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investigation of cathode materials for aqueous Zn-
ion batteries

Shiqiang Wei,a Yixiu Wang,a Shuangming Chen *a and Li Song ab

In view of the advantages of low cost, environmental sustainability, and high safety, aqueous Zn-ion

batteries (AZIBs) are widely expected to hold significant promise and increasingly infiltrate various

applications in the near future. The development of AZIBs closely relates to the properties of cathode

materials, which depend on their structures and corresponding dynamic evolution processes.

Synchrotron radiation light sources, with their rich advanced experimental methods, serve as

a comprehensive characterization platform capable of elucidating the intricate microstructure of

cathode materials for AZIBs. In this review, we initially examine available cathode materials and discuss

effective strategies for structural regulation to boost the storage capability of Zn2+. We then explore the

synchrotron radiation techniques for investigating the microstructure of the designed materials,

particularly through in situ synchrotron radiation techniques that can track the dynamic evolution

process of the structures. Finally, the summary and future prospects for the further development of

cathode materials of AZIBs and advanced synchrotron radiation techniques are discussed.
1 Introduction

With the escalating energy demand, alternative energy sources,
such as solar, tidal and wind energy, are poised to assume an
increasingly critical role within the energy landscape.1,2 In this
scenario, increased demands and standards are being imposed
on energy storage devices deployed in energy hub stations.3 The
plentifulness, security, and sustainability of resources for
energy storage devices necessitate scrupulous examination.4

While organic lithium-ion batteries (LIBs) have achieved
considerable success, it remains necessary to explore and
develop supplemental energy storage devices to meet large-scale
requirements.5 Aqueous Zn-ion batteries (AZIBs) are widely ex-
pected to hold signicant promise, due to the advantages of low
cost, environmental sustainability, and high safety.6–8 The
development of AZIBs closely relates to the properties of
cathode materials. However, the availability of suitable cathode
materials poses a challenge in expanding AZIBs due to the
strong interaction between Zn2+ and the lattice as well as an
aqueous environment.

So far, numerous cathode materials have been developed
including those based on vanadium, manganese, Prussian blue
analogues, and other materials.9–11 Vanadium-based oxides are
considered promising cathode materials due to their high-
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capacity characteristics. However, their practical application is
hindered by their inadequate stability and voltage plateau.12

While manganese-based oxides exhibit improved voltage
plateau, their dissolution in the aqueous solution is signi-
cantly exacerbated by the Jahn–Teller distortion phenomenon.13

Prussian blue analogs exhibit an advantageous open 3D struc-
ture and adjustable elemental composition, making them
excellent candidates for Zn2+ storage materials. Nevertheless,
the limited capacity of these materials hampers their competi-
tiveness.14 Additionally, various other cathode materials are
under development for AZIBs, such as sulfur,15 MXenes,10,16,17

and organic compounds.18 To boost the Zn2+ storage capability
of the aforementioned materials, numerous effective strategies
for structural regulation have been employed. Among these,
interlayer engineering offers a promising strategy for increasing
the interlayer spacing while maintaining the structural stability
of layered materials. Defect structures not only create extra
active sites but also allow for the modulation of the electronic
structure of electrode materials. Doping strategies optimise the
intrinsic electronic structure of electrode materials, resulting in
improved conductivity and enhanced structural stability. In
addition, compositional design enhances both the stability of
cathode materials and the formation of a heterogeneous inter-
facial layer that facilitates electron transfer.19 Furthermore,
electrolyte regulation, as another effective approach, can
simultaneously enhance the stability and migration behaviour
of Zn2+ in both the cathode and anode.20 The designed micro-
structures and their action mechanism play a crucial role in
determining the electrochemical performance. Typically, the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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design of these microstructures is achieved by empirical or trial-
and-error approaches. Therefore, establishing a direct correla-
tion between the modied material's microstructure and its
electrochemical performance using advanced characterization
techniques is essential for accurate design.

Synchrotron radiation light source offers a wide spectrum of
light with high brightness and excellent collimation, providing
an effective material characterization platform.21 Among
various techniques, synchrotron radiation X-ray diffraction
technology utilizes concentrated light, enabling high spatial
resolution testing that surpasses the capabilities of conven-
tional X-ray diffraction. It serves as an effective approach for
nely characterizing the microstructure of electrode materials.
Additionally, the high ux of synchrotron radiation X-rays
allows for millisecond-level temporal resolution, facilitating
high-time-resolved in situ monitoring of the phase transition
behaviour during battery reaction processes.22 Synchrotron
radiation X-ray absorption spectroscopy (XAS) is a crucial
technique for investigating the local structural properties,
valence states, and their dynamic evolution processes under
operating conditions of electrode materials.23 Besides, other
synchrotron radiation techniques are continuously emerging;
for instance, synchrotron X-ray uorescence microscopy (XFM)
is a reliable and non-destructive technique that allows for
elemental mapping and identication of potential chemical
elements.24 In conclusion, synchrotron radiation techniques
have gradually become advanced characterization methods for
investigating the microstructures of electrochemical energy
materials, electrode interfaces, and their evolution patterns.

To advance the exploration of high-performance cathode
materials, it is imperative to acquire a comprehensive under-
standing of the relationships between their microstructure and
performance. In this review, we will begin with delivering an all-
inclusive review of the common cathode materials for AZIBs
and the most effective strategies for structural regulation to
obtain a competitive performance. Subsequently, synchrotron
radiation techniques will be employed to investigate the
Fig. 1 Schematic illustration of structure regulation and synchrotron
radiation investigation of cathode materials for AZIBs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
engineered structure and track its dynamic evolution process
using in situmethodologies. This review contributes to a deeper
understanding of the structure–performance relationship for
cathode materials in AZIBs by emphasizing the structure regu-
lation and synchrotron radiation investigation, thereby facili-
tating the materials'-controlled fabrication and rational
regulation (Fig. 1).

2 Cathode materials

In AZIBs, the cathode materials play a crucial role in deter-
mining the energy and power densities of the associated
devices. In recent years, signicant progress has been made in
developing cathode materials, with the goal of enhancing the
Zn2+ storage capability. Nevertheless, disparities remain
between the current state and practical implementation,
thereby prompting a growing inclination toward allocating
greater endeavors to the advancement of high-performance
cathode materials. This section examines the common
cathode materials used for AZIBs, including vanadium-based,
manganese-based, Prussian blue analogue-based, and other
cathode materials.

2.1 Vanadium-based cathodes

Vanadium-based cathode materials have garnered considerable
attention for AZIBs in recent years. Vanadium-based materials
possess several advantages, including abundance, low cost, and
excellent compatibility with AZIB systems. Due to the multiple
valence states of vanadium (V2+, V3+, V4+, V5+) and distinct
crystal structures, a diverse range of vanadium-based
compounds have been developed, involving multiple electron
transfer reactions during electrochemistry. These compounds
demonstrate enhanced battery capacity, making them a prom-
ising choice as cathode materials for AZIBs.25 Specically, for
the cathode of AZIBs, vanadium-based oxides, vanadium
phosphates, and oxygen-free vanadium-based materials have
been the preferred choices.26

Vanadium-based oxides are highly desirable compared to
other vanadium-based compounds. The representative cathode
material, V2O5, possesses a layered structure composed of dis-
torted [VO5] square pyramids that stack in an alternating
Fig. 2 Vanadium-based cathodes. The crystal structures of (a) V2O5,
(b) VO2, (c) VOPO4 and (d) VS2. (e) Average working voltages versus
specific capacities of representative vanadium-based cathode mate-
rials for AZIBs. Data from ref. 29, 32, 35 and 37–49.
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manner (up–down–up–down) through shared edges and
corners. Each layer is aligned along the c-axis (Fig. 2a), resulting
in an inherent interlayer spacing for intercalating Zn2+. When
employed as a cathode material for AZIBs, the V2O5 electrode
exhibits an initial specic capacity of 323 mA h g−1 at a working
voltage range of 0.2–1.6 V in a 3 M Zn(CF3SO3)2 electrolyte. Aer
15 cycles, the capacity increases to 470mA h g−1.27However, this
layered structure is prone to structural collapse during repeated
insertion/extraction of Zn2+ ions, and it fails to provide suffi-
cient active sites for effective charge storage, resulting in
capacity degradation.28

Tunnel-like structured vanadium oxides also demonstrate
the ability to facilitate rapid insertion/extraction of Zn2+ ions.
VO2 is composed of distorted [VO6] octahedra that form
a framework of tunnel-like channels through shared edges/
corners (Fig. 2b). This structure undergoes minimal changes
during Zn2+ ion intercalation, contributing to improved struc-
tural stability in AZIBs. Furthermore, the one-dimensional
tunnels present in VO2 provide convenient pathways for the
insertion of Zn2+, enabling fast charge–discharge processes.29

However, the energy storage mechanism of VO2 in AZIBs
remains controversial.30 Additionally, the strong electrostatic
interaction between Zn2+ ions and the host material results in
the formation of “dead Zn” regions within the crystal structure,
leading to a decrease in battery capacity and cycling perfor-
mance.31 As an alternative tunnel-like structured cathode
material, V6O13 consists of layers of vanadium oxide with mixed
valence states of V4+ and V5+, providing a higher number of
active sites. It can be considered as a combination of monolayer
V2O5 and bilayer VO2.32 Shan et al. reported that the V6O13

cathode demonstrates good cycling stability, maintaining
a capacity of 206 mA h g−1 aer 3000 cycles at a current density
of 10 A g−1 within a working voltage range of 0.3–1.4 V.33

Furthermore, V2O3 with a three-dimensional tunnel-like struc-
ture, attributed to its corundum-type structure, exhibits
metallic behavior and low electrical resistance. It demonstrates
favorable rate performance (207 mA h g−1 at 0.1 A g−1) and
cycling stability (82.1% capacity retention aer 2500 cycles
under 3 A g−1) within a working voltage range of 0.2–1.6 V.34

Phosphate-based materials, known for their high-
performance as cathode materials in lithium-ion batteries and
sodium-ion batteries, have recently been applied as cathode
materials in AZIBs. Among them, vanadium phosphate (VOPO4)
cathode materials exhibit various crystal structures and higher
discharge plateaus, effectively enhancing the energy density of
AZIBs (Fig. 2c). Zhao et al. prepared a d-VOPO4 cathode material
with a high discharge plateau (1.46 V vs. Zn2+/Zn), but lower
specic capacity (122.6 mA h g−1 at 1C).35 In recent years,
materials with a Na superionic conductor (NASICON) structure
have gained signicant attention as cathode materials due to
their excellent structural stability and large interstitial channels
with high ionic migration rates.36 Na3V2(PO4)3, as a typical
example, achieved a higher working voltage plateau (1.40 V vs.
Zn2+/Zn), but exhibited a lower capacity (97 mA h g−1 at 0.5C) in
AZIBs.37 Despite the higher voltage plateau offered by vanadium
phosphate cathodes, their application in AZIBs is still limited by
7850 | Chem. Sci., 2024, 15, 7848–7869
several drawbacks, including low electronic conductivity, low
capacity, and poor capacity retention at low current densities.

Oxygen-free vanadium-based cathode materials, such as
vanadium sulde (VS2), vanadium carbide (V2C), and vanadium
selenide (VSe2), possess high electronic conductivity and
layered structures with large interlayer spacing. These charac-
teristics effectively mitigate the electrostatic interaction with
Zn2+, enabling reversible Zn2+ insertion/extraction. He et al. rst
investigated the energy storage properties of layered VS2
(Fig. 2d) in AZIBs, which shows a capacity of 190.3 mA h g−1 at
the current density of 0.05 A g−1 within a voltage range of 0.4–
1.0 V.38 Wu et al. studied the Zn2+ storage and mechanisms in
few-layer ultrathin VSe2, achieving a discharge plateau at 1.0–
0.7 V and a specic capacity of 131.8 mA h g−1 at the current
density of 0.1 A g−1.39 Our group prepared freestanding lms of
porous delaminated V2C–MXenes and carbon nanotube
composites, demonstrating excellent performance in aqueous
zinc-ion hybrid supercapacitors within a voltage range of 0.1–
1.1 V (190.2 F g−1 at 0.5 A g−1).10

Despite the low cost, multi-electron transfer capability, and
high capacity of vanadium-based materials, they still face
certain challenges that hinder their practical application in
AZIBs, including low working voltages (Fig. 2e), structural
degradation during cycling, and diminished electrochemical
performance caused by surface element dissolution or phase
transitions. Therefore, it is crucial to further enhance these
materials through modications that can provide an ample
number of active sites within the crystal structure and facilitate
rapid storage pathways for Zn2+ ions. Additionally, a compre-
hensive understanding of the energy storage mechanisms is
imperative to overcome these limitations and fulll the
demands of practical applications.
2.2 Manganese-based cathodes

Manganese-based materials have been extensively studied as
cathode materials for AZIBs due to their abundant resources,
low cost, moderate working voltage, and high theoretical
capacity. Among them, manganese-based oxides (MnO, MnO2,
Mn2O3, and Mn3O4) have gained signicant attention as
cathode materials for AZIBs, owing to their diverse crystal
structures and the multiple oxidation states of manganese.50

Manganese dioxide (MnO2) is composed of [MnO6] octa-
hedra that form different crystal structures through shared
corners or edges. These structures include tunnel structures (a-
MnO2, b-MnO2, g-MnO2, etc.), layered structures (d-MnO2), and
three-dimensional (3D) structures (l-MnO2 and 3-MnO2)
(Fig. 3a–d). The operating voltage window of MnO2 cathode
materials in AZIBs typically ranges from 1.0 to 1.8 V, providing
a voltage plateau of around 1.2 V. In the tunnel-type MnO2, a-
MnO2 exhibits a (2 × 2) tunnel structure and demonstrates an
initial discharge capacity of 233 mA h g−1 at a current density of
83 mA g−1.51 However, b-MnO2, characterized by a (1 × 1)
tunnel structure, possesses narrower tunnels that hinder the
diffusion of Zn2+ ions.52 It has been demonstrated that b-MnO2

undergoes a transformation into layered zinc buserite following
the initial discharge cycle.53 g-MnO2 possesses a mixed (1 × 1)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Manganese-based cathodes. The crystal structures of (a)
a-MnO2, (b) b-MnO2, (c) g-MnO2, (d) d-MnO2. (e) Average working
voltages versus specific capacities of representativemanganese-based
cathode materials for AZIBs. Data from ref. 54, 55, 57, 58, 60, 61 and
63–67.

Fig. 4 Cathodes based on Prussian blue analogues. (a) The schematic
diagram of PBA preparation; (b) the ideal structures of cubic PBAs; (c)
the ideal rhombohedral structures of ZnHCF. Adapted from ref. 74,
copyright 2022, Elsevier Ltd. (d) Comparison of PBAs applied to AZIBs.

Review Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 5
:0

3:
19

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and (1 × 2) tunnel structure, which provides better Zn2+ diffu-
sion capacity compared to b-MnO2. It exhibits an initial
discharge capacity of 285 mA h g−1 at 0.05 mA cm−2.54 For the
layered-type, d-MnO2 owns a large interlayer spacing which
enables enhanced Zn2+ ion storage capacity (122 mA h g−1 at
83 mA g−1).55 For the 3D-type MnO2, l-MnO2 and 3-MnO2

exhibit dense packing structures, resulting in lower capacity
during Zn2+ ion insertion/extraction mechanisms. For
enhancing the ability of Zn2+ storage, Sun et al. synthesized
a nanocrystalline 3-MnO2 cathode, which shows a high capacity
of 290 mA h g−1 at 0.3C.56 These studies emphasize the diverse
crystal structures of MnO2 and their inuence on the electro-
chemical performance in AZIBs.

Other types of manganese-based oxides, like MnO, which
has the lowest oxidation state, can also be used as a cathode
material for AZIBs. During the initial charging process, MnO
undergoes an irreversible phase transition to layered d-MnO2,
which is a kind of electrochemical activation and achieves
a high capacity of 330 mA h g−1 at a current density of 0.1 A g−1.
It exhibits cycling stability with 80.7% capacity retention aer
300 cycles at a current density of 0.3 A g−1.57 Unlike the irre-
versible phase transition, Mn2O3 undergoes a reversible phase
transition between layered zinc birnessite and a-Mn2O3 struc-
tures during the charge–discharge process, resulting in
a capacity of 148 mA h g−1 at a current density of 0.1 A g−1.58

Mn3O4, generally considered as a mixture of MnO and Mn2O3,
exists in a spinel phase.59 It undergoes phase transitions to
intermediate Mn5O8 and nally to Zn-birnessite during the
charge–discharge process, achieving a capacity of 232 mA h g−1

at a current density of 0.2 A g−1 within the voltage range of 0.8–
1.9 V.60 Oxygen-free MnS has been introduced as another type of
manganese-based cathode material in recent years for AZIBs.
However, Chen et al. has found that the electrochemical acti-
vation on the intrinsically inactive a-MnS transforms it into
manganese oxide suitable for AZIBs. The manganese oxide
derived from MnS exhibits better Zn ion diffusion kinetics and
a higher electrochemically active surface area. It demonstrates
a high specic capacity of 335.7 mA h g−1 with nearly 100%
capacity retention aer 100 cycles at 1C.61
© 2024 The Author(s). Published by the Royal Society of Chemistry
While manganese-based cathode materials exhibit a high
working voltage plateau (Fig. 3e), challenges such as manganese
dissolution, phase transition, and structural transformation
during cycling remain signicant hurdles in the development of
AZIBs.62 These drawbacks can lead to structural collapse of the
manganese-based materials, resulting in rapid capacity decay,
poor rate capability and stability. Therefore, the development of
structural optimization strategies is crucial in addressing these
issues.

2.3 Cathodes based on Prussian blue analogues

Prussian blue analogues (PBAs), as typical metal–organic
framework materials, are considered promising cathode mate-
rials for AZIBs due to their three-dimensional open frameworks,
multiple active sites, non-toxicity, and low cost.68 The structure
of PBAs primarily consists of MFe(CN)6 (M = Zn, Cu, Co, Ni,
etc.), which exhibits a face-centered cubic structure with the
Fm3m space group (Fig. 4a and b). It manifests as an open cage-
like structure that facilitates the insertion/extraction of Zn2+

ions.69 These materials with stable framework structures can
achieve higher operating voltages and energy densities.

Zinc hexacyanoferrate (ZnHCF) PBAs have been applied into
AZIBs as cathode materials by Zhang et al., achieving an average
operating voltage of 1.7 V and an energy density of 100 W h kg−1

at a power density of 0.1 kW kg−1.70 Trócoli et al. reported
a copper hexacyanoferrate (CuHCF) used in AZIBs, reaching an
average specic power density of 52.5 W kg−1, with an average
discharge potential of 1.73 V.71 Among cathode materials for
AZIBs, PBAs exhibit the highest operating voltage, but low
capacity (Fig. 4d). Generally, the cathode electrode of PBAs
delivers a specic capacity of no more than 100 mA h g−1 in the
routine AZIB system.69 For example, the Zn3[Fe(CN)6]2 cathode
material shows a specic capacity of 66.5 mA h g−1 at 0.06 A g−1

in a 3 M ZnSO4 electrolyte based aqueous device.72 Therefore,
the design of composite materials and surface modications
have become promising directions for material modication.73

2.4 Other cathodes

In addition to the aforementioned cathode materials, various
other types of cathode materials have also been employed in
AZIBs, such as organic compounds, metal–organic frameworks
Adapted from ref. 75, copyright 2024, The Royal Society of Chemistry.
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Fig. 5 Interlayer engineering regulation. (a) H2O molecule intercala-
tion into the V2O5 cathode. Adapted from ref. 86, copyright 2017,
Wiley-VCH. (b) Zn2+ metal ion intercalation into the V2O5 cathode.
Adapted from ref. 40, copyright 2016, Springer Nature. (c) Non-
metallic NH4

+ ion intercalation into MnO2. Adapted from ref. 100,
copyright 2023, Wiley-VCH. (d) Schematic illustration of the organic
molecule's intercalation into the V2O5 cathode. Adapted from ref. 103,
copyright 2021, Wiley-VCH.
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(MOFs), transition metal layered suldes, and others. Organic
compounds offer advantages such as low cost, high synthetic
availability, and structural diversity compared to inorganic
materials. Bipolar types of conductive polymers (CPs) were the
earliest organic electrode materials used in AZIBs, including
polyaniline (PANI), polypyrrole (PPy), polythiophene (PTh),
poly(3,4-ethylenedioxythiophene) (PEDOT), and others. Among
them, PANI is the most typical cathode material to date. Wan
et al. utilized PANI/carbon felts as the cathode materials in
AZIBs, achieving a capacity of 95 mA h g−1 at the current density
of 5 A g−1 and an operating voltage of approximately 1.1 V vs.
Zn2+/Zn.76 However, the unstable structure and poor electronic
conductivity of organic electrode materials result in low
capacity and inferior rate performance. Ye et al. proposed
a novel poly(phenazine-alt-pyromellitic anhydride) (PPPA),
which demonstrated an exceptionally high Zn2+ diffusion
coefficient attributed to the extendedp-conjugated plane within
the PPPA structure.77 MOFs possess highly porous structures,
tunable frameworks, and multifunctionality, making them
potential cathode materials for AZIBs.78 Pu et al. synthesized
several MOF materials and applied them as cathodes in AZIBs.
High-performance AZIBs were constructed using Mn(BTC) MOF
cathodes and ZIF-8-coated Zn (ZIF-8@Zn) anodes, achieving
a capacity of 112 mA h g−1 at current densities of 50 mA g−1 in
a voltage window of 1.0–1.9 V.79 Transition metal suldes and
selenides with two-dimensional layered structures have been
widely applied as anode materials in lithium-ion and sodium-
ion batteries.80 Although these materials have been investi-
gated as cathodematerials in AZIBs, such as MoS2 and VSe2, low
capacity and operating voltage are still challenges for their
further development.81 Therefore, it is vital to introduce struc-
ture regulations to improve their electrochemical properties.

In order to enhance the energy density of AZIBs, sulfur (S),
which has a high specic capacity (1675 mA h g−1), is considered
to be a promising cathode material. S cathodes exhibit
a conversion-type reaction mechanism and effectively mitigate
electrostatic interactions with Zn2+, resulting in higher specic
capacity and energy density.15 Luo et al. inltrated S into Ketjen
Black (KB) to prepare the KB–S composite material, achieving
a high-capacity of 1668 mA h g−1 and a high energy density of
1083.3 W h kg−1 with a discharge voltage platform of 0.7 V.82

Signicant breakthroughs have been made in the research of S
cathodes, but it is crucial to solve the problems of slow reaction
kinetics, volume expansion, cycling stability and by-products
while ensuring high capacity and high energy density. With the
same conversion-type reaction mechanism as the cathode
material, iodine has been developed due to its advantages of low
cost, non-toxicity, high energy density and multi-electron
conversion reaction. The iodine cathode is capable of
providing a high voltage platform of 1.3 V with high theoretical
capacity (211 mA h g−1) and energy density (322 W h L−1).83 Pan
et al. used activated carbon bre cloth adsorbed with iodine as
the positive electrode to achieve a high capacity of 174.4mA h g−1

(1C) at an average voltage of 1.22 V. In turn, the researchers
further explored hosts with higher conductivity, spatial conne-
ment structure and adsorption sites.84 Li et al. employed Nb2CTx–
MXene as a conductive host doped with I2, realizing an ultra-at
7852 | Chem. Sci., 2024, 15, 7848–7869
voltage platform of 1.3 V and excellent multiplicative perfor-
mance (143mA h g−1 at 18 A g−1).85 However, due to the inherent
poor electrical conductivity of iodine and the phase transition
mechanism based on two-electron transfer, the slow kinetics, the
shuttling effect of the polyiodide species and the by-products on
the zinc anode still remain to be solved.

3 Structure regulation

Structure regulation has been employed to enhance the Zn2+

storage capability of cathode materials. The primary objective is
to increase the number of active sites and improve the revers-
ibility of the material framework. This section explores the most
effective regulatory strategies that have been recently reported,
with a particular emphasis on their methods, effects, and
underlying mechanisms.

3.1 Interlayer engineering regulation

Layered materials have garnered signicant interest for their
potential application as cathodes in AZIBs due to their 2D
structure, which facilitates rapid ion diffusion and enables
smooth phase transitions during Zn2+ ion de/intercalation
processes. Interlayer engineering represents a viable approach
to expand the interlayer spacing while stabilizing the structural
integrity of layered materials. Various intercalation agents,
including H2O molecule, metal ions, non-metallic ions, and
organic polymers, have been extensively utilized to nely
control the structural properties of layered cathode materials.
Water molecules readily intercalate into layered materials
during the preparation process, providing a “lubricating” effect.
Yan et al. have demonstrated the signicant inuence of
structural H2O in a V2O5$nH2O cathode on Zn2+ ion chemistry
(Fig. 5a). The ndings indicate that H2O molecules greatly
reduce the effective charge and subsequently mitigate
© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrostatic interactions with the V2O5 framework, thus facili-
tating its diffusion. The AZIB device based on V2O5$nH2O ach-
ieves an impressive energy density of 144 W h kg−1 (calculated
based on the cathode and a 200% Zn anode).86

The insertion of cations with a large ionic radius as guest
pillars would expand the interlayer spacing, while simulta-
neously enhancing the structural stability through electrostatic
attraction between the cation and the adjacent layers. It appears
that the presence of metal ions could induce the stretching of
the interlayer spacing, while simultaneously exerting a pulling
force on the adjacent layers to prevent structural collapse. The
rst-class cations comprise alkali ions, including Li+, Na+, and
K+, which function as pillars to stabilize the layered structures.
Previous studies have demonstrated that the electrochemical
performance of pre-intercalated cathodes is closely associated
with the radius of the alkali ions. Zhang et al. employed a rapid
molten-salt method to prepare a series of alkali metal ions pre-
intercalated MxV3O8 (M represents Li, Na, K). Due to the larger
radius of K+ compared to Li+ and Na+, the KVO structure
exhibits the largest interlayer gallery, facilitating the diffusion
of Zn2+ within this gallery. Consequently, the KVO cathode
achieves a high capacity of 386 mA h g−1 at 0.1 A g−1, surpassing
that of the Li+ and Na+-based counterparts.87 The second-class
cations refer to various multivalent metal ions that have been
pre-intercalated into the interlayer of layered materials, acting
as interlayer pillars with stronger traction agents. These include
Zn2+, Mn2+, Co2+, Ni2+, Mg2+, Ca2+, and others, which have been
introduced into the interlayers.40,88–92 As depicted in Fig. 5b,
Kundu et al. presented a vanadium oxide bronze, pillared with
interlayer Zn2+ ions and water (Zn0.25V2O5$nH2O), as the
cathode material for a zinc-based cell. The study revealed
a reversible Zn2+ ion de/intercalation process, exhibiting rapid
kinetics and achieving a capacity of up to 300 mA h g−1, which
corresponds to more than one Zn2+ ion per formula unit.40

However, the propensity of these intercalated cations to leach
from the host materials is inevitable due to their weak inter-
action with negatively charged Helmholtz planes within the
hosts and the inherent shearing/bulking effects in 2D struc-
tures. Thus, there is a pressing need for the development of
novel structures. In this regard, Li et al. devised a hydrogen-
bond reinforced superstructure to fabricate a robust cathode
for high-performance AZIBs. The resulting Mg0.9Mn3O7$2.7H2O
material exhibits a distinctive motif characterized by a pinned
Mg–Mn–Mg dumbbell conguration and interstratied
hydrogen bonds, contributing to reduced migration and
dissolution of Mn species as well as quasi-zero-strain behav-
iour.93 Furthermore, the simultaneous co-connement of
multiple cations leads to enhanced structural integrity and
cycling stability, attributed to the synergistic pillaring effect of
multiple cations.94

NH4
+, being one of the extensively investigated non-metallic

cations, nds widespread application in layered vanadium and
manganese oxides. Compared to metallic cations, NH4

+ exhibits
greater effectiveness in expanding the interlayer spacing of V2O5

owing to its larger ionic radius.95 Furthermore, pre-intercalated
NH4

+ forms N–H/O bonds with the top and bottom layers of
V2O5, acting as pillars that provide structural support to sustain
© 2024 The Author(s). Published by the Royal Society of Chemistry
the bilayers and prevent structural collapse during repeated ion
de/intercalation processes.96 The NH4

+ pre-intercalated
V2O5$nH2O,97 (NH4)2V4O9,98 NH4V4O10,96 and (NH4)2-
V10O25$8H2O99 cathodes demonstrate an expanded tunnel
structure, exceptional conductivity, and superior structural
stability for aqueous ZIBs. These cathodes exhibit fast Zn2+

diffusion and excellent performance. Recently, NH4
+ ions have

been intercalated into layered MnO2, resulting in the enlarge-
ment of the interlayer space and the formation of hydrogen
bonds. These modications contribute to enhanced structural
robustness and fast reaction kinetics (Fig. 5c).100

Intercalation of organic molecules is assumed to expand the
interlayer space and reinforce a layered structure. The PANI-
intercalated MnO2 nanolayers exhibit remarkable cycling
stability and charge/discharge depth. It has been demonstrated
that the PANI-reinforced layered structure of MnO2 can effec-
tively mitigate the hydrated H+/Zn2+ insertion induced phase
transformation and subsequent structural collapse, which is
crucial for achieving a prolonged cycle life and high capacity.101

Furthermore, it is found that the PANI layer serves a dual role in
the (V2O5−x)/polyaniline superlattice structure by acting as
a spacer to expand interlayer spacing and as a conductive
capacity contributor.102 The expanded interlayer spacing is
benecial for achieving a zero-strain behaviour of Zn2+ during
the de/intercalation process. As depicted in Fig. 5d, Wang et al.
implemented a scalable water-bath strategy to precisely modu-
late the (001) spacing of bulk V2O5 from its initial value of 4.37 Å
to 14.2 Å. This methodology involved the introduction of
intercalated PANI molecules as pillars within the V2O5 inter-
layer, thereby resulting in the creation of abundant storage sites
and enhanced diffusivities of hydrated Zn2+. Remarkably, the
PANI-intercalated V2O5 architecture exhibits zero-strain
behavior even aer undergoing multiple Zn2+ de/intercalation
cycles.103 It is important to note that the expansion of inter-
layer spacing may not be universally observed upon the inser-
tion of organic species. In the VOPO4$H2O cathode, the peak
positions of all “l”-dependent hkl planes shi towards higher 2q
angles following polypyrrole (PPy) intercalation, indicating
a contraction in the unit cell dimension along the c-axis. This
contraction in the “c” unit cell length leads to a reduction in the
spacing between the VOPO4 layers from 7.43 Å (in VOPO4$2H2O)
to 6.72 Å, as calculated using the (001) planes. However, the PPy-
intercalated VOPO4$H2O exhibits signicantly improved cycling
stability.104 Therefore, while a larger interlayer spacing facili-
tates Zn2+ ion de/intercalation, maintaining high structural
stability is equally crucial for achieving prolonged cycling.

The co-intercalation of organic and inorganic species in
layered cathodes is hypothesized to exhibit a synergistic
mechanism, contributing to the enhancement of Zn2+ ion
storage capacity. Bin et al. designed a layered PEDOT–NH4V3O8

composite through a simple reux method. The incorporation
of conductive PEDOT resulted in an increased interlayer
spacing of 10.8 Å compared to 7.8 Å for pure NH4V3O8. The
presence of oxygen vacancies and the enlarged interlayer
spacing, facilitated by the polymer assistance, were found to
contribute to the enhanced electrochemical performance.105

Furthermore, the robustness of organic molecules within the
Chem. Sci., 2024, 15, 7848–7869 | 7853
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interlayers is crucial for achieving prolonged cycling stability
during repeated Zn2+ de/intercalation processes. Wan et al.
developed a universal compensation strategy by introducing
polar organic molecules into the interlayer of Al3+ ion pre-
intercalated V2O5$nH2O cathodes. The high-polarity groups in
the organic molecules exhibit strong electrostatic attraction
with pre-intercalated Al3+, anchoring the organic molecules
within the interlayer. Additionally, the low-polarity groups
impart weak interaction with Zn2+ during cycling, enabling
reversible Zn2+ transfer.106
Fig. 6 Defect structure regulation. (a) Schematic illustration of the
advantages of the anion vacancies of oxygen in the V2O5 electrode,
and the diffusion barrier of Zn2+ migration in two electrodes. Adapted
from ref. 107, copyright 2023, Wiley-VCH. (b) Advantages of
Co3Sn1.8S2 with appropriate concentration of Sn vacancies compared
with Co3Sn2S2 and Co3Sn1.6S2; Co (blue ball), Sn (grey ball), S (yellow
ball), Sn vacancy (dotted line circle), and the chemical diffusion
coefficients for Zn2+ of three electrodes. Adapted from ref. 110,
copyright 2021, Wiley-VCH.
3.2 Defect structure regulation

Creating and manipulating defect structures in electrode
materials yields several benecial effects. Firstly, the presence
of defect structures generates additional active sites within the
material host, thereby enhancing its capability for ion storage.
Secondly, the controlled defect structure enables the modula-
tion of the conductivity of electrode materials, which positively
impacts charge transfer kinetics. Additionally, regulating the
defect structure of electrode materials optimizes their crystal
structure or structural symmetry, resulting in improved stability
of the overall structure. In the eld of materials science, defects
commonly refer to vacancies, which can be primarily catego-
rized as anion vacancies and cation vacancies, as outlined
below.

Among the defects in cathode materials for AZIBs, anion
vacancies have received signicant attention. Oxygen vacancies,
in particular, are commonly observed in vanadium and
manganese oxides. Ye et al. have successfully obtained oxygen
vacancy-enriched V2O5 structures through a low-temperature
calcination process.107 Density functional theory (DFT) calcula-
tions indicate that the presence of oxygen vacancies reduces the
diffusion barriers for Zn2+ ions within the cathode host and
weakens the interaction between Zn and O atoms. These effects
signicantly contribute to the outstanding electrochemical
performance observed (Fig. 6a). Wu et al. quantied the Zn2+

migration coefficient in oxygen vacancy-enriched VOP4$2H2O
using the galvanostatic intermittent titration technique. The
results indicated a six-order-of-magnitude increase in the
materials with oxygen vacancies compared to the bulk coun-
terpart. Simultaneously, DFT simulations indicated a signi-
cantly enhanced electron conductivity, a reduced bandgap, and
an ultralow diffusion barrier, all attributed to the presence of
oxygen vacancies.108 Furthermore, the presence of oxygen
vacancies in MnO2 materials facilitates a more reversible
adsorption/desorption process for Zn2+. Oxygen vacancies in its
structure contribute to an enhanced storage capability for Zn2+

due to the reduced number of electrons required for Zn–O
bonding and the increased incorporation of valence electrons
into the delocalized electron cloud of the material.109

Cation vacancies are believed to offer additional space for
accommodating Zn2+ ions while also contributing to high
structural stability. Zhao et al. reported a novel topological
semimetal cathode, Co3Sn2S2, and demonstrated structural
regulation by introducing Sn vacancies.110 The presence of Sn
vacancies resulted in the creation of additional Zn2+ transfer
7854 | Chem. Sci., 2024, 15, 7848–7869
channels and active sites, thereby promoting charge-storage
kinetics and enhancing the Zn2+ storage capability. It is note-
worthy that the concentration of Sn vacancies requires careful
and controlled adjustment to attain optimal performance
(Fig. 6b). Moreover, the presence of Al cation vacancies in MnO2

cathodes, generated through an electrochemical oxidation
process, leads to the creation of additional diffusion channels
for Zn2+ ion storage. Simultaneously, the available Al atoms
effectively suppress the Jahn–Teller distortion of the MnO6

octahedron during cycling.111 It appears that electrochemical
oxidation is conducive to introducing vacancies. An electro-
chemical method was reported to activate MnO by inducing Mn
defects. The resulting Mn0.61,0.39O structure provides more
accessible pathways for the diffusion of Zn2+ ions during the
charge/discharge process, thereby enhancing the cycling
capability.112
3.3 Doping or compositing regulation

In addition to the presence of vacancies, the introduction of
a dopant or heterogeneous atoms composed of other species
can effectively regulate the crystal and electronic structure in
materials. Doping strategies, such as cation doping and anion
doping, enable the optimization of the intrinsic electronic
structure of electrode materials, leading to enhanced conduc-
tivity and improved structural stability. Additionally, the design
of compositions not only enhances the stability of cathode
materials but also promotes the formation of a heterogeneous
interface layer that facilitates electron transfer. These compo-
sitions typically encompass both organic/inorganic and
inorganic/inorganic composites.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Doping heterogeneous atoms to replace the original atom
sites induces changes in the structure and imparts the materials
with new properties. Firstly, cation atom doping is used to
optimize the electronic structure and improve the structural
stability of the cathode materials in AZIBs. So far, some atoms
have been introduced into the cathode materials, including V
atoms for MnO2,113 Co atoms for MnO2,114 Ni atoms for V6O13,115

Mn atoms for VO2,116 Cu/Zn co-doping for PBAs, and so on.117

The dissolution of Mn-based materials in the form of Mn2+ can
be attributed to the Jahn–Teller (J–T) distortion arising from the
disproportionation of Mn3+. It can be inferred that the regula-
tion of the degree of overlap between the atomic orbitals of Mn
and O substantially alters the interaction of Mn–O bonds,
consequently resulting in modications to the electronic
structure.19 Therefore, doping heterogeneous atoms onto Mn-
based-oxides can promote electronic rearrangement on the
Mn–O bond. For instance, a NiMn-layered double hydroxide-
derived Ni-doped Mn2O3 has been developed to mitigate the
dissolution of manganese. The introduction of Ni2+ ions effec-
tively stabilizes the Mn–O bond in Mn2O3 by reducing the
formation energy (Fig. 7a).118 Moreover, bimetallic Ni/Fe co-
doping enables more effective optimization of the energy
band structure and electronic state of manganese dioxide
cathode materials.119 Secondly, the introduction of dopant
cation atoms into the host material enables the realization of
high specic capacity through the utilization of the electro-
chemical redox reaction of the doped elements. Notably, the
incorporation of Mn into Na3V2(PO4)3 to form Na4VMn(PO4)3
has been observed to result in a signicant enhancement in
both capacity and working voltage. The electrochemical process
for Zn-ion storage in Na4VMn(PO4)3 has revealed a two-step
electron transfer mechanism involving the V4+/V3+ and Mn3+/
Mn2+ redox couples.120
Fig. 7 Doping or compositing regulation. (a) Cation doping: Ni-doped
Mn2O3 cathode. Adapted from ref. 118, copyright 2021, Wiley-VCH
GmbH. (b) Anion doping: S-doped MnO2 cathode. Adapted from ref.
122, copyright 2022, Elsevier B.V. (c) Organic/inorganic composites:
MnO2/PODA cathode. Adapted from ref. 123, copyright 2022, Wiley-
VCH. (d) Inorganic/inorganic composites: V2O5/MXene cathode.
Adapted from ref. 124, copyright 2022, American Chemical Society.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Anion doping is also an effective approach for regulating the
electronic state and crystal structure. Nitrogen-doped 3-MnO2

(MnO2@N) has been synthesized through electrochemical
deposition and subsequent heat treatment under a nitrogen
atmosphere. The introduction of nitrogen doping results in an
increase in oxygen vacancies, thereby enhancing the conduc-
tivity of the MnO2@N cathode. Additionally, the presence of
Mn–N bonds in MnO2@N contributes to the improved electro-
chemical stability of the MnO2@N cathode.121 Similarly, sulfur-
doped MnO2 has been proposed for high-performance AZIBs.
The research ndings indicate that the incorporation of sulfur
atoms into oxygen sites, characterized by lower electronega-
tivity, can enhance the intrinsic electronic conductivity of MnO2

and weaken the electrostatic interactions with multivalent Zn2+

cations (Fig. 7b).122

The electrochemical performance can be enhanced by
combining two or more materials to form heterogeneous
structures. One widely studied approach involves the combi-
nation of common cathode materials with carbon-based mate-
rials. Due to the high conductivity of carbon-based materials,
these compositions exhibit excellent electronic transfer prop-
erties and remarkable electrolyte permeability. Typically, these
compositions are assembled through physical adsorption, while
novel composition structures with chemical interactions or
intriguing properties are actively pursued. The interfacial
design of a hybrid electrode with a unique bonding interface
can not only achieve a stable material host but also provide new
types of functionalities. Zhao et al. fabricated a novel hybrid
cathode consisting of poly(4,40-oxybisbenzenamine)/MnO2

(referred to as C@PODA/MnO2) through a two-step electrode-
position approach. The C]N groups present in the organic
PODA component provide additional active sites for Zn2+

storage. Signicantly, the newly formed Mn–N interfacial bonds
effectively facilitate ion diffusion and inhibit Mn atom disso-
lution, enhancing the redox kinetics and structural integrity of
MnO2 (Fig. 7c).123 Moreover, by combining various new inor-
ganic materials with common cathode materials, multiple
functionalities can be achieved. Liu et al. utilized a van der
Waals self-assembly strategy to design an MXene layer on
vanadium oxide materials (VPMX), which provides several
advantages. Firstly, it preserves the structural integrity of the
cathode surface and suppresses vanadium dissolution.
Secondly, the heterointerface between V2O5 and MXenes facili-
tates enhanced electrochemical kinetics of the host material.
Lastly, the presence of lubricating water molecules in the VPMX
cathode diminishes electrostatic repulsion among the host
layers, thereby promoting interfacial Zn2+ diffusion (Fig. 7d).124

Recently, a ZnOTf-LDH (Zinc Triate-Layered Double
Hydroxide) articial cathode–electrolyte interlayer was
designed on the surface of the V6O13 cathode. This articial CEI
acts as a barrier, repelling H2O and blocking the migration of
VO2+ and VO2+ species, while facilitating the transport of Zn2+

ions. Consequently, the undesired dissolution of V ions is
effectively suppressed, and stable cycling performance was
achieved over 200 cycles even at a low current density of
200 mA g−1.125
Chem. Sci., 2024, 15, 7848–7869 | 7855

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc00292j


Chemical Science Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 5
:0

3:
19

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.4 Electrolyte regulation

Electrolytes function as the crucial link between the cathode
and anode, and their properties signicantly inuence the
reversibility of both electrodes.126 It is assumed that electrolyte
regulation can serve as an effective and feasible strategy,
enabling simultaneous modulation of both the cathode and
anode sides. For the cathode, the challenges related to disso-
lution, electrostatic interaction, and by-products can be signif-
icantly mitigated through the incorporation of electrolyte
additives and the regulation of water content in the electrolyte.

On one hand, the incorporation of electrolyte additives aims
to establish a dissolution equilibrium between the cathode and
electrolyte. The addition of Mn2+ additives in the aqueous
electrolyte has emerged as a widely acknowledged regulatory
strategy to effectively retard the severe Mn dissolution from
manganese oxide cathodes.127 Pan et al. introduced MnSO4 as
an additive into amild ZnSO4 aqueous electrolyte, leading to the
suppression of Mn dissolution in the MnO2 nanober
cathode.63 Fig. 8a shows the cyclic voltammetry (CV) curves of
Zn/MnO2 batteries in electrolytes with and without MnSO4. The
observed similar redox behaviour suggests that the MnSO4

additive did not signicantly impact the redox reactions
occurring in the MnO2 electrodes. Nevertheless, the cycling
properties are greatly enhanced with the electrolyte additive
(Fig. 8b). Currently, in most AZIBs utilizing MnO2 cathodes,
MnSO4 additives are incorporated into the electrolyte to
suppress Mn dissolution, thereby achieving improved electro-
chemical performance. On the other hand, electrolyte additives
contribute to the formation of a protective lm on the cathode
surface. In the Zn(CF3SO)2 electrolyte with the MnO2 cathode,
Fig. 8 Electrolyte regulation. (a) CV curves of MnO2//Zn batteries with
or without the MnSO4 electrolyte additive; (b) cycling performance of
MnO2//Zn batteries with or without the MnSO4 electrolyte additive.
Adapted from ref. 63, copyright 2016, Springer Nature. (c) Schematic
illustration of the rechargeable Zn–MnO2 cell using a CF3SO3

−-based
electrolyte. Adapted from ref. 53, copyright 2017, The Author(s). (d)
Schematic showing the plausible reaction mechanisms at both MoO3

cathode and Zn anode in 3 M ZnSO4 and in 30 m ZnCl2 WISE. Adapted
from ref. 130, copyright 2021, Wiley-VCH. (e) Schematic illustration of
an asymmetric electrolyte design. Adapted from ref. 132, copyright
2023, The Author(s).

7856 | Chem. Sci., 2024, 15, 7848–7869
the Mn(CF3SO3)2 additive has been observed to effectively
suppress Mn dissolution and facilitate the formation of
a uniform porous MnOx nanosheet layer on the cathode surface.
This layer plays a crucial role in maintaining the integrity of the
electrode (Fig. 8c).53 Similarly, in a ZnMn2O4 cathode, the
introduction of MnSO4 additive into the ZnSO4 electrolyte also
demonstrates a reversible electro-deposition/dissolution of
a protective MnOx layer on the cathode surface.128 Additionally,
the Na2SO4 and MgSO4 additives have been found to enhance
the stability of NaV3O8 and MgxV2O5$nH2O cathodes, respec-
tively, by reducing the electrostatic interaction between the
inserted ions and the cathode host.41,129

The utilization of water-in-salt electrolyte (WISE) showcases
its ability to mitigate cathode material dissolution and suppress
side reactions on the Zn anode, thereby enabling high capacity
and stable cycling in AZIBs without the need for intricate
surface coating, ion pre-intercalation, or defect engineering
procedures. A 30 m ZnCl2 WISE electrolyte is introduced to
a MoO3 nanobelt cathode, resulting in a signicant enhance-
ment in the stability of MoO3 cathodes as compared to those
operated in 3 m ZnSO4 and ZnCl2 electrolytes.130 In the WISE
electrolyte, Mo dissolution and its associated parasitic reactions
were effectively suppressed due to the reduced presence of free
H2O (Fig. 8d). Similarly, the utilization of a 30 m ZnCl2 WISE
signicantly mitigates the capacity fading issue, enabling
unparalleled performance of a Zn battery cathode composed of
Ca0.2V2O5$0.8H2O.131 Although a decrease in water content has
the potential to enhance the stability of the cathode material in
AZIBs, the presence of water is indispensable for the insertion
and extraction of H+ and Zn2+ ions, which is essential for
achieving both high capacity and prolonged lifespan. Chen et al.
developed an asymmetric electrolyte system by integrating an
inorganic solid-state electrolyte with a hydrogel electrolyte. The
former component facilitates the highly reversible Zn metal
anode, while the latter component enables the chemistry
involving H+ and Zn2+ in the cathode (Fig. 8e).132
4 Synchrotron radiation investigation

Synchrotron radiation light source is a pulsed light source
characterized by its high luminosity, exceptional collimation,
and precise controllability. Consequently, synchrotron
radiation-based techniques serve as robust methodologies for
probing regulated structures of the cathode materials for AZIBs.
This section provides a comprehensive discussion on synchro-
tron radiation techniques employed for investigating the
structural properties of cathode materials, including synchro-
tron radiation diffraction (SRXRD), X-ray absorption spectra
(XAS), and other methodologies. Signicantly, the utilization of
in situ synchrotron radiation techniques plays a crucial role in
unravelling the dynamic evolutionary processes of the electrode
structures in AZIBs.
4.1 Synchrotron radiation X-ray diffraction (SRXRD)

X-ray diffraction analysis is employed for the examination of
crystalline or partially crystalline materials. Synchrotron
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 SRXRD technique for the study of cathode materials in AZIBs.
(a) The SRXRD data for VO2(B) cathodes in the pristine and discharged
states, respectively (l = 0.2072 Å). Adapted from ref. 133, copyright
2020, The Royal Society of Chemistry. (b) XRD patterns illustrating the
phase evolution during synthesis (the synchrotron-based wavelength
of 0.166 Å converted to the Cu Ka), along with X-ray PDFs and fitted
crystal structures of NaV3O8 and V2O5. Adapted from ref. 136, copy-
right 2020, American Chemical Society. (c) XRD and NPD patterns of
the V2O3 cathode materials with V vacancies. Adapted from ref. 137,
copyright 2021, The Author(s).
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radiation X-ray diffraction (SRXRD) shares similar principles
with conventional laboratory XRD and serves as a powerful
technique for elucidating crystallographic information,
including lattice parameters, phases, and microstructural
details. SRXRD differs from conventional laboratory XRD
primarily in the utilization of synchrotron radiation as the X-ray
source for diffraction, whereas conventional XRD relies on Ka

radiation from Cu or Mo targets.22 The high collimation and
brilliance of synchrotron radiation make SRXRD a powerful tool
for investigating material microstructures at a microscopic
level. The resolution of SRXRD patterns can reach 0.002°, which
is approximately two orders of magnitude higher than that
achieved with laboratory sources. This enables the study of
complex structures and the determination of phase composi-
tion, lattice parameters, residual stresses, and other valuable
information through rened data analysis.

SRXRD allows for the acquisition of high signal-to-noise ratio
diffraction data in a shorter time. Therefore, the SRXRD tech-
nique exhibits the capability of acquiring high-quality data
during battery operation, enabling the analysis of the micro-
structural evolution process of cathode materials for AZIBs. For
example, Pang et al. have utilized the SRXRD technique to
investigate the reversible de/insertion of Zn2+ from/into the
VO2(B) cathode.133 Through detailed Rietveld renement, the
changes in structural parameters and phase ratios of ZnxVO2 and
the by-product (Zn(OH)2)3(ZnSO4)$5H2O during the electro-
chemical reaction of Zn2+ were elucidated. The results reveal that
the discharge process involved solid-solution insertion of Zn2+

into the VO2(B) electrode, resulting in an 11.47% volume
expansion. During the subsequent charge process, the lattice
parameters of the ZnxVO2 phase returned to their initial values,
indicating the structural reversibility of the active material. The
lattice parameters of the by-product remained unchanged during
discharge, but its relative amount increased, reaching 63 wt% of
the entire electrode at the end of discharge, and subsequently
decreased until nearly disappearing at the end of charge (Fig. 9a).
Identically, high-resolution SRXRD data, in conjunction with
Rietveld renement, were used to establish a precise correlation
between the alterations in the crystal structure of Na3V2(PO4)3 for
the intercalation process involving Na+ and Zn2+. The ndings
elucidate that the initial charging of Na3V2(PO4)3 leads to the
extraction of Na+, resulting in the formation of an Na+-depleted
phase corresponding to NaV2(PO4)3. Subsequent discharge
predominantly involves the intercalation of Na+ ions, followed by
the intercalation of Zn2+, leading to the formation of Na3V2(PO4)3
and ZnxNaV2(PO4)3, respectively.134

The SRXRD analysis is limited in its ability to extract detailed
structural information from disordered materials, as it typically
yields broadened diffraction peaks or background signals.
Hence, the incorporation of total scattering analysis becomes
imperative. By employing normalization and Fourier trans-
formation techniques on both the Bragg diffraction peaks and
diffuse scattering, this combined approach enables the deter-
mination of atomic order information over long-range distances
and also provides insights into the short-range structural
characteristics of the material.135 For example, Shan et al. have
utilized SRXRD to conrm the complete conversion of V2O5 to
© 2024 The Author(s). Published by the Royal Society of Chemistry
NaV3O8.136 The diffraction pattern of the fully converted
product, as depicted in Fig. 9b, exhibited indexing to mono-
clinic NaV3O8 with an enlarged interlayer spacing of 9.35 Å.
Notably, NaV3O8 displayed broadened and asymmetric diffrac-
tion peaks, indicating a highly disordered nature. Hence, X-ray
total scattering and PDF tting were employed to gain insights
into the detailed structures. The ndings revealed that V2O5

possessed a well-dened orthorhombic layered structure with
continuous connections between the VO5 pyramid units. In
contrast, NaV3O8 consisted of a double-sheet V3O8 framework in
the a–b plane, comprising VO5 octahedra and VO6 square
pyramid units. NaV3O8 did not exhibit a composition of
continuous V–O polyhedra; instead, only a fraction of the
polyhedra was connected through edge-sharing.

In summary, synchrotron X-ray diffraction (SRXRD) offers
a highly advanced analytical approach with specic wavelength,
extremely high energy, and exceptional spatiotemporal resolu-
tion, enabling comprehensive investigations into the structural
properties and evolution processes of electrochemical energy
storage materials. However, X-ray analysis lacks sensitivity
towards light elements such as O and N. Therefore, it is crucial
to combine X-ray-based techniques with complementary
methods for accurate quantication of the structural properties
of analytical materials. In our previous research, we employed
neutron and X-ray powder diffractionmeasurements to quantify
the presence of vanadium-defective clusters (up to 5.7%) in the
V2O3 lattice (Fig. 9c).137 Accurately quantifying and identifying
the effects of defects through the integrated application of
multiple spectroscopic techniques provide a deeper under-
standing for the advancement of rational design of cathodes
with enhanced long-term stability for energy storage devices.
Chem. Sci., 2024, 15, 7848–7869 | 7857
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Fig. 10 XAS technique for the study of cathodematerials in AZIBs. (a) V
L-edge sXAS spectra of NH4

+–V2O5 and V2O5, and the schematic
diagram of the electron transition in NH4

+–V2O5. Adapted from ref.
141, copyright 2023, PNAS. (b) Oxygen SXAS spectra and diagram of
energy versus density of states in VOPO4 electrodes. Adapted from ref.
142, copyright 2019, Wiley-VCH. (c) Mn K-edge XAFS spectra of Od-
MnO2 and C–MnO2. Adapted from ref. 109, copyright 2019, Wiley-
VCH. (d) V K-edge XAFS spectra of H3.78V6O13 during discharging.
Adapted from ref. 146, copyright 2023, Wiley-VCH.
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4.2 X-ray absorption spectra (XAS)

X-ray absorption spectroscopy (XAS) is a technique used to
analyse the correlation between the incident photon energy and
the X-ray absorption coefficient of the tested sample. XAS is
capable of analysing a wide range of substances, including
solids, liquids, and gases.138 As mentioned above, X-ray
diffraction characterization techniques are limited to exam-
ining crystalline materials. Nonetheless, researching amor-
phous materials or the conversion of crystals to non-crystalline
states during operation is an ongoing and demanding topic in
the eld of AZIBs. Therefore, synchrotron radiation XAS offers
a unique opportunity for investigating the local microstructure
of the materials. According to the intensity of the incident X-ray,
XAS can be divided into so XAS (sXAS) and hard XAS (hXAS).
sXAS primarily concentrates on the absorption process of inci-
dent photon energy below 2000 eV. It is utilized for the exami-
nation of K-edge absorption spectra, encompassing 1s / 2p
electron transitions in light elements such as C, N, O, and F, as
well as L-edge absorption spectra, which involve 2p / 3d
electron transitions in transition metal elements such as V, Cr,
and Mn. sXAS is capable of investigating the electronically
unoccupied or occupied states of a wide range of elements
commonly found in materials science. It plays a crucial role in
the examination of chemical bonding information within
materials. hXAS is predominantly employed for investigating
the absorption process of specic atoms within the energy
range of a few keV to tens of keV of incident photons. It is
primarily focused on studying the K-edge absorption spectra,
which involve 1s/ 4p electronic transitions of transition metal
atoms such as Ti, V, Mn, Zn, Nb, Mo, and others. XAFS (X-ray
absorption ne structure) generally encompasses two compo-
nents: X-ray absorption near-edge structure (XANES) within the
range of 30–50 eV near the absorption edge, and extended X-ray
absorption ne structure (EXAFS) within the range of 30–100 eV
or even further beyond the absorption edge. XANES provides
information on the average oxidation state, charge transfer, and
unoccupied state density of the central atom, while EXAFS
reveals details such as the type and coordination number of the
surrounding atoms, the average bond length of neighbouring
atoms, and the mean square disorder of adjacent atoms.139

sXAS is extensively employed for analysing the L-edge
information of cations in AZIB cathode materials, thereby
providing insights into the electronic and atomic orbital infor-
mation. L-edge sXAS of transition metals provides a direct
investigation of the 3d unoccupied states of the metal via
dipole-allowed 2p-to-3d transitions. For instance, the Mn L3-
edge enables differentiation between the oxidation states of
Mn4+ and Mn3+. The observed peak dynamics in the Mn L-edge
sXAS of a cation-decient spinel ZnMn2O4 cathode provide clear
evidence of electron transfer associated with the Mn3+/Mn4+

redox couple. Additionally, the presence of tetravalent Mn
correlates with the determined composition of ZnMn1.86Y0.14O4

(Y representing a vacancy).140 Interlayer engineering is recog-
nized as an effective strategy for enhancing the performance of
layered materials in AZIBs. sXAS offers valuable insights into
the mechanism of intercalation agents and their functioning.
7858 | Chem. Sci., 2024, 15, 7848–7869
Our group used sXAS measurements to gain an in-depth
understanding of the atomic orbital variations of V atoms
induced by NH4

+ intercalants.141 As illustrated in Fig. 10a, the
peak observed at 516.8 eV in the pre-edge region corresponds to
the V 3dxy state, which represents the lowest unoccupied state in
the V t2g orbital. In NH4

+–V2O5, the width of this peak is
broadened, and its resonance is reduced compared to
commercial V2O5. These observations indicate electronic tran-
sitions from NH4

+ to the V 3dxy state, thereby occupying the
lowest conduction band.

Additionally, sXAS is a powerful technique that can be
competent to study anionic atoms, such as O and N atoms. With
the increased pursuit of higher energy density, attention had
been transferred to simultaneous cationic and anionic redox
reactions of the cathode material, which enables more capacity
contributions. Wan et al. demonstrated the oxygen redox
process in the VOPO4 electrode by O K-edge sXAS.142 As depicted
in Fig. 10b, the integration of two peaks at 530.0 and 532.4 eV
indicates the density of hole states above the Fermi level. In the
fully charged state, the integrated intensity is higher than that
of the initial state, which can be attributed to the oxidation of
oxygen since the valence of vanadium and phosphorus remains
unchanged. Moreover, Wang et al. devised an electrochemical
oxidation strategy to accomplish the reversible redox of
nonbonding oxygen in the MnV2O6$2H2O cathode. The O K-
edge sXAS provides compelling evidence to substantiate the
reversibility of the oxygen redox process in the MnV2O6$2H2O
electrode.143 Identically, the anionic redox reaction mechanism
of N was also revealed through sXAS characterization. The N K-
edge sXAS spectra indicate that the photon energy of 397.6 eV
(N3−–V) at the initial state changes to 398.1 eV (N2−–V) in the
fully discharged state and then recovered to 397.6 eV (N3−–V) in
the fully charged state.144 An increasing amount of research will
be conducted on the anionic redox reaction of cathode mate-
rials for AZIBs, with sXAS playing a pivotal role in elucidating
their operational mechanisms.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Other synchrotron radiation techniques for the study of
cathode materials in AZIBs. (a) Mn fluorescence maps in the fully
discharged (D) and charged (C) states. Adapted from ref. 150, copyright
2020, The Royal Society of Chemistry. (b) SRXTM images of pristine,
discharged and charged electrodes at the 4th and 10th cycles. The
smaller figures adjacent to the electrodes represent the sectioned blue
and red-colored phases in the respective cases. Adapted from ref. 152,
copyright 2020 Wiley-VCH.
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Using the K-edge absorption spectra provided by hXAS
enables the retrieval of both bulk-average chemical state and
local microstructural information for cations in materials. As
mentioned previously, the defect structure plays a crucial role in
governing the electronic state and microstructure of materials.
By utilizing the standard sample, we were able to discern the
microstructure of the regulated materials. For instance, Xiong
et al. utilized Mn K-edge XAFS spectra to investigate the pres-
ence of oxygen vacancies in the MnO2 cathode (Od-MnO2).
Fig. 10c demonstrates that the absorption energy edge position
in Od-MnO2 lies between those of the standard MnO2 and
Mn2O3 samples, indicating an average Mn oxidation state
between 3+ and 4+. However, the absorption edge position in
Od-MnO2 is lower than in the as-prepared C–MnO2 (which lacks
oxygen vacancies), indicating a lower oxidation state in Od-
MnO2 attributed to the presence of oxygen vacancies. In the
corresponding EXAFS spectra, the relative intensity of theMn–O
peak in Od-MnO2 is lower than that in C–MnO2, suggesting the
presence of oxygen vacancies in Od-MnO2.109 Similarly, the
EXAFS spectrum was utilized to examine the presence of Mn
vacancies in Vm-NMO materials (NiMn3O7 with vacancies). A
reduction in the intensity of the Mn–Mn peak was observed,
implying a decrease in the coordination number of Mn cations
within the Vm-NMO materials.145 Additionally, Cao et al.
revealed the X-ray absorption chemistry of the H3.78V6O13

cathode for AZIBs.146 The results indicate that the V K-edge
absorption experiences a downward shi in energy during the
discharging process, indicating a reduction in the valence state
of V. Furthermore, the FT-EXAFS spectra of H3.78V6O13 revealed
a great decrease in the length of V–O and V–V bonds aer
discharge to 0.4 V, which is attributed to the shorter chemical
bond between V atoms in tetrahedral positions and O atoms
compared to the octahedral position (Fig. 10d). In the eld of
sulfur and iodine cathodes, XAFS becomes one of the most
important techniques to characterize the structure of conduc-
tive carriers for S and I2, providing guidance on cathode mate-
rial design.147,148
4.3 Other synchrotron radiation techniques

With the development of AZIBs, other synchrotron radiation
techniques have also been applied to analyse the Zn2+ storage
mechanism of the cathode materials. Among these techniques,
synchrotron radiation X-ray uorescence microscopy (XFM) is
a reliable and non-destructive technique that allows for
elemental mapping and identication of potential chemical
elements.24 This technique enables precise measurements
through single-point analysis or 2D mapping, providing valu-
able insights into trace element analysis by decoding uores-
cence spectra.149 The dissolution of Mn in aqueous MnO2/Zn
batteries is a prevalent phenomenon, leading to the complexity
of the Zn2+ storagemechanism. Using XFMmeasurement, it has
been found that Mn dissolves from the cathode and is detected
in the electrolyte as Mn ions upon discharge. In sharp contrast,
the Mn intensity in the electrolyte is low in the fully charged
state (Fig. 11a). These data provide direct evidence that Mn2+
© 2024 The Author(s). Published by the Royal Society of Chemistry
dissolution–deposition is the primary charge storage
mechanism.150

Synchrotron radiation X-ray tomographic microscopy
(SRXTM) is utilized for direct visualization of the three-
dimensional microstructure, elemental distribution, and
content information of cathode materials in AZIBs. This tech-
nique utilizes absorption contrast based on variations in
elemental composition, densities, and path lengths.151 For
example, Kumar et al. utilized SRXTM characterization to
provide visual insights into the formation of new phases during
cycling in the FeVO4 cathode at submillimeter length scales,
supporting the evidence for a conversion-type mechanism.152 As
shown in Fig. 11b, three electrodes, including pristine, dis-
charged and charged electrodes at the 4th and 10th cycles,
exhibit two regions of X-ray attenuating phases: high absorption
for the deep material (colored in red) and low absorption for the
surface material (colored in blue). The results indicate that the
pristine electrode with a at and uniform morphology results
from the electrode fabrication process. Aer the 4th discharge,
the electrode surface undergoes signicant roughening, char-
acterized by the formation of ridge/valley-like features indica-
tive of material electrodeposition. In contrast, the electrode
surface exhibits signicant smoothening and regions of non-
uniform X-ray attenuation aer the 4th charge. This
roughening/smoothening behavior continues through to the
10th charge/discharge cycle. The SRXTM technique gives a clear
visual indication of the reversible phases forming at the micron
scale and presents strong evidence for the conversion-type
storage mechanism for AZIBs' cathode.

Additionally, synchrotron radiation photoelectron spectros-
copy (SRPES) allows for obtaining element composition
Chem. Sci., 2024, 15, 7848–7869 | 7859
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information at different depths due to the tunable photon
energy.153 This capability facilitates the gradient detection of
electrode/electrolyte interfaces. Furthermore, by selecting
photon energies that correspond to higher ionization cross-
sections for specic elements, a stronger detection signal can
be achieved. Additionally, placing the incident photon energy in
the ultraviolet range enables the acquisition of high-quality
ultraviolet photoelectron spectroscopy (UPS) data, facilitating
the analysis of the sample's work function and valence band
structure. In our study, UPS measurements were performed to
analyse the work function and valence band structure of NH4

+

intercalated V2O5 electrodes. The results revealed a decrease in
the work function from 4.94 to 4.38 eV upon NH4

+ insertion,
indicating the occupation of the V t2g orbital by the intercalating
NH4

+ species.141

4.4 In situ synchrotron radiation technique

Leveraging the high brightness and collimation of synchrotron
radiation light sources, the in situ synchrotron radiation tech-
niques play a crucial role in enhancing the understanding of the
dynamic structural evolution of cathode materials during Zn2+

chemistry. The design of cells for in situ experiments represents
the primary focus of research, aiming to satisfy the X-ray path
under the real electrochemical processes. Furthermore, it is
imperative to avoid the use of components that are susceptible to
corrosion in the aqueous electrolyte. For instance, the cell with
a Be window that was employed in the organic cell in our previous
study is not suitable.154 We have employed coin cells with central
trepans, and the trepans on both the anode and cathode were
sealed using Kapton adhesive tape for the in situ experiment
(Fig. 12a).155 It is worth noting that a central trepanning operation
should be conducted at the centre of the zinc wafer to mitigate
the pronounced X-ray absorption of Zn. Moreover, any cell that
satises both the requirements of in situ synchrotron radiation
techniques and the ability to achieve genuine electrochemical
reactions can be utilized for in situ experiments, like other home-
made cells and pouch cells (Fig. 12b).156

The in situ SRXRD is the predominant technique used for
monitoring the phase structure of cathode materials in AZIBs.
Layered materials are widely regarded as suitable hosts for Zn2+

storage, as their interlayer spacing can undergo reversible de/
Fig. 12 X-ray in situ cells for the study of cathode materials in AZIBs.
(a) Schematic diagram of the operando synchrotron radiation X-ray
test cells and measurement environment. Adapted from ref. 155,
copyright 2021, The Royal Society of Chemistry. (b) Schematic diagram
of the XAS cell setup, consisting of a pouch cell with an X-ray trans-
parent Kapton window. Adapted from ref. 156, copyright 2021, The
Authors. Published by American Chemical Society.

7860 | Chem. Sci., 2024, 15, 7848–7869
intercalation of Zn2+, leading to variations in the layer space.
As described above, the interlayer engineering is an effective
approach to enhance the structure robustness during cycling. Li
et al. demonstrated the high reversibility of Zn2+ intercalation
and extraction into/from the superlattice structure of vanadium
oxide (V2O5−x)/polyaniline using in situ SRXRD as experimental
evidence (Fig. 13a).102 However, it should be noted that not all
pre-intercalated cathode materials exhibit interlayer expansion
and contraction during cycling. Zhao et al. demonstrated
through in situ SRXRD that NH4

+ pre-intercalated V2O5$nH2O
nanobelts undergo reversible solid-solution reactions and two-
phase transitions during charge–discharge cycling, accompa-
nied by the reversible formation and decomposition of a ZnSO4-
Zn3(OH)6$5H2O by-product.97 Furthermore, by employing in situ
SRXRD characterization to investigate the evolution of phase
structure, it is possible to analyse the types of embedded ions.
Sun et al. discovered that the synthesized ultrathin Bi2O2Se
nanosheets can efficiently activate stable proton storage in
AZIBs, rather than large Zn2+ ions (Fig. 13b). In situ SRXRD
conrms the energy storage mechanism involving a highly
reversible process of proton insertion and extraction.157 The
energy storage mechanism of a Mn-based compound is complex.
Wu et al. conducted in situ SRXRD to investigate the mechanism
of aqueous Zn/a-MnO2 batteries with ZnSO4 electrolyte.158 The
results revealed the formation of a new phase, Zn4SO4(OH)6-
$5H2O, during discharging, which subsequently disappeared
during charging. This observation aligns with the prevailing
Fig. 13 In situ synchrotron radiation techniques for the study of
cathode materials in AZIBs. (a) Structural evolution schematic diagram
and in situ SRXRD patterns (l = 0.6888 nm) of (V2O5−x)/polyaniline
cathode during cycling. Adapted from ref. 102, copyright 2020 Wiley-
VCH. (b) In situ SXRD patterns of the Bi2O2Se cathode during cycling in
AZIBs. Adapted from ref. 157, copyright 2021, American Chemical
Society. (c) Potentiodynamic XAS-CV cycling experiments of Zn/
CuHCF cell and the corresponding Cu, Fe, and Zn K-edge XANES
spectra. Adapted from ref. 156, copyright 2021, The Authors. Published
by the American Chemical Society. (d) Microstructure evolution
schematic of the MnO2 cathode and the corresponding Mn K-edge
EXAFS spectra in ZnSO4, Zn(CF3SO3), and Zn(CH3COO)2 electrolytes,
respectively. Adapted from ref. 159, copyright 2022, The Authors.
Published by the American Chemical Society.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Synchrotron multimodal characterization for the study of
cathode materials in AZIBs. (a) Multi-modal X-ray synchrotron char-
acterization of the energy storage mechanism of the MnO2 cathode.
Adapted from ref. 160, copyright 2023, The Royal Society of Chem-
istry. (b) Operando SXRD spectra of the MnV2O4@C cathode during
cycling; (c) Mn and Zn EXAFS spectra of the MnV2O4@C cathode in
different states. Adapted from ref. 155, copyright 2021, The Royal
Society of Chemistry.
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electrochemical process in AZIBs, where the reversible Mn
dissolution–deposition reaction governs the electrochemistry.

In situ XAFS measurement is specically tailored to capture
the valence states and local structural evolution during the
cycling process of AZIBs. The variation in valence states is
a critical parameter that provides valuable insights, allowing
a ne correlation between the electroactive species and the
redox peaks in the cathode for AZIBs. Görlin et al. performed in
situ XAFS to study the electroactive sites in the aqueous Zn/
CuHCF cell.156 In situ XAFS measurement used a pouch cell
conguration with a Kapton window that allowed X-rays to pass
through, and the uorescence signal was monitored from the
back side of the graphite current collector. Through the analysis
of valence changes, it can be concluded that the Cu site exhibits
partial redox activity, the Fe site shows full redox activity, while
the Zn site is considered redox-inactive (Fig. 13c). Typically, the
responses associated with Zn2+ insertion and extraction occur at
localized regions within the cathode material. In situ XAFS
allows for the monitoring of the overall evolution process of the
local structure. In situ XAFS analysis was conducted to investi-
gate the variations in electronic and local structures
surrounding the V redox center in an NH4

+ pre-intercalated
vanadium cathode during electrochemical processes. In addi-
tion to the reversible reduction–oxidation of V during
discharge–charge cycling, the in situ XAFS measurement
revealed that the presence of inserted Zn2+ primarily inuenced
the nearest V–O shell structure while preserving the V–V shell
structure almost unchanged, demonstrating its structural
stability. Furthermore, in situ EXAFS analysis has the capability
to quantitatively distinguish between different states of target
atoms. Wu et al. introduced operando multiphase EXAFS anal-
ysis, enabling simultaneous characterization of both aqueous
and solid phases involved in Mn redox reactions.159 This
methodology was successfully applied to multiple electrolytes
(ZnSO4, Zn(CF3SO3)2, and Zn(CH3COO)2), revealing similar
manganese coordination environments but quantitative differ-
ences in the distribution of Mnn+ species in the solid and
solution phases (Fig. 13d). The in situ XAFS method provides
a valuable means for the bulk characterization of poorly or non-
crystalline, multiphase materials, including other polymorphs
of MnxOy, in complex environments.

Due to the rapid advancement of AZIBs, single synchrotron
radiation technology is insufficient to meet the demands of
multilevel and multiscale investigations of cathode materials.
Throughout the entire electrochemical process, various changes
occur in the phase, crystal structure, electron state, and
morphology, resulting in a complex reaction pathway. There-
fore, a combination of multiple synchrotron radiation tech-
niques is desired to provide a comprehensive investigation of
the cathode material. Recently, Kankanallu et al. employed
multimodal synchrotron X-ray characterization to elucidate the
dissolution–deposition reaction mechanism in aqueous Zn/
MnO2 batteries.160 As shown in Fig. 14a, the in situ synchrotron
X-ray diffraction revealed a crystalline-to-amorphous phase
transition. The X-ray absorption spectra exhibited a gradual
change, indicating the loss of crystalline MnO2 species and an
increase in the amorphous Zn–Mn complex. Scanning X-ray
© 2024 The Author(s). Published by the Royal Society of Chemistry
microscopy and full-eld nano-tomography provided visual
insights into the electrode morphology at different electro-
chemical states, enabling the spatial resolution of Zn- and Mn-
containing phase formation. Our group utilized in situ SRXRD
to constantly monitor the phase evolution of a spinel MnV2O4

cathode under operating conditions.155 It was found that all the
diffraction peaks became broadened aer the initial charging to
1.8 V vs. Zn/Zn2+, indicating a phase transition leading to the
formation of an amorphous phase (Fig. 14b). Due to the limi-
tations of SRXRD, which is primarily applicable to the study of
long-range ordered materials, it is not feasible to gain
a comprehensive understanding of the Zn2+ storage behaviour
within an amorphous phase. Therefore, we further performed
XAFS analysis to investigate the local structure evolution of the
restructured electrode (Fig. 14c). Notably, XAFS measurements
revealed an intriguing spatial migration of Mn ions. Specically,
when zinc ions are embedded, Mn ions occupy the tetrahedral
site, whereas when zinc ions depart, Mn ions transition to the
octahedral site. Accordingly, the signicant buffer role of the
mall amount of Mn ions was revealed.
5 Summary and outlook

In this review, we have rstly examined the structure, properties,
and issues of typical cathode materials in AZIBs, including
vanadium-based, manganese-based, Prussian blue analogue-
based, as well as other materials. Subsequently, structure regu-
lation strategies have been investigated to achieve improved
electrochemical performance of cathode materials, with partic-
ular emphasis on the methods employed, their effects, and the
Chem. Sci., 2024, 15, 7848–7869 | 7861
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underlying mechanisms. Synchrotron radiation techniques are
considered effective approaches for elucidating the structural
characteristics of designed materials, enabling the identication
of crystal structure, electronic structure, and local microstructure
at multiple scales. Signicantly, the structure dynamic evolution
process of cathode materials, particularly with respect to phase
structure, electronic state, and microstructure, can be visualized
through the application of in situ synchrotron techniques,
potentially in conjunction with multimodal techniques. In
summary, signicant advancements in capacity and stability of
cathode materials for AZIBs have been achieved through struc-
ture regulation and synchrotron radiation investigation.
However, substantial gaps remain between the current research
status and practical application, indicating the necessity for
persistent efforts and future endeavours in this eld.

Future advancements for AZIBs' cathode materials are war-
ranted in the following aspects:

(1) Precise regulation of the cathode material structure.
The interlayer engineering, defect structure, doping or

compositing, and electrolyte regulation, along with other
strategies, are believed to signicantly inuence the properties
of cathode materials in AZIBs. One of the key challenges asso-
ciated with these strategies is the achievement of precise regu-
lation. It is expected that precise regulation can be achieved by
establishing the structure–performance relationship through
synchrotron radiation investigation. The types and concentra-
tions of intercalating agents, defects, heterogeneous species,
and electrolyte additives should be precisely controlled to attain
an optimal formulation in the future.

(2) Research the operation mechanism under extreme
conditions.

Despite signicant efforts dedicated to the investigation of
cathode materials under normal conditions, limited attention
has been given to the exploration of the operational mecha-
nisms under extreme conditions. Hence, it is imperative to
conduct research on the microstructure evolution, interface
chemistry, and ion transport behaviours of cathode materials
for AZIBs under extreme conditions. Firstly, special attention
should be given to the extreme conditions, including low or
high temperature, high pressure, and vacuum environments.
To enable the application of cathodes under extreme condi-
tions, proper electrolyte regulation should be carefully tailored.
Secondly, AZIBs have demonstrated remarkably high-rate
performance.161,162 However, it is still unclear whether H+ or
Zn2+ contributes dominantly under such high current densities.
Based on the advantages of synchrotron light source, milli-
second time-resolved XRD and XAFS, as well as other tech-
niques are developed, making it possible to study the structural
evolution of cathodes in AZIBs at ultra-high current densities.
Furthermore, the practical application of AZIBs is hindered by
their poor cycling performance at low currents.9 Due to its
tunable energy, high ux, and numerous other advantages,
synchrotron-based X-ray techniques have also developed as an
advanced non-destructive characterization method for detec-
tion of the electrode structure at ultra-low current density.

(3) Development of advanced synchrotron radiation
techniques.
7862 | Chem. Sci., 2024, 15, 7848–7869
In order to achieve precise establishment of the structure–
performance relationship of cathode materials, the utilization
of synchrotron radiation techniques with high-resolution
capabilities is desired. Usually, the evolution of an electrode
material's structure begins with a local microregion quickly,
where phenomena like dissolution and collapse are triggered by
the shedding of individual atoms. Therefore, the development
of high spatial and temporal resolution in situ probes is
essential for analysing microregion reactions within electrode
materials. In addition to utilizing advanced synchrotron radia-
tion facilities, like fourth-generation synchrotron light sources,
it is necessary to design in situ cells that can acquire high-
quality data during real-time electrochemical reactions, as
well as enable testing under specic extreme conditions, such
as low or high temperature, high pressure, and gas environ-
ments. Meanwhile, the integration of synchrotron radiation
techniques with complementary methods, such as microscopy,
gas chromatography-mass spectrometry or data-drivenmachine
learning approaches, holds great promise for enabling multi-
dimensional studies of AZIBs. By combining diverse synchro-
tron radiation-based investigations with laboratory-based
techniques, it becomes feasible to characterize the structure
from the surface to the bulk, from the average to the local
structure, and from micro to macro scales.
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