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Commercial lithium-ion batteries (LIBs) have been widely used in various energy storage systems. How-
ever, many unfavorable factors of LIBs have prompted researchers to turn their attention to the devel-
opment of emerging secondary batteries. Aqueous zinc ion batteries (AZIBs) present some prominent
advantages with environmental friendliness, low cost and convenient operation feature. MnO, electrode
is the first to be discovered as promising cathode material. So far, manganese-based oxides have made
significant progresses in improving the inherent capacity and energy density. Herein, we summarize com-
prehensively recent advances of Mn-based compounds as electrode materials for ZIBs. Especially, this
review focuses on the design strategies of electrode structures, optimization of the electrochemical per-
formance and the clarification of energy storage mechanisms. Finally, their future research directions and
perspective are also proposed.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The storage and conversion of energy sources is an important
step to achieve sustainable development with future carbon neu-
tralization policy [1-4]. LIBs with high energy density are widely
employed in various fields. But the expensive and flammable dis-
advantages hinder their practical applications [5-7]. Considering
the issues of safety and cost, rechargeable aqueous metal ion bat-
teries (Li, Na, K, Zn, Mg and Al) might be an alternative to LIBs [8-
12]. Fig. 1a shows the characteristics of organic and aqueous elec-
trolytes in metal ion batteries. It is found that the former possesses
the characteristic of flammability with high risk. On the contrary,
the latter presents high safety and ionic conductivity up to 10-1-6
S/cm. In terms of metal anode materials, the radii of monovalent
ions (Na* and K*) and multivalent ions (Mg*+) are much larger
than that of LiT. It indicates that the above batteries present slow
kinetics and poor cycling stability. Although Al electrode material
possesses a large specific capacity, the standard electrode potential
of AI3*/Al is very low [13]. Compared with the above mentioned
metals, Zn presents small ionic radius (0.75 A), suitable standard
electrode potential (-0.763 V vs. SHE) and high stability (Fig. 1b).
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Recently AZIBs have attracted widely attention due to their out-
standing advantages [14-16]. So far, there are many reports about
cathode materials for ZIBs, such as manganese-based (Mn-based)
compounds [17-19], vanadium-based materials [20-23], Prussian
blue analogs [24,25] and polyanion compounds [26,27]. Recharge-
able Zn-MnO, battery was first discovered in 1986. Shoji and co-
workers designed Zn-MnO, cells with 2 mol/L ZnSO4 electrolyte,
which opens a new path to develop AZIBs [28]. After that, a plenty
of work has focused on polymorphic Mn-based compounds due to
their non-toxicity, low cost and rich crystal structure [29-33]. In
fact, the connection mode of MnOg octahedrons determines MnO,
crystal structure, including «-, 8-, ¥-, A-, R-, §-, - and T-MnO,.
These structures can be mutually transformed and seriously affect
their electrochemical performance (Fig. 2) [34-37]. In this review,
we summarize the progress of Mn-based compounds in ZIBs, in-
cluding electrode design, electrochemical performance and energy
storage mechanism. The limitation and future perspective of ZIBs
are also proposed.

2. Electrode structures

Mn is a common transition metal element with multiple oxida-
tion states (+2, +3 and +4). As a cathode material for ZIBs, Mn-
based compounds have been widely investigated in recent years.
It is reported that MnO, possesses a theoretical capacity of 308
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Fig. 1. (a) The advantages of organic and aqueous electrolyte in metal ion batteries.
(b) Radar diagram of various metal ions.
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Fig. 2. Classification and synthesized strategies of Mn-based cathode for aqueous
zinc ion batteries.
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Fig. 3. Manganese oxide crystal structures (a) S-MnO, (pyrolusite-type), (b) y-
MnO,(nsutite-type), (c) @-MnO, (hollandite-type), (d) todorokite-type MnO, (e) 8-
MnO, (birnessite-type), (f) A-MnO, (spinel-type). Reproduced with permission [8].
Copyright 2018, Wiley-VCH.

mAh/g and a voltage window of 0.8-1.8 V. In addition, MnO,
materials present diverse crystallographic frameworks. The crystal
structure can be classified into three categories: tunnel structure,
spinel and layer structure, as shown in Fig. 3 [8].

2.1. Tunnel structure

B-MnO, (pyrolusite-type) with 1 x 1 tunnel is a frame struc-
ture formed by MnOg octahedrons assembling with sharing cor-
ners (Fig. 3a). In literature, 8-MnO, cathode was synthesized
through a hydrothermal route with a capacity of 355 mAh/g at
0.1 A/g [38]. Huang and co-workers prepared B-MnO, nanorods
by introducing N element for improving the electrochemical per-
formance of device. The results show that N-doping effectively en-
hances the conductivity of MnO, materials, as shown in Fig. 4a
[39]. Oxygen vacancy (V,) are an important defect, which can
not only improve ion insertion kinetics, but also change the ther-
modynamics of electrode surface [40]. Zhou's group constructed
B-Mn0O, with oxygen defects to improve electrode reaction activ-
ity and specific capacity (Fig. 4b). V,-8-MnO,-Zn battery delivers
a discharge capacity of 302 mAh/g and capacity retention of 94%
at 0.5 A/g after 300 cycles (Figs. 4c and d). Additionally, the device
possesses low R, indicating their excellent electrical conductivity
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[41]. Moreover, V, can cause rearrangement of surrounding atoms,
resulting in a change in the electronic structure of metal oxides.
The above methods are effective strategies (heteroatom doping and
vacancy) to improve the conductivity of cathode and enable device
to obtain fast ion insertion kinetics [42].

y-MnO, materials with a mixed tunnel structure of 1 x 1 and
1 x 2 (Fig. 3b) was reported by Alfaruqi et al. through an environ-
mental temperature strategy. BET results show that y-MnO, elec-
trode shows a total surface area of 148 m2/g, and the pore size is
3.77 nm. This mesoporous electrode can provide a sufficient elec-
trode/electrolyte contact area. In addition, the high surface area
of electrode ensures easy insertion/de-embedding of Zn2*. Surpris-
ingly, when Zn?* is fully intercalated, tunnel type y-MnO, trans-
forms into spinel type ZnMn,0,4 (ZMO), y-ZnyMnO, (tunnel type)
and L-ZnyMnO, (layered) phase. It shows Mn** is reduced to Mn3+
and Mn2*. To be precise, a part of y-MnO, undergoes the trans-
formation to spinel ZMO in early stage of Zn insertion, as shown
in Fig. 5.

In subsequent dezincification process, phase change of materi-
als is almost completely restored to the original y-MnO,. Zn/y-
MnO, batteries show an initial discharge capacity of 285 mAh/g
at 0.05 mA/cm?. It indicated the mesoporous electrode can pro-
vide a large electrode/electrolyte contact area, thereby accelerating
their diffusion kinetics [43]. The synergistic effect also can enhance
the conductivity of electrode due to help of "external force" that
the dissolution of MnO, is alleviated during reaction process. For
instance, Lu’s group utilized high conductivity of graphene to as-
semble a Zn//y-MnO,-graphene battery. Compared to bare MnO,
electrode, MnO,-graphene one shows excellent cycle stability. Af-
ter 300 cycles, the cell maintains 64.1% of the initial capacity at 20
mA/cm?2, which is equivalent to a capacity decay rate of 0.12% per
cycle. The increase in cycle stability can be attributed to the joint
cooperation of graphene and MnO, [44].

«-MnO, also possesses a tunnel structure, and each side of tun-
nel consists of two MnOg octahedrons, which is a 2 x 2 tunnel
(Fig. 3c). Pan et al. reported Zn/a-MnO, batteries with a significant
attenuation in the first 10 cycles. However, the capacity retention
is poor in subsequent cycles. It might be attributed to the dissolu-
tion of Mn2* into ZnSO,4 during cycling. Therefore, 0.1 mol/L Mn?*
was pre-added in electrolyte to reach equilibrium with Mn?+ dis-
solved phase. The results show that Zn/MnO, battery with MnSO4
additive delivers a capacity retention rate of 92% after 5000 cycles
at 5 C [45]. Wu's group designed a device using «-MnO, /graphene
scrolls as cathode. It presents a capacity of 362.2 mAh/g at 0.3 A/g.
There is an inflection point located at 1.3 V in GCD curves (Fig. 6a).
It means that the intercalation of Zn ions takes place in two stages.
In the first stage of embedding, layer Zn-buserite is formed first.
In the second stage, zinc ions are embedded in tunnel structure.
Due to large electrostatic interaction at this stage, the electrode
is in an unstable state. The coating of graphene scrolls on MnO,
nanowire (MNW) improves the stability of electrode, and its rate
performance is also significantly enhanced (Fig. 6b). Moreover, it is
beneficial to alleviating the dissolution of Mn element during dis-
charge, as shown in Fig. 6¢ [46].

Pre-embedding of large cations can stabilize the tunnel struc-
tured MnO, via the coordination of guest ions with adjacent
atoms. For instance, Liu and co-workers designed «-MnO, and
o-Ky19MnO, structures by a self-sacrificing template method. Af-
ter annealing, the shell of «-Ky;9MnO, nanotubes changed from a
nanosheet to a vertical uniform nanorod to form a porous structure
(Fig. 6d). This highly porous structure facilitates full contact with
electrolyte. Furthermore, after K™ enters the tunnel cavity, they
possess an interplanar spacing of 0.693 nm as shown in Fig. Ge.
The pre-intercalated K ions enter the framework of electrode as
pillars, which prevent the structure from collapsing during long
cycles (Fig. 6f). Apart from this, enough tunnel space can speed
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Fig. 4. (a) Nyquist plots for Zn/MnO, and Zn/N-MnO, battery. Reproduced with permission [39]. Copyright 2018, World Scientific Publishing. (b) Crystal structure of rutile-
type B-MnO;. (c) GCD profiles at 50 mA/g. (d) Cycling performances at 500 mA/g. Reproduced with permission [41]. Copyright 2020, Elsevier B.V.
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Fig. 5. Schematic of the reaction pathway of Zn-insertion in the prepared y-MnO,
cathode. Reproduced with permission [43]. Copyright 2015, American Chemical So-
ciety.
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up the migration speed of Zn®*. Fig. 6g shows two stages electro-
chemical reaction process: H* intercalation and Zn?* intercalation.
When Zn ions intercalation begin, the host material changes from
a tunnel structure to a layered ZnyHxK19MnO,. K ions play a key
role in supporting structure. Therefore, Zn/o-Kg19MnO, battery ex-
hibits a superior rate performance and delivers a capacity of 113
mAh/g at 20 C (Fig. 6f) [47].

Three chains composed of MnOg octahedrons are arranged into
a 3 x 3 large tunnels to form todorokite MnO, (T-MnO,) as shown
in Fig. 3d. Because of the abundant tunnel space, various cations
and water molecules can be easily accommodated in host frame-
work. Therefore, theoretically, their cycle performance and rate
performance are better than traditional 2 x 2 tunnel structure. Lee
et al. discovered that T-MnO, is a potential cathode material used
in ZIBs. Then they studied the behavior of zinc ions embedded in
tunnel structure. In fact, the formation of large tunnel is usually
through the expansion of MnOg layers and ion exchange. In addi-
tion, more ions and water molecules in tunnel can ensure the sta-
bility of structure during reaction process and provide more space
for Zn ions migration [48].

2.2. Layered structure

8-MnO, is a layered structure material with a large interlayer
spacing of 7.0 A (Fig. 3e) [49,50]. Kim et al. prepared §-MnO,
nanoflakes with an initial discharge capacity of 122 mAh/g. In the
discharge process, spinel-type ZnMn,0,4 appears. It indicates that
layered MnO, undergoes a structural transformation. Moreover,
some irreversible phases (MnOOH, Mn(OH),, Mn30,4 and Mn,03)
could be also observed [51]. Among them, MnOOH is a new mate-
rial produced by the conversion reaction between §-MnO, and H*,
as shown in the following formulas.

H,0 < H* + OH- (1)

MnO, + H* + e~ <> MnOOH (2)
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The formation of these by-products exerts a certain effect on
the electrochemical performance of battery. Nevertheless, the bat-
tery still delivers a discharge capacity of 136.9 mAh/g at an oper-
ating rate of 20 C. It keeps a capacity retention of 93% after 4000
cycles (Fig. 7a) [52]. §-MnO, can transform to other crystal forms
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during reaction, resulting in a large volume change and structural
collapse, which is the main reason to the poor cycle stability. Zhi’s
group pre-embedded Na* and water molecules into §-MnO, struc-
ture in order to stabilize host structure (Fig. 7b). To study the in-
fluence of structural water, cathode material powder was thermally
treated at 500 °C. Fig. 7c presents the cycling performance of two
electrodes at 20 C. It is found that Zn/6-MnO, with water molecule
exhibits an ultra-stable cycle performance (98% of the initial capac-
ity after 10000 cycles).

EIS curves (Fig. 7d) further confirmed that R of electrode
without structural water increased significantly. The lack of water
molecules makes a small amount of Na* unable to support the
structural framework and reduces the transfer speed of ZnZ*. It
greatly compromises the specific capacity and stability of device
[53]. Zhang et al. developed an expanded layer interval strategy by
rare earth La doping. The shift of XRD pattern confirms the expan-
sion of interlayer spacing, which is conducive to the transmission
of Zn2* (Fig. 7e). In addition, CV curves indicate that the doped
MnO, electrodes possess high electrochemical reactivity (Fig. 7f).
It means that the intercalation of La3* makes the transmission
speed of Zn ions fast. The assembled device exhibits an energy
density of 375.9 Wh/kg [54]. Related work has been reported suc-
cessively such as Co%* [55], Ca?t [56], V>* [31] and rare earth el-
ement Ce3* [57]. The intercalation cations mainly play two roles:
the first is to increase the interlayer spacing of host material and
reduce the resistance of Zn%* insertion/extraction. The second is as
the pillar of interlayer structure preventing the collapse of §-MnO,
structure.

2.3. Spinel structure

Manganese-based oxides with spinel structure can be classified
into the following types: A-MnO, (Fig. 3f), Mn3O4 and ZnMn,Oy.
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Copyright 2018, Elsevier B.V.

The internal space of the structure is not suitable for the insertion
of Zn2* due to high electrostatic repulsion.

The layered manganese oxide with unstable structure can spon-
taneously undergo a phase transition from a layered to a spinel
structure. It might be attributed to the preferential migration of
Mn, which is related to the inherent characteristics of Mn [58].
However, Choi’s group found that spinel Mn304 was transformed
into layered Birnessite AxMnO,-yH,0 during cycling. Fig. 8a shows
the crystal structure of Mn304 and other materials. It is found
that spinel and layered type show a common structural basis of
ABC-packed array with oxygen atoms. Therefore, phase change can
be achieved without disturbing oxygen skeleton [59]. Besides, a
binder-free SSWM@Mn30,4 electrode was prepared by Zhu and co-
workers. The electrode directly grown on the substrate possesses a
high conductivity, so Zn/SSWM@Mn3;0,4 battery delivers an excel-
lent specific capacity and long cycle stability [60].

ZnMn,04 materials with a spinel structure were first discovered
in 2016. Shi et al. synthesized Ti3C,Tx stabilized ZnMn,0,4 nanopar-
ticles (ZMO@ Ti3C,Tx). Ti3C,Tx is a layered material with high con-
ductivity. The composite materials can effectively prevent the irre-
versible structural degradation of ZMO and the occurrence of side
reactions. Benefiting from the synergistic effect, the device can still
maintain 92.4% of initial capacity after 5000 cycles [61]. Defect en-
gineering is considered to be a suitable strategy to investigate the
electrochemical activity of electrode materials [62]. It can be clas-
sified into four types: cation doping, oxygen vacancy, cation va-
cancy and anionic doping [63]. Recently, Zhang and colleagues re-
ported cation-defective ZnMn,0, materials as cathode for AZIBs.
The device can deliver a discharge capacity of 150 mAh/g at 50
mA/g and durable long-term cycle ability. The mild synthesis con-
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ditions make the electrode structure rich in Mn ion vacancies. As
shown in Fig. 8b, the formation of Mn ion vacancies reduces the
electrostatic repulsion of Zn ions, leading to a rapid kinetic process
[64].

Anion vacancies can also present a similar effect. The annealed
ZnMn, 04 enriches oxygen vacancies and wraps a layer of conduc-
tive polymer PEDOT to improve conductivity. In Figs. 8c and d, DFT
calculations suggest that the electrode containing oxygen defects
shows a low energy barrier during the migration of zinc ions. It in-
dicates that anion defect enhances the transfer speed of zinc ions
in the structure. Therefore, the synergy of oxygen vacancies and
PEDOT leads to the transition of ZnMn,0,4 from semiconducting to
conducting, which explains the significant increase in charge trans-
port efficiency [65].

The electrochemical performance of various Mn-based com-
pounds is listed in Table 1. It can be found the specific capacities
of electrodes has been improved. Among them, MnO, with oxygen
defects show a capacity of 345 mAh/g at 0.2 A/g [66]. The cycle
number of Zn/MnO, batteries can reach 10000 cycles and maintain
a retention of 99% [17]. In addition, these Mn-based materials show
a common feature that the voltage window is basically maintained
at 1-1.9 V. However, Qiao’s group proposed a novel electrolytic Zn-
MnO, batteries, which deliver a high voltage window (1.99 V) and
achieve an energy density of 409 Wh/kg [67]. Energy density is
a significant parameter to study the electrochemical performance
of batteries. Compared to V-based compounds and Prussian blue
analogs, manganese-based compounds have a high energy density.
In Table 1, Zn/O4-MnO, devices can exhibit an energy density of
470 Wh/kg.
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Table 1.

The electrochemical performance of various Mn-based materials as cathode for aqueous ZIBs.
Materials Potential window (V) Specific capacity Cyclic stability Energy density  Ref.

(mAh/g)/Current density (Wh/kg)

MnO, 1.0-1.8 290, 0.3C ~99%, 10000 cycles, 6.5 C - [17]
V-doped MnO, 1.0-1.8 266, 66 mA/g 131 mAh/g, 100 cycles, 66 mA/g — [31]
B-MnO, 1.0-1.9 355, 0.1 Alg 110 mAh/g, 1000 cycles, 0.2 A/g - [38]
y-MnO, 0.8-1.8 285, 0.05 mA/cm? 158 mAh/g, 40 cycles, 0.5 mA/cm? [43]
MnO,/graphene 0.8-1.8 301, 0.5 A/g 64.1%, 300 cycles, 10 A/g 411.6 [44]
«-MnO, 1.0-1.85 285, C/3 92%, 5000 cycles, 5 C ~170 [45]
«-MnO,/graphene scrolls 1.0-1.85 382.2,03 Alg 94%, 3000 cycles, 3 Alg 406.6 [46]
§-MnO, 1-1.8 238.8,0.2 C 93%, 4000 cycles, 20 C - [52]
Nag.44Mn;04-1.5H,0 0.9-1.9 278,1C 98%, 10000 cycles, 20 C 374 [53]
CapsMn0,-0.5H,0 0.4-1.9 298, 175 mA/g 100%, 5000 cycles, 3500 mA/g - [56]
Mn304 0.9-1.8 296, 0.1 A/g 100%, 500 cycles, 0.5 A/g - [60]
ZnMn, 04 0.8-1.9 ~150, 50 mA/g 94%, 500 cycles, 0.5 Alg 70 [64]
04-MnO, 1-1.8 345, 0.2 Alg 84%, 2000 cycles, 5 Alg 470 [66]
MnO, 0-1.99 570 92%, 1800 cycles, 30 mA/cm? ~409 [67]

3. Energy storage mechanism

Mn-based compounds have obtained rapid development in
the field of ZIBs, but there have been controversies on the en-
ergy storage mechanism. It is generally believed that there are
four mechanisms: Zn?* insertion/extraction, chemical conversion
reaction, dissolution-deposition mechanism and dual-ions inser-
tion/extraction mechanism.

3.1. Zn%* insertion/extraction mechanism

Zn?t is (de-)intercalated between cathode and anode. Since
zinc ions are intercalated into cathode, MnO, is transformed into
spinel structure ZnMn, 0,4 [68]. During the charge process, the new
phase is transformed back into the original material. Additionally,
Mn vacancies are introduced to form defects to increase the con-
ductivity of host material. At the same time, DFT calculations show
that the existence of Mn vacancies can stabilize the structure of
electrode when zinc ions are intercalated as shown in Fig. 9a. It
indicates that MnO materials with defects easily accommodate the
transfer of Zn ion. The ex-situ XRD patterns (Fig. 9b) reveal the ki-
netic reaction process of battery without the appearance of other
impurities. It ensures superior electrochemical performance of bat-
tery. The reaction process of Zn?t (de-)intercalation can be de-
scribed by following formula (Fig. 9¢) [69].

MnO — Mngg O+ 0.39 Mn?+ + 0.78 e~ (1) (3)

Mngg0 + yZn?* + 2ye~ < ZnyMnge O (further cycle) (4)

3.2. Conversion reaction mechanism

Electrochemical conversion mechanism induced by hydrogen
ion has also been reported recently [45,70]. For instance, Liu’s
group proposed a chemical conversion reaction that effectively im-
proves the electrochemical performance of device. And a series of
characterization methods confirmed the reaction process of H* in-
sertion, which can be summarized as [45]:

MnO, + H* + e~ < MnOOH (5)

2MnO, + Zn?* + 2e~ <« ZnMn,04 (6)

The reaction also occurs in Zn/MnO, batteries. During the reac-
tion, the by-product Zn(OH),)3ZnS0,4-xH,0 (ZSH) is generated on
the surface of cathode material due to the insertion of H* (for-
mula 7). When charging, H* is released from host structure and
ZSH dissolves [71].
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2Zn%* + 60H- + SO4~2 + xH,0 — Zn(OH),);ZnS04-xH,0 (7)

3.3. Dissolution-deposition mechanism

Based on the above reaction process, a new type dissolution-
deposition mechanism is proposed [72,73]. Guo and co-workers
studied the effect of ZHS and birnessite-MnO, product on the ca-
pacity loss and manganese dissolution process. In Fig. 9d, ZSH layer
gradually generated during the second cycle discharging. It can ef-
fectively prevent the dissolution of Mn, thereby increasing the ca-
pacity of device. Generally speaking, the energy storage process
can be divided into two parts. As shown in Fig. 9e, the formation
of ZHS and the dissolution of Mn ions occur in the first cycle of
discharge (formula 8). The first cycle of charge forms a new phase
birnessite-MnO, (formula 9). In the subsequent cycles, birnessite-
MnO, restored to the original phase, and the reaction is repeated
continuously. Therefore, the high reversibility of Zn/MnO, battery
can deliver a stable capacity [73].

3MnO, + 6H,0 + 6~ — 3Mn?* + 120H- (8)

3Mn2* + 120H- — 3 birnessite-MnO, + 6H,0 + 6e~ (9)

3.4. Dual-ions insertion/extraction mechanism

Researchers have been developing new storage mechanisms
that are conducive to enhancing the electrochemical perfor-
mance of cathode. This dual ion intercalation mechanism includes
two classifications: the co-intercalation and extraction of non-
metallic ions or metal ions and Zn%*. Recently, H* and Zn?* co-
insertion/extraction mechanism are frequently reported in Mn-
based compounds for AZIBs [74-76]. Xia’s group designed a PANI-
intercalated MnO, electrode. The reaction process of device in-
cludes four processes according to charging and discharging mech-
anism. The initial stage of discharging is the insertion of H*. The
second discharge plateau is related to the insertion of Zn2* [75].
Similarly, Sun et al. found that GCD curves of Zn/MnO, @CFP
battery possess two plateau regions (Fig. 10a). The capacity de-
cay speed of these two parts is obviously different. Moreover,
the charge diffusion resistance presents a significant difference
(Fig. 10b). This may be caused by various ion insertions. Ex-situ
XRD (Fig. 10c) further confirmed that the typical MnOOH peaks ap-
peared after discharging to 1.3 V due to the insertion of H*. When
the electrode was further discharged to 1.0 V, the diffraction peaks
of ZnMn,0,4 disappeared [17].

Manganate electrodes are also suitable for this charge stor-
age mechanism. Liang’s group designed Ko gMngOg electrode with
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oxygen defects. Kt is added to inhibit the dissolution of man- co-intercalation of Na* and crystal water. Fig. 11 shows that
ganese, thereby ensuring the structural stability of manganese- Zn ion (de-)intercalated reaction mechanism. During the dis-
based cathode. The introduction of oxygen defects prompts MnOg charging process, H* first enters NMOH structures and pro-
polyhedral wall open, which is conducive to the diffusion of duces by-products ZnySO4(OH)g-0.5H,0. Then Zn ions interca-

HT in the ab-plane (Fig. 10d). Therefore, the electrochemical re- late to replace a small part of sodium ions supporting the main
action activity and reaction kinetics of KMO are improved. Zn/ structure.
KogMngOss (KMO) batteries show an energy density of 398 This sequential embedding process indicates a two-step reac-

Wh/kg based on the intercalation mechanism of Zn2t and H+ tion process. Finally, Zn ions are released from layer structure dur-
[37]. Zhai and co-workers prepared Nags5Mn;04-0.57H,0 (NMOH) ing the charging state. The continuous insertion and extraction of
cathodes and proposed an electrochemical mechanism for the H* and Zn2?t are accompanied by Na* desorption. This replace-
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ment/intercalation reaction mechanism makes Zn/NMOH batteries
exhibit a specific capacity of 389.8 mAh/g at 0.2 A/g and excellent
cycle performance [77].

Soundharrajan et al. constructed a novel Zn/MgMn,0, battery,
which kept a capacity retention of 80% after 500 cycles. In order
to prevent the inert diffusion of magnesium ions in the crystal lat-
tice, electrolyte is modified to a certain extent. The assembled de-
vices confirm the existence of two pairs of redox peaks through CV
curves. It could be due to the gradual insertion of Zn2*/Mg2* into
the spinel structure. The following reactions could occur during the
cycle process:

MgMn,04 + Xe~ — Mg oMn,04 + xMg?* (10)
Mg oMny04 + YMg2* + (X-y)Zn** «
Mg[(l_x)+y]Zn(x_y)Mn204 + Xe~ (11)

Beneficial to the mechanism of Zn2*/Mg%* co-insertion and ex-
traction, the devices achieve an energy density of 370 Wh/kg at 70
W/kg [78].

4. Conclusion and perspective

In summary, MnO, have become promising cathode materials
for ZIBs due to their rich crystal structures. This review summa-
rizes recent advances of manganese-based oxides electrode ma-
terials and emphasizes the effect of different synthesis strategies
on performance of cathode materials. In addition, several electro-
chemical mechanisms of Zn/Mn-based battery are introduced. Mn-
based materials have been explored for a long time, there are still
some key problems that have not been resolved. Firstly, the per-
formance of batteries is far from meeting market requirements.
Therefore, it has a long way to achieve high electrochemical per-
formance of AZIBs batteries. One should continue to develop and
design some new synthetic strategies by tailoring morphology, spe-
cific surface area and crystal structure of electrode materials. In-
creasing ion conductivity and the surface area can promote Zn2*
ion diffusion coefficient and enhance the surface capacitance be-
havior.

Secondly, manganese dioxide is prone to irreversible structural
phase change and accompanied by the dissolution of Mn ions dur-
ing reaction. Thus, it leads to a decline in capacity and reduce in
cyclic life. Therefore, some general strategies might be employed:
(1) Adding a small amount of solution with Mn2* to the elec-
trolyte to ensure the stability of electrode. (2) The use of a weakly
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acidic electrolyte such as Zn(CF3S03), can inhibit the dissolution
of Mn?*. Moreover, it is also a good strategy to develop new elec-
trolyte additives to protect the electrode/electrolyte interface by
forming a dense passivation film. Besides, carbon coating, defect
engineering and conductive polymer coating are also used to mod-
ulate the electrode structure.

Finally, the voltage window of manganese-based battery is rel-
atively low. Therefore, it is necessary to broaden the voltage win-
dow by optimizing cathode structure. Most of literature use novel
electrolytes to achieve the purpose of increasing the voltage win-
dow, such as high-concentration salt, new electrolyte additives (0.1
mol/L H,SO4). Furthermore, it is also a feasible strategy to ex-
plore the redox reaction mechanism of multivalent electrons such
as Mn*t/Mn2+,
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