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ABSTRACT: Aqueous zinc-ion batteries (AZIBs) have recently attracted
worldwide attention due to the natural abundance of Zn, low cost, high safety,
and environmental benignity. Up to the present, several kinds of cathode materials
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materials possess the advantages of low cost, high theoretical specific capacity, and
abundance of reserves, making them the most promising cathode materials for
commercialization. However, several critical issues, including intrinsically poor
conductivity, sluggish diffusion kinetics of Zn?**, Jahn—Teller effect, and Mn
dissolution, hinder their practical applications. This Review provides an overview of
the development history, research status, and scientific challenges of manganese-
based oxide cathode materials for aqueous zinc-ion batteries. In addition, the failure
mechanisms of manganese-based oxide materials are also discussed. To address the
issues facing manganese-based oxide cathode materials, various strategies, including
pre-intercalation, defect engineering, interface modification, morphology regu-
lation, electrolyte optimization, composite construction, and activation of
dissolution/deposition mechanism, are summarized. Finally, based on the analysis above, we provide future guidelines for
designing Mn-based oxide cathode materials for aqueous zinc-ion batteries.
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1. INTRODUCTION

With the gradual exhaustion of non-renewable resources such
as fossil fuels, the development of sustainable renewable energy
has become the theme of the current period.' ™ Although
conventional renewable energies such as wind, solar, and tidal
energies are naturally abundant, intermittent access and poor
stability limit their application in the field of large-scale energy
storage and conversion.””® Under such circumstances,
chemical power sources have emerged as complementary
sources for energy storage and conversion.” At present, several
kinds of secondary batteries, including lead-acid batteries,
alkaline nickel/cadmium batteries, and lithium-ion batteries,
have been commercialized for electrochemical energy stor-
age.g’9 However, lead-acid batteries and alkaline nickel/
cadmium batteries exhibit relatively low energy density and
are harmful to human health due to the use of toxic metals in
the batteries.'”"" Since their commercialization, lithium-ion
batteries (LIBs) have dominated the market of energy storage
systems (ESS) due to their light weight, high energy density,
and high specific power.'””'* Unfortunately, the use of
© 2024 The Authors. Co-published by
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expensive metals such as Li, Co, and Ni leads to an increase
in manufacturing costs.'”'® Meanwhile, the organic electro-
lytes inside the LIBs are highly flammable, which brings about
a serious safety hazard in practical applications.'”"*
Compared with conventional LIBs, aqueous batteries are
promising for large-scale electrochemical energy storage owing
to low cost, environmental benignity, and high operational
safety.'””” Moreover, the aqueous electrolyte can effectively
prevent safety issues such as fire and explosion.”' ~** In recent
years, aqueous multivalent ion batteries, especially aqueous
zinc-ion batteries, aqueous aluminum-ion batteries, aqueous
calcium-ion batteries, etc., have attracted much attention from
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Figure 1. History of the development of zinc-ion batteries.
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Figure 2. Crystal structures of (A) @-MnO,, (B) #-MnO,, (C) R-MnO,, (D) T-MnO,, (E) y-MnO,, (F) §-MnO,, (G) &-MnO,, (H) Mn,0;, (I)
MnO, and (J) Mn;0, are displayed. Reproduced with permission from ref 27. Copyright 2022, The Authors.

researchers owing to their high energy density.”* Typically, the
volumetric energy density of multivalent-ion batteries are
much higher than that of monovalent-ion batteries because
multivalent ions can transfer multiple electrons per ion. Hence,
when the same redox active sites are provided, multivalent-ion
batteries will obtain a higher capacity than that of monovalent-
ion batteries.”*°

Aqueous zinc-ion batteries have gained a lot of attention
from researchers owing to high capacity, abundance of
reserves, low cost, high safety, and environmental benignity.27
In fact, the development of aqueous zinc-ion batteries has a
long history. As early as 1800, Alessandro Volta invented the
first Zn-based “voltaic cell” by separating the Zn anode and Cu
cathode with cardboard or cloth soaked in saline water.
Subsequently, Leclanche proposed the prototype Zn—Mn
battery, which employed metallic Zn as the anode, MnO, as
the cathode, and NH,Cl aqueous solution as the electrolyte.”®
Thereafter, through years of exploration, a variety of Zn
batteries, such as Zn—AgO-, Zn—NiOOH-, alkaline Zn—
MnO,-, Zn—air-, Zn—V-, and Zn—Mo-based batteries, have
been proposed.”” Yet, the severe corrosion of Zn metal in the
alkaline electrolyte during cycles gives rise to the ragidly
deteriorative cycling performance of Zn metal batteries.”’ In
1986, Yamamoto et al. successfully developed the aqueous Zn/
ZnSO,/MnO, battery by replacing the alkaline electrolyte of
the alkaline Zn/Mn battery with a ZnSO, aqueous solution.
They proved that the introduction of a slightly acidic
electrolyte could markedly weaken the passivation effect of
Zn metal, greatly improving the anode reversibility and thereby
enabling the enhanced cycling stability of the battery.”" Until
2011, Kang et al. put forward a ZnSO, electrolyte-based Zn/
Mn battery, revealing that the migration of Zn** ions endowed
the MnO, cathode with charge-storage property. Besides, they

114

pointed out that MnO, with other structures also shows the
identical energy-storage behavior.”> Since then, many efforts
have been devoted to investigating various AZIBs operating in
neutral or weakly acidic aqueous electrolytes (Figure 1).**
Typically, several kinds of intercalation cathodes have
previously employed for AZIBs includin4g Mn-based,** ¢ V-
based,”” ™" Prussian blue analogues, =43 organic com-
pounds,” " etc. Among them, Mn-based oxide cathode
materials are considered to be one of the most promising
materials, owing to their hi§h capacity, high operating voltage,
low cost, and nontoxicity.”*

In this Review, the characteristics, existing problems, and
current research progress of Mn-based oxide cathode materials
are comprehensively summarized, and the energy storage
mechanism for Mn-based aqueous zinc-ion battery is deeply
clarified. Additionally, various modification strategies from the
following aspects of pre-intercalation, defect engineering,
interface modification, electrolyte optimization, and morphol-
ogy regulation are proposed.

2. CRYSTAL STRUCTURE OF MN-OXIDE-BASED
CATHODE MATERIALS

The Mn-based materials exhibit the advantages of a high
theoretical specific capacity of 308 mAh g~! (Mn**/Mn*") and
stable operating voltage (~1.4 V), as well as large reserves, low
cost, and nontoxicity, which are extensively applied in the field
of energy storage.48 Various valence states of the Mn element,
such as Mn*, Mn*, Mn*, Mn’", etc, enable abundant
structures of Mn-based compounds.49 Figure 2 displays the
crystal structures of MnO,, Mn,0O;, Mn;0,, and MnO.*° As
shown in Figure 2A—H, both MnO, and Mn,0; are generally
formed by connecting edge-sharing or corner-sharing [MnOg]
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octahedra as the basic structural unit.>’ Meanwhile, MnO
exhibits a typical NaCl-type face-centered cubic crystal
structure, and Mn30, is the mixture of Mn,0O; and MnO, as
shown in Figure 2L].>> The detailed structures of these Mn-
oxide-based materials are further discussed below.

2.1. MnO,. The MnO, is formed by connecting edge-
sharing or corner-sharing [MnOg] octahedra as the basic
structural unit. Different connectmg modes contribute to
various crystal structures of MnO,.”* Based on the connecting
types between [MnQg] octahedra, MnO, can be classified into
the following structures: (1) tunnel-type structures, e.g, a-
MnO, (2 X 2 (4.6 X 4.6 A?)), -MnO, (1 x 1 (2.3 x 2.3 A%)),
R-MnO, (1 X 2),7-MnO, (1 X 1and 1 X 2 (2.3 X 4.6 A?)), T-
MnO, (3 x 3 (7 x 7 A2);>*7° (2) layered structures, e.g., o-
MnO,;*”** and (3) three-dimensional structures (3D), eg., 4-
MnO, and &-MnO, (Figure 3). All of the above MnO, with
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Figure 3. Crystal structures of (A) a-MnO,, (B) -MnO,, (C) R-
MnO,, (D) T-MnO,, (E) y-MnO,, and (F) 6-MnO,. Adapted with
permission from ref 27. Copyright 2022, The Authors.

different crystal structures can serve as hosts for reversible Zn**
storage. Nevertheless, the ion diffusion pathways differ in
different crystal structures of Mn-based oxide, thus presenting
varying energy storage capabilities and even energy storage
mechanisms.

As shown in Figure 3, the tunnel structure can accommodate
the reversible insertion/extraction of Zn>* in the tunnel space.
The tunnel-type MnO, has a variety of crystal structures with
different tunnel sizes, including a-MnO, (2 X 2 (4.6 X 4.6
A?)), B-MnO, (1 x 1 (2.3 x 2.3 A%)), »-MnO, (1 X 1 and 1 X
2 (2.3 X 4.6 A?)), T-MnO, (3 x 3 (7 x 7 A?), etc.”” Among
them, @-MnO, with a 2 X 2 tunnel structure is considered an
ideal cathode material for aqueous zinc-ion batteries. The large
tunnel structure facilitates the rapid ion migration in the tunnel
space. However, the reaction process is complicated, involving
the transformation from the tunnel structure into the layered
Zn buserite structure during the insertion of Zn**. Addition-
ally, Mn*" is reduced to Mn®" during discharging. The
disproportionation reaction of Mn*" generates soluble Mn*",
thus resulting in the loss of active materials and consequently
rapid decay of capacity.®'

The f-MnO, with a 1 X 1 tunnel structure is regarded as the
most stable tunnel-type MnO,. However, its narrow crystal
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structure limits the insertion/extraction of Zn>", leading to
poor electrochemical performance. Besides, a similar trans-
formation into the layered Zn buserite structure is also
detected for f-MnO, during cychng, which may be beneficial
for the insertion/extraction of Zn2*.%”

The y-MnO, is made up of randomly arranged 1 X 1 and 1
X 2 tunnel structures. The structure is also not suitable for the
insertion of Zn>" ions. Specifically, at the beginning of Zn**
insertion, the tunnel structure is partially transformed into
spinel ZnMn,0O,, followed by the formation of tunnel-type y-
Zn MnOQ,. Later, part of y-Zn,MnO, is further converted to L-
Zn,MnO, with the continuous insertion of Zn>*. Finally, after
the complete insertion of Zn®*, the crystal turns into a three-
phase mixture consisting of ZnMn,0,, y-ZnMnO,, and L-
Zn MnO,. This complicated phase transition process is
harmful to the insertion/extraction of Zn**.**

The T-MnO, exhibits a 3 X 3 (7.0 X 7.0 A?) tunnel
structure, which contributes to the excellent ion transport and
storage in the tunnel structure. However, to maintain structural
stability, a lot of impurity cations and water molecules
generally exist in the tunnel channels of T-MnO,, which
conversely restrict the diffusion and storage of ions in crystals.
Moreover, the complicated preparation process of T-MnO,
also limits its application.>”

The 6-MnO, has a layered structure with a layer spacing of
~0.7 nm, which is larger than the radius of other tunnel-type
MnO,. Such a wide layer space provides more active sites for
the rapid transport of Zn**. However, the layered structure will
collapse under long-term cycles, resulting in the irreversible
phase transition during cycling. This process is accompanied
by a significant volume change, structural collapse, and Mn
dissolution, consequently leading to the degeneration of rate
and cycling performance.

The A-MnO, is a three-dimensional spinel-type structure,
where O and Mn ions occupy the octahedral 32e and 16d
positions, respectively. In regard to 3D A-MnO,, the insertion
of cations into close-packed structures without tunnels or
interlayer spaces is difficult, inducing a low initial capacity.
Hence, spinel MnO, is considered unfavorable for the diffusion
and storage of Zn**. For example, Cao et al. designed a porous
A-MnO, with open channels by treating spinel LiMn,O, with
acid. Such proposed A-MnO, delivers a discharge capacity of
152 mAh g " under a current density of 68 mA g~ in ZnSO,
electrolyte.”®

The &-MnO, is formed by the dense packing of [MnOg]
octahedra. This structure is unfavorable for the de/
intercalation of ions and protons during energy storage, and
its intrinsic low electrochemical activity and low conductivity
result in poor electrochemical performance.”® The electro-
chemical performance of &-MnO, can be improved by
adjusting the structure and introducing defects to increase
active sites.”’ Zhang et al. introduced structural water,
nitrogen, and oxygen vacancies into &-MnO, through ball
milling. The embedding of crystal water in (102) and (110)
crystal planes reduces the electrostatic interaction between zinc
ions and e-MnO,, effectively promoting ion diffusion. Doping
nitrogen significantly enhances the storage capacity of oxygen
vacancies for H' ions, thereby improving the capacity of e-
MnO,. o7

2.2. Mn,0;. The Mn,0; belongs to the orthorhombic
system with MnO as the basic unit. The Mn>" exhibits an
octahedral coordination, while the O?>~ shows a tetrahedral
coordination. Unlike MnO, composites with tunable Zn
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insertion pathways, the migration path of Zn*" is blocked,
resulting in limited initial specific capacity and cycling stability.
During cycles, the Mn,0; composites suffer from a phase
transition from the orthorhombic structure to the layered
structure with the continuous insertion of Zn*', leading to
Mn?* dissolution.®® For example, Kang’s group revealed that a-
Mn,0O; could be converted into layered Zn-birnessite during
cyclin6%, thereby realizing the reversible insertion/extraction of
Zn**.

2.3. Mn30,. The Mn;0, possesses two oxidation states,
Mn** and Mn*". Mn** and Mn®" ions occupy the tetrahedral
(4a) and octahedral (8d) positions, respectively, in a distorted
cubic close-packed array of oxygen atoms. Mn;O, has a
theoretical specific capacity of 468.5 mAh g™, Similar to other
manganese-based oxides, Mn;O, experiences capacity decay
and poor rate performance due to its poor conductivity and the
dissolution of Mn?**.”® In addition, the strong electrostatic
interaction between the spinel Mn;O, crystal skeleton and
Zn* also leads to the degradation of electrochemical
performance.

2.4. MnO. Manganese oxide (MnO) exhibits a typical face-
centered cubic (fcc) structure with a high theoretical specific
capacity (755 mAh g™'). However, practical applications of
MnO are hindered by a series of issues, including the lack of
tunnel structures, low electronic conductivity, severe structural
collapse, poor rate performance, and cycling stability. It is
worth noting that Mn defects can be formed during the initial
charging of MnO, thus activating the electrochemical perform-
ance of MnO. The formation of Mn defects provides a narrow
energy barrier for Zn* migration, promoting the reversible
insertion/extraction of Zn>* in MnO host. Therefore, by
introducing manganese defects or oxygen vacancies, construct-
ing protective layers, regulating morphology, and preparing
heterostructures, the above-mentioned issues can be effectively
overcome, improving the electrochemical performance of
MnO.”"”* Electrochemical performance of various Mn-based
cathode materials for AZIBs are shown in Tables 1.

3. ENERGY STORAGE MECHANISM OF ZN/MNOy
BATTERIES

Due to the multiple oxidation states of Mn, the unstable
structure of MnOx, as well as theside side reactions in aqueous
solutions, the Zn/MnO,, batteries present a quite complicated
mechanism of cathode reactions. Meanwhile, the energy
storage of Zn/MnQ,, batteries is also associated with the pH,
additives, and salts of the electrolytes. Up to now, a variety of
controversial energy-storage mechanisms have been pro-
posed.”””" Overall, the energy-storage mechanisms can be
divided into the following four categories: (1) insertion/
extraction of Zn>*, (2) chemical conversion reaction model,
(3) co-insertion/extraction of H*/Zn>*, and (4) dissolution/
deposition mechanism, as shown in Figure 4.”

3.1. Reversible Insertion/Extraction of Zn?*. Due to the
similar ionic radius of Zn** (0.74 A) and Li* (0.76 A), they
share a similar energy storage mechanism. Therefore, Zn ions
are able to reversibly insert and extract, as shown in Figure
5A.* However, compared with Li ions, Zn ions display a larger
solvation sheath and electrostatic repulsion due to their higher
charge. Moreover, the Zn ions can be solvated with H,0O to
form hydrated Zn ions with a large molecular radius via
hydrogen bonding, leading to sluggish solid-phase diffusion
kinetics of Zn ions. In this case, to realize fast intercalation/de-
intercalation kinetics in the host materials, a large layered space
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Table 1. Electrochemical Performance of Various Mn-Based
Cathode Materials for AZIBs

Specific
Voltage capacity
Cathode Electrolyte W) (mAh g™')  Ref
K*intercalated 2 M ZnSO, + 0.5 M 0.8—1.8 419 at 0.5 7
5-MnO, MnSO, Ag!
Al-doped MnO, 2 M ZnSO, + 0.1 M  08-18  3279at02 7*
MnSO, A g71
Cu-6-MnO, 2MZnSO, + 03 M  09-19 153 at3 7
MnSO, Ag!
MnO,/Graphite 3 M ZnSO, + 0.1 M 0.8—1.8 310 at 0.1 7
Nanocomposite MnSO, Ag!
@-MnO,/MGS ~ 2M ZnSO, + 02 M  1.0-1.85 3822at03 °
MnSO, Ag’!
a-MnO, 1 M ZnSO, 1.0-1.8 233 at 83 4
mA g_1
p-MnO, 1 M ZnSO, 10-18 270 at 0.1 36
Ag
Eu doping 2MZnSO, +0.1M  08—19 409 at 0.2 7
B-MnO, MnSO, Agt
MnO,@AEPA 2MZnSO, + 0.1 M  08-19 223 at0.5 78
MnSO, Agt
7-MnO, 1M Zn(CH,CO0), 1.0-18  556ats 7
+ 04 M mA cm™
Mn(CH;COO),
5-MnO, 2MZnSO, + 0.1 M 1.0-1.8 636 at 0.1 80
MnSO, Ag’!
5-MnO, 2MZnSO, +02M  09-19 278at1C %
MnSO,
£-MnO,@N 2MZnSO, + 0.5 M  1.0-1.8 124 at 5.0 6
MnSO, Agt
T-MnO, 1 M ZnSO, 07-19  150atC/20 ¥
MnO 2MZnSO, +0.1M 08-18 283lat01 ¥
MnSO, Ag!
MnO 2MZnSO, +01M 1.0-1.9  330atO0. 84
MnSO, Ag!
MnO, 1MZnSO, + 03 M  0.8-18  845at 0.1 8
MnSO, Ag?!
MnO,@N—-C 2MZnSO, + 0.1 M  0.8-18  305at0.5 86
MnSO, Agt
a-Mn,0, 2 M ZnSO, 1.0-19  148at100 ¢
mA g_1
Mn,0, 1M ZnSO, + 1 M 0.6-19 221 at100 ¥
MnSO, mA g
Mn;0, 2 M ZnSO, 08-19 2392 at0.1 8
Ag
Mn;0, 2MZnSO, + 024 M  02-1.85 3962at02 %
MnSO, Agt

is required.” For example, in 2012, Kang et al. discovered the
reversible migration of Zn ions between the Zn anode and a-
MnO, cathode to achieve charge storage, as shown in Figure.
SC. They also found that the @-MnO, reversibly transformed
into spinel ZnMn,O, after Zn>" intercalation, as follows:**

Zn** + 2¢” + 2MnO, < ZnMn,O,

Zn < Zn*t + 2¢”

Alfaruqi et al. also showed that in the electrochemical zinc
insertion process, the layered MnO, will undergo structural
transformation into layered Zn,MnO,, and the process of zinc-
ion insertion in layered MnO, is shown in Figure 5B.”* They
studied the structural transformation of y-MnO, during the
electrochemical reaction and showed that the structural
transformation of tunneled y-MnO, into the spinel-type
phase of Mn(IlI) (ZnMn,0,) and the y-ZnMnO, (tunnel-
type) and L-ZnMnO, (layered-type) of two Mn(II). As
illustrated in Figure SD, Kim et al. analyzed the structural

https://doi.org/10.1021/cbe.3c00120
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Figure 4. Development of AZIBs energy storage mechanism and schematic diagram of its mechanism. Reproduced with permission from ref 92.
Copyright 2020, Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences.

evolution of layered manganese dioxide during the insertion of
zinc ions using in situ synchrotron, ex situ X-ray diffraction
(XRD), and ex situ synchrotron X-ray absorption spectroscopy.
They found that the electrode is able to maintain the layered
structure during the initial cycle. However, after a long period
of cycling, the layered MnO, is completely transformed into
spinel structure.”® Zhou et al. investigated the energy storage
process of MnO by inducing Mn defects to activate it, as
shown in Figure SE,F. During the charge and discharge
processes, Mng 0300 provides more pathways for the
diffusion of Zn*" ions, thereby enhancing cyclic performance.
The Zn®* in Mngg 30O follows the insertion/extraction
mechanism, preventing structural collapse of the material.*’
3.2. Chemical Conversion Reaction. The mechanism of
the chemical conversion reaction indicates that H" is involved
in the charge—discharge process of MnO,, resulting in the
formation of a Zn basic complex in addition to the MnOOH
phase. In 2016, Liu et al. found that a large and thick layer of
flake-like basic zinc sulfate (ZnSO,[Zn(OH),];-XH,0) was
formed on the a-MnO, surface during the initial discharge,
which could not be explained by the intercalation/de-
intercalation mechanism of Zn*'. Furthermore, they clarified
that the capacity arose from the conversion reaction between
MnO, and MnOOH. The X-ray diffraction (XRD) result
further proved the coexistence of MnOOH and
Zn,SO,(OH)44H,0 after the initial discharge, as shown in
Figure 6A,B. They proposed that MnOOH was formed by the
reaction between @-MnO, and H* from the decomposition of
H,O in the electrolyte. With the increasing amount of
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MnOOH, the pH of electrolyte near the cathode surface
gradually increased, causing the reaction of OH™ with Zn*,
SO, and H,0, forming ZnSO,[Zn(OH),];-XH,0. The
reaction process is illustrated as follows:

H,0 & H' + OH~

MnO, + H" + ¢~ & MnOOH
1 1 X
~Zn** + OH™ + ~ZnSO, + —H,0
2 6 6
1
- anSO4[Zn(OH)2]3-XH20

In addition, Kang et al. previously employed f-MnO, as the
cathode materials for AZIBs. During the initial discharge, -
MnO, reacts with H* in water to form MnOOH, which is
subsequently converted to Mn’*. In subsequent cycles, the
deposited MnO, reacts with H* to form MnOOH,
accompanied by partial dissolution of Mn?*, and simultaneous
formation of Zn,SO,(OH)¢SH,0 (Figure 6C,D). The
reaction process is illustrated as follows:”

MnO, + H' + ¢~ & MnOOH
MnOOH + 3H" + ¢~ & Mn** + H,0

4Zn’" + 80O,”” + 8H,0 © Zn,SO,(OH); SH,0 + 6H"

Liang et al. revealed a chemical conversion reaction
mechanism. In the fully discharged state for the first time,
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in y-MnO, anode. Reproduced with permission from ref 94. Copyright 2015, American Chemical Society. (C) Schematics of the chemistry of the
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manganese(III) in Mn;O, is reduced to manganese(Il) in the Figure 7A. Using galvanostatic intermittent titration technique
form of MnO. ZnSO, and H,0 in the aqueous electrolyte react (GITT) (Figure 7C), they found that the reaction kinetics of
with subsequent OH™, producing ZnSO,[Zn(OH),];-SH,0. the first discharge platform were much faster than that of the
Upon complete charging, ZnSO,[Zn(OH),];-SH,O disap- second one.'” Given the sluggish solid-phase diffusion
pears, and Mn;0, reappears, indicating the good reversibility induced by the high charge density and solvated structure of
for the electrode.”” Zn™, together with the discharge products of MnOOH and
3.3. Co-insertion/Extraction of H*/Zn?**. The discharge ZnMn,0, detected by ex situ XRD, they speculated that the
voltage profiles of aqueous Zn/MnO, batteries exhibit two rapid reaction kinetics for the first discharge platform were
separated voltage plateaus, indicating two different electro- attributed to H* insertion, while the slow reaction kinetics for
chemical processes during discharge, in order to explain the the second discharge platform originated from Zn>* insertion.
two platforms that appeared at different voltages during the Furthermore, the second platform in the discharge curve of
charge—discharge process of Zn/MnO, batteries.”® Pan et al. MnO, cathode is absent when operating in the electrolyte
first proposed the HY/Zn** co-insertion mechanism with without ZnSO,. The result further confirms the proposed
MON (MnO,H,4(H,0),,7) as the positive electrode. The mechanism of co-insertion/extraction of HY/Zn?*. Subse-
smaller radius of H* exhibits higher ion diffusion kinetics as quently, Ji et al. found the identical behavior of H*/Zn*" co-
compared to Zn>* and hence is more favorable for de/ insertion in @-MnO,. Simultaneously, it was also found that the
insertion. Its schematic diagram is shown in Figure 7B.”” Wang reversibility of H* storage is significantly higher than that of
et al. proposed a novel reaction model of H*/Zn>* co- Zn** storage, and H' storage could stabilize the a-MnO,
insertion/extraction by combining the mechanisms of Zn>* structure.'’’ Yang et al. complements it by showing that
insertion/extraction with conversion reaction, as shown in intercalation and conversion reactions of H*/Zn?" occur at
118 https://doi.org/10.1021/cbe.3c00120
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different voltages and have different ion mobility rates at
different voltages, as shown in Figure 7D,E.'** Fenta et al.
confirmed the presence of a reversible H/Zn*" insertion/
extraction mechanism in Cu-MnO-nH,O through in situ
techniques such as XRD, XPS, SEM, and STEM. The
precipitation of MnOOH and ZHS occurs during the discharge
process, while during the charging process, these precipitates
disappear (Figure 7G).'”” Wang introduced the energy storage
mechanism of MnO in ZIB (zinc-ion batteries), as shown in
Figure 7F. During the initial charging process, the surface of
MnO undergoes electrochemical oxidation to form MnO,
nanosheets, becoming the active material for subsequent
energy storage. In the following charge—discharge cycles, the
activated MnO, undergoes two consecutive stages of reversible
insertion/extraction of H* and Zn2*.'%*

MnO, + H,0 + ¢~ < MnOOH + OH™

Zn*t + 2MnO, + 2e” < ZnMn,0,

3.4. Dissolution/Deposition of Mn. The hydrogen-ion
concentration (pH value) is also a very important factor that
influences the performance of Zn—MnO, batteries. Typically,
Mn** ions dissolve into the electrolyte with pH value
increasing and recombine to the original structure when the
pH value decreases. Zhi et al. reported a deposition—
dissolution mechanism, as shown in Figure 8A. In an
electrolyte containing Mn®*, the deposition mechanism of
MnO, is considered to be a multi-electron transfer process,
following an electrochemical—chemical—electrochemical
mechanism. The deposition process of MnO, involves three
steps: Mn”* is first electrochemically oxidized to Mn®*, then

Mn®" is chemically converted to an intermediate product
MnOOH, and finally, MnOOH is electrochemically oxidized
to MnO,. On the other hand, the dissolution mechanism of
MnO, involves the electrochemical reduction of deposited
MnO, to MnOOH, followed by its conversion to Mn**, and
ultimately reduction to soluble Mn** ions. This entire process
is accompanied by changes in proton concentration.'” Kim et
al. investigated the charge storage mechanism of ZnMn,0O,, as
shown in Figure 8B. They found that the main reason for the
increased capacity of ZnMn,O, material is the Mn®" in the
electrolyte, which contributes to the capacity through a quasi-
reversible manganese deposition/dissolution process.

In addition, Zhou et al. investigated the charge storage
mechanism of two kinds of MnO, (@-MnO, and 5-MnO,), as
shown in Figure 8D,E.'”” They prepared a series of a-MnO,
and 6-MnO, for aqueous Zn-ion batteries. They found the
dissolution of Zn?* of takes place between a@-MnO, and H,0,
along with the release of OH™, which will react with SO,*~ and
Zn*" and then deposit on the surface of cathode materials to
form the Zn,SO,(OH)s4H,0 (ZHS) phase. The result
indicates the reaction mechanism of MnO, is based on the
dissolution and deposition mechanism. The detail reaction
mechanism is given below:

3MnO, + 6H,0 + 6e~ < 3Mn’* + 120H~

8Zn** + 2S0,”” + 8H,0 + 120H"~
< 2Zn,(OH),S0,-4H,0

Oh et al. found a gradual increase in the pH of the
electrolyte due to the disproportionation reaction of unstable
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trivalent manganese during discharge and its dissolution in the
electrolyte. This resulted in deposition of zinc hydroxide
sulfate onto the electrode surface. During the charge process,
the pH value of the electrolyte decreases due to recombination
of manganese on the cathode, leading to dissolution of zinc
hydroxide sulfate back into the electrolyte (Figure 8C).*”
Zhang and his co-workers revealed that the intercalation of
Zn* in the 6-MnO, electrode is an ion-exchange process
rather than an electrochemical process, and it does not affect
the electrode’s capacity. The research further elucidated that
the electrochemical intercalation/deintercalation of H* in the
6-MnO, electrode, the electrochemical dissolution of -MnO,,
and the electrochemical dissolution—electrodeposition of
hydrated birnessite play a predominant role in charge storage
processes (Figure 8G).'”” Yang revealed the deposition/
dissolution chemical properties of manganese dioxide in
electrolytes with different proton concentrations, as shown in
Figure 8H. The study found that during the deposition
process, with an increase in proton concentration, Mn>"
gradually transforms into Mn(III) intermediates (MnOOH).
In neutral electrolytes, only proton and metal ion intercalation
reactions occur. In the dissolution process in acidic electro-
lytes, MnO, is first reduced to MnOOH instead of Mn**.
However, with an increase in proton concentration, MnOOH
cannot be fully reduced to Mn?*. The dissolution of MnOOH
and the disproportionation of Mn** lead to the formation of
“dead” MnO,."”” Xu et al. proposed a Zn,SO, (OH)sxH,0
(ZSH) assisted deposition/dissolution model to elucidate the
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reaction mechanism of the aqueous Zn—MnO,, battery system,
including MnO,, Mn,03;, Mn;0,, and MnO. According to this
model, the primary role of the MnO, cathode is to dissolve
partially by consuming protons during the first discharge,
inducing the formation of ZSH and releasing Mn*" into the
electrolyte. In subsequent cycles, the reversible capacity of the
battery is mainly contributed by the ZSH-assisted Mn**
deposition/dissolution reactions (Figure 8F).'"

4. CHALLENGES AND MODIFICATIONS

The Mn-based oxides, recognized as promising cathode
materials, have garnered extensive attention because of their
low cost, high operating voltage, and high energy density.
However, their practical application is impeded by several
challenges, including the following.nl_ '* (1) Inferior
conductivity: Manganese-based materials exhibit semiconduc-
tor behavior with two types of charge carriers (electrons and
holes) between the valence band and the conduction band,
resulting in lower electrical conductivity. (2) Mn dissolution:
The disproportionation reaction of Mn*' leads to the
dissolution of manganese in the form of Mn*', resulting in
the loss of active material and contributing to poor structural
and electrochemical stability in manganese-based materials. (3)
Jahn—Teller (J-T) distortion: Manganese-based materials are
formed by the aggregation of MnOg octahedra with shared
corners/edges. The electric field present in MnOg leads to the
separation of d orbitals, resulting in the formation of

degenerate e, orbitals (d and do_) and t,, orbitals (d,,
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d., and d ). In the high-spin state (e'y) of Mn®*, the electron
distribution is susceptible to disturbance, triggering the
elongation of axial Mn—O bonds and the contraction of
equatorial Mn—O bonds. This causes a distortion in the MnOg
coordination from an octahedron to a distorted tetrahedron,
known as the Jahn—Teller (J-T) effect. (4) Phase transition
and collapse of crystal structure: During the deintercalation/
intercalation discharge and charge processes of Zn*",
manganese-based cathode materials undergo phase transitions.
Transitioning from one phase to another or a combination of
multiple phases results in lattice collapse and irreversible
capacity loss. For instance, MnO, with a tunnel structure (a-
MnO,) during the discharge process can transform into a
layered birnessite phase. The structural stress generated by the
phase transition leads to the gradual breakdown of the original
lattice structure, transitioning to an amorphous state, thereby
causing capacity decay and deterioration in rate performance.
(S) Sluggish diffusion kinetics of Zn*": Zn*" exhibits a large
solvated sheath and electrostatic repulsion due to its high
charge/radius ratio, causing sluggish diffusion kinetics. Addi-
tionally, Zn ions can be solvated with H,O molecules via
hydrogen bonding to form large-radius hydrated Zn>",
resulting in sluggish diffusion kinetics. (6) Insufficient active
sites: The active sites within the bulk of the material remain
unutilized, and during the Zn>* adsorption process, strong
electrostatic interactions induce a strong binding force between
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Zn atoms and O atoms, resulting in the irreversible loss of
active sites. To address the aforementioned issues, various
strategies have been implemented to improve electrochemical
performance. These strategies include pre-intercalation, defect
engineering, interface modification, morphology regulation,
electrolyte optimization, composite construction, and activa-
tion of dissolution/deposition mechanisms.?”

4.1. Pre-intercalation Strategy. Considering the lattice
collapse and poor cycling performance of manganese-based
cathode materials during cycles, researchers introduced guest
molecules as “pillars” into the lattices to stabilize the structure
of manganese-based cathode materials. These guest molecules
serve as “pillars” to stabilize the main structure. Through the
pre-intercalation strategy, general guest molecules, such as
water molecules, metal cations, and organic molecules, are
introduced into the main structure to achieve physical
confinement. This helps alleviate issues related to volume
change and structural collapse resulting from the repeated
insertion/extraction of Zn** (Figure 9B). The introduction of
crystal water can effectively shield the electrostatic interaction
between Zn>* and the crystal lattice, thereby promoting
reaction kinetics. For instance, through the introduction of
crystal water into the crystal lattice of MnO,. Kim et al
discovered that the presence of crystal water in MnO, can
enhance the capability for Zn storage, as shown in Figure
9A.'"> As the crystal water content increases, the cycle stability
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of Zn/MnO, batteries also improves. The results indicate that
both capacity and stability gradually increase with an increasing
amount of crystal water. Furthermore, the crystal water in the
layered structure contributes to the reduction of interfacial
resistance and promotes diffusion kinetics for Zn ions. In
addition, the insertion of metal cations can facilitate charge
transfer of materials. For example, Yan et al. investigated the
effect of AI** intercalation on MnO, cathode material,
revealing that the inserted AI** could form a stable Al-O
bond in the tunnel-type MnO, skeleton, as shown in Figure
9E. This bond could regulate the charge/ion states and
electronic band gap, improve the reversibility of the phase
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transition for the cathode, and reduce the tendency of Mn**
dissolution."'® As illustrated in Figure 9C, Fan et al. introduced
Na* into the layer of 6-MnO,. The results show that the
MnO,, after the introduction of Na*, has high capacity, high
energy density, and excellent cycling stability. This is due to
the enhancement of ionic conductivity by the insertion of Na*
into the middle layer of the host material."'” Comparatively,
large-sized polymers can further expand the layer spacing to
accelerate ion diffusion kinetics. For example, Wang et al.
developed the PANI (polyaniline) intercalated MnO,, with an
expanding layer spacing of ~1.0 nm. Simultaneously, the phase
transition and structural collapse of MnO, could also be
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inhibited. As a result, prolong cycle life of Zn/MnO, batteries
are obtained (Figure 9D).""® The pre-intercalation strategy can
improve the structural stability of the material. However, the
ions pre-intercalated partially occupy the diffusion pores,
resulting in negative effects on the diffusion efficiency of Zn**
Additionally, the influence of hydrogen bonds that exist
between crystal water or organic molecules and MnO, on the
structure of modified materials remains unclear.

4.2. Surface Modification Strategy. The manganese-
based cathode material itself has poor electronic conductivity,
impeding the embedment and removal of ions in the lattice
and the dissolution of manganese. Therefore, coating the Mn-
based oxides with materials possessing good conductivity (e.g,
carbons, graphene, carbon nanotubes, polymers, and metal—
organic frameworks, etc.) via interface modification has been
proposed to enhance the electronic conductivity and discharge
capacity of matrixes. This approach simultaneously suppresses
the dissolution of active materials. For example, Hu et al
reported a plasma-treated S-MnO,@C cathode material for
aqueous Zn/MnO, batteries, as shown in Figure 10C,D. The
carbon coating resulted in improved electrochemical perform-
ance (maintaining a capacity retention of 100% after 400
cycles).""” As illustrated in Figure 10A, Sun et al. successfully
prepared the metal—organic-framework-derived and carbon-
coated MnO,@N—C (N-doped carbon and amorphous
carbon-coated MnO, nanorods) with porous skeleton as
cathode material for application in the aqueous zinc-ion
battery.”® Benefiting from its distinct porous structure, the
electrochemical performance was improved due to the
excellent conducting networks (high capacity of 305 mAh
g™! after 600 cycles at 500 mA g'). Additionally, polymer
coatings have also been proven effective for the modification of
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Mn-based oxides. After high-temperature heat treatment, a
shell of heteroatom (N, S, etc.)-doped carbon material with
better chemical performance will be formed on polymer-coated
Mn-based material. For example, Liu et al. incorporated
Mn;0, composite into the pores of mesoporous carbon. The
effective coordination of Mn;O, and MCM4 (mesoporous
carbon materials) facilitates the improvement of ion transport
kinetics and the enhancement of electronic conductivity. This
results in excellent cycling performance of MCM4@Mn;0,
(Mn,O, particles were coated on the surface of MCM4), and
the capacity decay rate of MCM4@Mn;0, is significantly
lower than that of pure Mn;0, electrode (Figure 10B)."*
4.3. Nanostructured Electrode Materials Design.
Designing nanostructured electrode materials (such as hollow,
core—shell, and porous, etc.) is also an effective strategy to
improve the properties of manganese-based cathode materials.
The hollow core—shell structure can not only shorten the
diffusion path of Zn>* but also alleviate the volume expansion
of the material during the cycling process, thus improving the
rate performance and cycle stability of zinc-ion batteries.
Generally, porous nanomaterials have a large specific surface
area, enabling the exposure of more redox-active sites and
thereby improving reversible specific capacity. For example,
Guo et al investigated the effects of MnO, with varying
morphologies on battery performance, declaring that MnO,
nanorods delivered inferior cycling performance with rapid
capacity fading. Meanwhile, MnO, with a hollow nanosphere
morphology could buffer the stress caused by Zn** insertion/
extraction, exhibiting excellent rate performance and cycling
stability.'”" In addition, the diffusion paths of Zn ions will be
shortened in nanostructured composites. The connection
between nanowires can facilitate electron and ion transport.
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Li et al. prepared a series of 3D 6-MnO, nanowires for Zn-ion 3000 cycles at 3 A g™'). Yang et al. also prepared a Mn;0,@

batteries, as shown in Figure 11B.'** Owing to the unique 3D HCFs (Mn;0, nanoparticles in the hollow carbon fibers) with
structure, excellent electrochemical performance is obtained. core—shell structure via coaxial electrospinning (Figure
As illustrated in Figure 11D, Mai et al. prepared a cathode 11A)."** This core—shell structure exhibit long-term cycle

material by coating graphene rolls with @-MnO, nanowires.”® stability over 1300 times with a capacity retention over 96%

The graphene coating not only improves the conductivity of under the current rate of 400 mA g~. As shown in Figure 11C,
the cathode materials but also suppresses the dissolution of Qiao et al. synthesized porous nanostructured Mn,O; for Zn/
Mn?* into the electrolyte. Owing to the unique 3D structure, Mn,0O; batteries. Zn//Mn,0O; exhibits excellent rate perform-
the material has a high energy density (0.3 A g™', 382.2 mAh ance and cycle stability due to its nanoporous structure. The
g~") and good long-cycle stability (94% capacity retention after Mn,0; electrode demonstrates high reversible capacity (233
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mAh g”' at 0.3 A g”') and superior rate capability (162 mAh
g_1 retains at 3.08 A g_l).124

4.4. Defect Engineering. In recent years, defect engineer-
ing of material structures has been widely used to improve the
electrochemical properties of manganese-based materials.
Defects in materials can be categorized into the following
four groups: (1) point defects (e.g, vacancies and doping), (2)
line defects (e, dislocations), (3) plane defects (e.g, grain
boundaries), and (4) bulk defects (e.g, spatial lattice
disorders). Among them, oxygen vacancy, as a common
structural modification strategy, has been applied for the
modification of Mn-based materials.”” Xue et al. artificially
built the oxygen vacancy (Od-MnO,) in the MnO, cathode to
improve its electrochemical performance. The calculation
results showed that the Gibbs adsorption free energy of Zn**
changed from —3.31 to +0.05 eV after the introduction of
oxygen vacancy, which was close to the thermal neutral value.
This led to the reinforced reversible adsorption/desorption
capacity of Zn*", which was helpful in improving the utilization
rate of the material, presenting a higher contribution of surface
capacitance.'”* For example, Zhou et al. introduced K* into the
oxygen vacancy of MnO, for aqueous Zn-ion batteries, as
shown in Figure 12A. Owing to the presence of K* in the
oxygen vacancy, improved rate capability can be achieved (a
significant energy output of 398 Wh kg™ and a long-term cycle
life up to 1000 cycles)."*® Tan et al. studied Mn;O,@C
nanorods with oxygen deficiencies. Oxygen deficiency can
stabilize (MnOg) octahedral structure and inhibit the
dissolution of Mn*". The presence of an oxygen vacancy
effectively suppresses the dissolution of Mn®' into the
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electrolyte (Figure 12B)."”” Liang et al. prepared a N—Vo—
MnO,_, (melamine mixed with MnO) cathode by introducing
both nitrogen doping and oxygen vacancy into low-valence
MnO. The nitrogen doping improved the intrinsic conductivity
of MnO, while the oxygen vacancy not only increased the
storage sites of Zn>" but also released the stress generated
during the continuous insertion/extraction of Zn®*, resulting in
satisfactory rate and cycling performance for the N—Vo—
MnO,_, cathode.”” In addition, Zhang et al. synthesized
oxygen-defective manganese-based cathode material by doping
low-valence Cu ions (O,—Mn,0;). The presence of an
oxygen defect modifies the internal electric field of the material
and enhances the substantial electrostatic stability by
compensating for the nonzero dipole moment (Figure
12C)."**

4.5. Composite Construction. Composite materials,
consisting of two or more components, have been proposed
to take advantage of the synergistic effect between different
components. From the perspective of structural optimization,
composite construction is effective in improving the overall
performance of the electrode. Chen et al. fabricated
hierarchical porous nanorods made up of a-(Mn,0;—MnO,)
heterostructures, resulting in improved interfacial reaction
kinetics and strengthened charge transport due to their distinct
morphology, along with the formed internal electric field at the
heterojunction interface. As a result, the a-(Mn,0;—MnO,)
cathode could still deliver a discharge capacity of 170 mAh g™
after 2000 cycles at 500 mA g~"."*” In addition, Gou et al.
prepared Mn,0;/AL,O; composites by employing metal—
organic frameworks as precursors, as shown in Figure 13A. The
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dissolution of Mn>* can be suppressed by this strategy. electrode materials is mainly derived from structural collapse
Compared with pristine Mn,O;, the modified cathode material and Mn dissolution, some researchers have proposed fully
exhibits higher discharge specific capacity and improved cycle activating the deposition/dissolution mechanism of manga-
stability (118 mAh g™' discharge specific capacity after 1100 nese-based oxides through the rational design of electrolyte
cycles at 1500 mA g')."* and regulation of charge/discharge intervals. Compared with

Moreover, Tang et al. prepared MnO/C@rGO (carbon- the aforementioned strategies, the dissolution/deposition
coated graphene (GO) and MnO composites) composites via mechanism can fundamentally address the issue of capacity

the solvothermal method. The prepared MnO/C@rGO can
effectively suppress Mn** dissolution and improve conductivity
of MnO. As a result, the material has excellent cycle stability
and rate performance and small self-discharge phenomenon.
Even at a high current density of 2.0 A g™', the material still
exhibits a high discharge specific capacity of 110.1 mAh g™
(Figure 13B)."*" Moreover, as shown in Figure 13C, Chi et al.
employed a-MnO,/CNT HMs (a-MnO, nanofiber/carbon
nanotube composites). Owing to the unique morphology of a-
MnO,/CNT HMs, the composite exhibits high tap density and
high electrical conductivity. As a result, Zn/MnO, batteries

with an a-MnO, nanofiber/carbon nanotube composite ) . ’ )
cathode exhibit high area energy density of 0.98 Wh cm™ proposed a reversible Mn™/MnO, redox couple with high
stability for the first time. Through the coordination effect of

Ac”, Mn** can be directly deposited on the electrode as MnO,.
Compared with the common intercalation mechanism, the

attenuation, entirely avoiding structural collapse. Lu et al.
propose a mediator strategy to improve cycling stability at high
area capacity. The chemical reduction of MnO, to produce
Mn?* via the iodide (I") medium and oxidizing it to triiodide
(137), which is then reduced to I” at the electrode to facilitate
dissolution of manganese dioxide and to recover the “lost”
capacity from stripped manganese dioxide. This work
demonstrates that the use of a readily soluble mediator
strategy can unlock the high area capacity of manganese-based
cells with a deposition—dissolution reaction mechanism and
show superior cycling stability (Figure 14A)."** Li et al.

and good cycle retention (96% capacity retention at 3 A g~'
cycle)."*” Finally, Kong et al. prepared a composite of hollow
carbon material combined with MnO,, as shown in Figure

13D. Hollow porous carbon nanostructures enable cathodes dissolution/deposition reaction completely avoids structural
with larger electron-modified interfaces, higher loadings, and collapse and improves the stability of the cathode. In addition,
stable structures. Hence, even at a current density of 500 mA problems caused by Mn** disproportionation can be avoided
gfl, the Zn/MnO, batteries still show improved discharge compared to Mn>**/Mn?* redox (Figure 1413).135 Finally, Guo
specific capacity (103 mAh g™') and cycle retention rate et al. proposed a strategy for a neutral acetate-based electrolyte
(98.3% after 650 cycles)."** (pH ~ 6) to promote the Mn*/Mn** redox reaction, as shown

4.6. Activation of Dissolution/Deposition Strategy. in Figure 14C. The Zn/MnO, battery exhibits excellent
Since the capacity attenuation of manganese-based oxide discharge specific capacity (556 mAh g™'), cycle stability (4000

126 https://doi.org/10.1021/cbe.3c00120
Chem Bio Eng. 2024, 1, 113—132


https://pubs.acs.org/doi/10.1021/cbe.3c00120?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00120?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00120?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00120?fig=fig15&ref=pdf
pubs.acs.org/ChemBioEng?ref=pdf
https://doi.org/10.1021/cbe.3c00120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chem & Bio Engineering

pubs.acs.org/ChemBioEng

REVE

cycles without attenuation), and excellent rate performance
(70 mA cm™2).”’

4.7. Electrolyte Optimization. Due to the disproportio-
nation reaction of Mn** and the Jahn—Teller effect causing the
loss of active material, manganese-based materials exhibit poor
structural and electrochemical stability.'*® To mitigate
manganese dissolution, adding Mn®' to the electrolyte or
using alternative electrolytes such as Zn(CF;SO;), or Zn-
(CH;C00), instead of ZnSO, can effectively prevent
manganese dissolution. The addition of Mn?>" effectively
inhibits the dissolution of MnOZ, thereby reducing the Mn
vacancies generated by Zn** insertion.””"** To some extent,
this stabilizes the crystal structure, reduces the formation of
poorly electrochemically active spinel phase ZnMn,0O,, and
improves the cyclic stability of the electrode. Additionally, the
inclusion of manganese salts can partially suppress the increase
in the oxygen evolution reaction potential and broaden the
electrochemical stability window of water."*”

In 2016, Pan et al. addressed the issue of manganese
dissolution causing the loss of active material in manganese
oxide cathode materials. They proposed the addition of a small
amount of manganese salts to the electrolyte to mitigate this
problem. They found that the presence of a certain amount of
Mn?** in the electrolyte inhibits the disproportionation reaction
of dlscharge product Mn(11I), thereby suppressing manganese
dissolution.” As shown in Figure 15A, Bao et al. added a
certain amount of Mn>' to the electrolyte, the battery can
improve the capacity and cycling abilitily through converted
electrodepostion of Mn®". During the charging process,
Zn,SO,(OH)4H,0 can generate anMnO(OH)},, which
then regenerates Zn,SO, (OH)¢4H,0 during the discharging
process. Additionally, when the charging voltage for Zn/Zn**
exceeds 1.6 V, some zinc vernadite nanosheets irreversibly
transform into tunnel-like MnO, nanocrystalline material,
enhancing the specific capacity of Zn/MnO, batteries in
subsequent cycles. This results in excellent cycling stability for
Zn/MnO, batteries.'** Guo et al. found that acetate ions in the
electrolyte can alter the surface properties of manganese
dioxide cathodes and reduce barriers in the dissolution process
(Figure 15B,C). Additionally, they stimulate the Mn*'/Mn**
redox reaction, which, compared to the traditional Mn**/Mn®
redox reaction, exhibits higher capacity and better cyclic
reversibility. Furthermore, the nearly neutral acetate-based
electrolyte ensures excellent stability and compatibility for the
zinc anode, resulting in a higher electroplatlng/strlppmg
Coulombic efficiency for the zinc anode.”” Liu prepared a
feasible Zn—MnO, hybrid aqueous battery by adding
AL(SO,); to the ZnSO, + MnSO, electrolyte, as depicted in
Figure 15D,E. On one hand, the aqueous AI** acts as a proton
to maintain an acidic environment near the surface of the
Aly ,MnO, cathode, preventing the formation of
Zn,(OH)(SO,)-0.5H,0 during discharge. On the other
hand, the introduction of AI** during the charging process
introduces numerous oxygen vacancies into the oxide structure
(Alj,MnO,) and weakens the Mn—O bonds. These effects
facilitate the dissolution reaction of the manganese oxide
cathode. Therefore, the Zn—(Al)Mn hybrid battery exhibits
excellent electrochemical performance, including high dis-
charge capacity (564.7 mAh g™') and long cycle life (2000
cycles)."*" The concentration of Mn** has a significant impact
on both the capacity and stability. As the concentration of
Mn?" gradually increases in the electrolyte, the capacity initially
reaches its maximum value and then gradually decreases.
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Additionally, manganese salts in the electrolyte can deposit as
manganese oxide. The deposited manganese oxide can also
serve as an active material, potentially causing inaccuracies in
the actual capacity of the manganese oxide cathode. This may
mislead certain comparisons of manganese oxide performance,
rendering them meaningless.

5. SUMMARY AND OUTLOOK

Due to their cost-effectiveness, environmental friendliness,
good safety, and relatively high capacity, aqueous zinc-ion
batteries are promising for practical applications in large-scale
energy storage. Based on the features of Mn-based oxide
cathode materials, this paper has outlined the development
history and research progress of Mn-based oxide cathode
materials, as well as clarified the energy-storage mechanism of
Mn-based oxide cathode materials. In addition, the mecha-
nisms and research status of modification strategies, including
pre-intercalation, defect engineering, electrolyte optimization,
and activation of the dissolution/deposition mechanism, have
been presented. While manganese-based oxide cathode
materials have been explored for a considerable period,
achieving commercial applications still requires further
research to address some key issues. Based on our analysis,
the future research directions for AZIBs (aqueous zinc-ion
batteries) are envisioned in the following aspects:

(1) Developing new coating materials. New coating
materials, such as polymer materials with features like
uniform active sites, good conductivity, and hydro-
philicity, can effectively improve the electrochemical
performance for the electrodes. Additionally, exploring
the synergistic effects between multicomponent coating
materials is worth further investigation. For instance, a
bilayer coating composed both of an electronic and ion
conductor layer can effectively suppress surface side
reactions and enhance the conductivity of manganese-
based oxide cathode materials. Moreover, the coating
layers also help in providing a uniform electric field to
inhibit dendritic growth of the zinc anode.

(2) Exploring new electrolyte additives. Electrolyte additives
can not only regulate the deposition of zinc ions on the
surface of the zinc anode but also act on the cathode
interface to enhance the cyclic stability of the cathode
material. Developing hydrophilic electrolyte additives is
also a promising strategy as it can effectively immobilize
free water molecules and further suppress the surface
side reactions. The functionality of a single electrolyte
additive is relatively limited, combining the multiple
effects of electrolyte additives may also lead to optimal
performance.

(3) Electronic structure modulation. Improving the elec-

tronic structure of materials in terms of metal-ion

oxidation states, atomic coordination environments,
charge density distribution, and band structure is
achieved through calculations involving band structures,

Fermi levels, density of states (DOS), and lattice stress.

This electronic structure modulation aims to enhance

the number of active sites, stabilize lattice structures,

suppress Jahn—Teller distortions, improve ion diffusion
kinetics, enhance material conductivity, reduce ion
transport barriers, accelerate ion desorption, and
establish internal electric fields. These measures
collectively contribute to enhancing the electrochemical
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performance of manganese-based oxide cathode materi-
als.

(4) Investigating the byproducts and intermediate products.
During the electrochemical reaction process, a series of
byproducts are formed on the cathode surface. These
byproducts can have a significant impact on battery
performance, affecting the transfer of electrons and ions,
limiting battery capacity, and even altering reaction
mechanisms. However, the current attention to the
intermediate products generated during the reaction
process is far from sufficient. Effective strategies to
address the battery failure caused by these intermediate
products are still lacking. There is also no unified
consensus on the types, structures, and influencing
factors of these intermediate products. Therefore, future
research should focus on more investigating the
byproducts and intermediate products generated during
electrochemical reactions.

(5) Suppressing active water molecules in solid/gel polymer
electrolytes. Solid/gel polymer electrolytes have a strong
affinity for free water, which can effectively slow down
the dissolution of zinc dendrites and Mn disintegration.
Therefore, it is crucial to design solid/gel polymer
electrolytes with high ion conductivity, excellent
mechanical durability, good interface contact with
electrodes, high Zn** migration rate, and a broad
electrochemical and thermal stability window. Addition-
ally, further exploration of new polymer matrixes and
zinc salts for solid/gel polymer electrolytes, or modifying
specific properties of solid/gel polymer electrolytes
through methods like copolymerization, composite
formation, or adding functional groups, is necessary.
This is essential for the future application of AZIBs in
wearable and portable electronic devices.

(6) Exploring mechanisms, optimizing for application, and
cost/profit analysis. Though the single modification
strategy have their own merits, a single modification
strategy is difficult to simultaneously realize the
improvement of structural stability, energy density, and
rate performance. However, the synergistic mechanism
of multiple modification strategies on the electro-
chemical performance of cathode materials still needs
to be explored. Moreover, to realize the practical
application of Mn-based oxide cathodes, further
optimization should be carried out at the level of the
whole battery, involving the constant optimization of
various components, including functional electrolytes,
multifunctional separators, and anode materials. Mean-
while, the comprehensive cost and profit should also be
taken into account. In addition, the storage mechanism
of each cathode material needs to be clarified.
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