) 94% (0.1; 100) [43]
VS/VO, 25 mol-L™" ZnCl, 0.1~1.8 301 (0.05) 75% (1; 3000) [20]
VS, 1 mol-L™" ZnSO, 02~1.6 310(0.1) - [22]
VS/V,0, 3 mol-L™ Zn(CF;S03), 03~1.2 163 (0.1) / [71]
VS,/CC PVA-Zn/Mn hydrogel 04~1.0 175 (0.2) ~65% (0.2; 40) [72]
VS,@N-C 3 mol- L™ Zn(CF,S0;), 02~1.8 203 (0.05) 97% (1; 600) [36]
Mn-VS, 1 mol-L™" Zn(OTf), ACN/water (1:1) 0.3 ~2.0 547 (0.2) 97.83% (1; 1000) [47]
V,05-3H,0@VS, 3 mol-L" ZnSO, EG/water (1:4) 03~1.6 290 (0.5) 69.7% (5; 6700) [37]
VS/CNTs 2 mol-L™' Zn(CF;S0;), 02~1.7 265 (0.25) 93% (5; 1200) [46]
1T-VS, 2.5 mol- L Zn(CF;S0s), 0.4~0.85 212.9 (0.1) 86.7% (2; 2000) [27]
VS, 1 mol-L™" ZnSO, 02~1.0 450.7 (0.1) 72% (1;200) [73]
VS,-NH; 2 mol- L™ Zn(CF,S0;), 02~1.7 392 (0.1) 110% (3;2000) [38]
VN,O, 2 mol-L™" ZnSO, 04~14 240 (1) 3222 8’0’5(2)2)00) [58]
ZnO-QDs-VN- 1 mol- L™ Zn(CF;S0;), 04~1.6 384.1 (0.1) ~60% (5; 1800) [23]
0.50-VN 3 mol-L™ ZnSO, 02~2.0 705 (0.2) 60.5% (1;200) [55]
VN@rGO 3 mol-L™* ZnSO, 02~1.8 343 (0.2) g?gigﬁ 86’5?3)900) [61]
VN 3.5 mol-L"' ZnSO, 02~1.8 496 (0.1) 53.6% (20; 8000) [74]
VN/C 3.5 mol-L™' ZnSO, 02~1.38 321 (0.5) 76.6% (13; 6780) [75]

95% (0.5; 720)
VN,0,/C 3 mol-L"' Zn(CF:SOs), 02~1.6 407.4 (0.5) 93.4% (5; 2000) [21]
96.49% (0.1; 75)

VN@NGr 3 mol-L"! ZnSO, 02~18 ~170 (0.5) 70% (20: 26000) [76]
VN/MXene 3 mol-L"' Zn(CF,S0,), 0.1~1.6 521 (0.5) 82.8% (5; 2000) [59]
VN/NC 3 mol-L"' Zn(CF,S0,), 02~18 566 (0.2) 85% (10; 1000) [57]
VN-rGO 1 mol-L" Zn(CF;SOy), 02~2.0 809 (0.1) 78% (1; 400) [60]
VSe, 2 mol-L" ZnSO, 0.1~16 250.6 (0.2) 83% (2; 800) [48]
VSe, 2 mol-L" ZnSO, 02~16 131.8 (0.1) 80.8% (1; 500) [49]
VSe,,-SS 3 mol-L" Zn(CF:SOs), 04~16 241.2(0.2) 87.8% (4; 1800) [50]

rGO-VSe, 2 mol-L™ ZnSO, 02~14 221.5(0.5) 91.6% (0.5; 150) [24]
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Table 1 (Continued) Summary of electrochemical performance of oxygen-free vanadium-based materials as cathodes in ZIBs.

Volt S_pefnilf;l:h_ . Capacity retention
Material Electrolyte ra?lg:/g\i Cé?i:;i densié y (iurrent density/ Ref.
A-g') A-g™'; cycles numbers)
V,0@V.C 2.5 mol-L"' ZnSO, 02~14 397 (0.5) 87% (4; 2000) [77]
VO,@V,C 3 mol-L"' Zn(CF;S0), 02~12 456 (0.2) 81% (5; 1000) [67]
NVGO 6 mol-L"' KOH 1.2~2.1 253.9(0.5) 70% (4.5; 500) [78]
V,CT, 3 mol-L"'ZnSO,+1 mol - L Li,SO, 0.25~1.6 423 (1.0) ~94% (30; 2000) [79]
V,0.@V.CT, 1 mol-L-' ZnSO, 02~16 304 (0.05) 81.6% (1; 200) [66]
K-V.C@MnO, 2 mol-L" ZnSO,+0.25 mol-L" MnSO, 0.8~ 1.8 408.1(0.3) >100% (10; 10000)  [80]
MS-S-V,CT, 2 mol-L" ZnSO, 02~1.8 411.3 (0.5) 80% (10; 3000) [25]
VSe,@V,CT, 2 mol- L™ Zn(CF;S03), 0.0~1.6 302.1 (0.1) 93.1% (2; 600) [68]
r-" suppressed by pre-addition of relevant salts, pre-in-
, : sertion of metal ions/structural water, nanostructures
' PR W and oxygen vacancy construction, composite of high-
ly conductive materials and modification of Zn anode
' alloying. In the future studies, how to improve the
electrochemical properties of AZIBs based on oxy-
i i o S — gen-free vanadium by optimizing the structure of
i Tl T —— i cathode materials and preparing stable electrode ma-
; @ Organic compounds Oxyigen-free vinadiam Sompouis :

Figure 10 Comparison in different kinds of cathode materials
for AZIBs (color on line)

stability than other cathodes such as manganese ox-
ides, Prussian blue analogs, and organic compounds
in AZIBs, the narrow average potential (< 1 V)
severely lowers their energy density. Designing vana-
dium-based compounds with both high specific ca-
pacity and large working potential is imperative,
though challenging, to construct high-performance
AZIBs with high energy density.

(2) Moreover, oxygen-free vanadium compounds
also have some common scientific problems of vana-
dium-based materials, such as the dissolution of
vanadium in electrolyte, electrostatic interaction be-
tween Zn* and host skeleton, poor conductivity, and
severe side reactions during circulation, which still
need continuous attention and find resolution in the

future. These problems can generally be effectively

terials remains to be explored.

(3) “Structure-property” relationship in vanadium
-based compounds is unclear. More sophisticated
strategies are needed to design high-performance
oxygen-free vanadium compounds. As the research
of oxygen-free vanadium compounds is still in its in-
fancy, design strategies adopted to prepare novel
cathodes are limited. Some effective design methods
in vanadium-based oxides have not been applied to
oxygen-free vanadium compounds, such as insertion
of metal ions and adjustment of structural water!'>* ¥,
Referring to the design strategies in vanadium-based
oxides or other cathodes that have been extensively
studied may bring into great breakthrough in oxy-
gen-free vanadium-based compounds.

(4) The zinc storage mechanisms in vanadium-based
cathodes remain controversial. Exploration of zinc
storage mechanisms is important for the fundamental
understanding for electrode design. Generally speak-

ing, the energy storage mechanism in aqueous solution
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Figure 11 Outlooks to the development of oxygen-free vanadium compounds for AZIBs (color on line)

is complex. While researches have been conducted
to explore the corresponding energy storage mecha-
nisms for oxygen-free vanadium compounds cathode,
an undisputed mechanism is hard to be achieved up

[48, 58]

to now! . With the help of in-situ/ex-situ charac-

terization techniques, the traditional Zn*" interpola-
tion/deintercalation mechanism, Zn*/H* co-insertion
mechanism, two-step intercalation reaction mecha-
nism and novel redox conversion mechanism have

been proposed successively!™ *!

. Understanding the
microstructural evolution and reaction mechanisms is
beneficial to providing theoretical guidance for the
rational design and application of aqueous solutions
in the future. Due to the lack of a comprehensive, de-
tailed theoretical basis and advanced standard charac-
terization techniques, the Zn storage mechanism of
oxygen-free vanadium compounds remains difficult
to be clearly explained. Therefore, the development
of more accurate characterization technology (such as
in-situ/operando techniques), combined with ad-
vanced theoretical calculation is imperative to under-
stand the storage mechanism of Zn and the relation-

ship between structure and property!>--,

(5) The practical issues of oxygen-free vanadium-
based cathodes for the commercialization of AZIBs.
In order to meet the increasing demand of high-per-
formance AZIBs with high energy density, one
should not only take into consideration of the parame-
ters such as specific capacity, long-term cycling sta-
bility, and rate performance, other factors such as
loading of electrode, capacity ratio of negative to pos-
itive electrodes (N/P), and the amount of electrolytes
are also paramount important to achieve high-perfor-
mance with satisfying energy density®®***, However,
the recent research only focuses on specific capacity
and cycling performance without mention of the
loading of active materials. Actually, it is well ac-
cepted that the specific capacity and cycling perfor-
mance are also tightly related with the loading of ac-
tive materials, N/P, and electrolyte amount. More-
over, compared with lithium-ion batteries, AZIBs are
more suitable for flexible and wearable electronics

due to their intrinsic safety! *!

. Therefore, design
binder-free oxygen-free vanadium-based compounds
with excellent flexibility is a facile strategy to con-

struct flexible AZIBs for future application.
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