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1 | INTRODUCTION

With the increasing energy requirements and the environ-
mental deterioration caused by the using of traditional fossil
fuels, it is the trend of the times to develop clean and renew-
able energy for a sustainable energy supply. However, the
existing sustainable energy (eg, solar, wind, and water) is
intermittent, requiring effective mediums to store and trans-
fer energy when the sustainable energy is unavailable.
Among various energy storage technologies, rechargeable
batteries are believed to be the most feasible choice for

"These authors contributed equally to this study.

Abstract

Li-ion batteries (LIBs) with excellent cycling stability and high-energy densities
have already occupied the commercial rechargeable battery market. Unfortunately,
the high cost and intrinsic insecurity induced by organic electrolyte severely hinder
their applications in large-scale energy storage. In contrast, aqueous Zn-ion batte-
ries (ZIBs) are being developed as an ideal candidate because of their cheapness
and high security. Benefiting from high operating voltage and acceptable specific
capacity, recently, manganese-based oxides with different various crystal structures
have been extensively studied as cathode materials for aqueous ZIBs. This review
presents research progress of manganese-based cathodes in aqueous ZIBs, includ-
ing various manganese-based oxides and their zinc storage mechanisms. In addi-
tion, we also discuss some optimization strategies that aim at improving the
electrochemical performance of manganese-based cathodes, and the design of flexi-
ble aqueous ZIBs based on manganese-based cathodes (MZIBs). Finally, this
review summarizes some valuable research directions, which will promote the fur-

ther development of aqueous MZIBs.
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large-scale energy storage system because of their long cycle
life, high energy efficiency, and simple maintenance.'*'°

To date, diverse rechargeable batteries with different
charge carriers (such as Li*, Na*, K*, Ca®*, Mg**, Zn*",
and AI’™) have been successfully demonstrated in organic or
aqueous systems.zo"41 Generally, owing to the wider electro-
chemical window of organic electrolyte, nonaqueous batte-
ries always exhibit higher energy density than the aqueous
.12 one. Unfortunately, the use of organic electrolytes may
cause serious safety and environmental risks due to their
toxic, flammable, and volatile nature.'%**** Unlike non-
aqueous batteries, aqueous batteries employ water solution
as the electrolyte, owning favorable advantages, including
cheapness, high security, and environmentally friendly.
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Besides, the aqueous electrolytes have much higher ionic
conductivity than organic electrolytes, significantly improv-
ing the rate and rapid charge performance of batteries. These
unique natures of aqueous batteries make them ideally suit-
able for large-scale energy system.*>>2

Recently, aqueous zinc-ion batteries (ZIBs) have been
attracting tremendous interest as the most favorable candidate,
since the Zn anode possesses low redox potential, high theo-
retical capacity, and excellent stability in water.>>>® Addition-
ally, divalent zinc ions transfer two electrons, allowing ZIBs
to achieve high capacity and an acceptable energy density.
Different from the traditional LIBs in a rocking-chair fashion,
the zinc storage mechanisms in aqueous ZIBs system are intri-
cate and debatable. Currently, there are three main reaction
aqueous ZIBs: Zn**
chemical conversion reaction,m’62 and HY/
as schematically demonstrated
in Figure 1. Notably, during the chemical conversion reaction,
the cathode reversibly change in composition and structure,
accompanied by dissolution/deposition of Zn,SO4(OH),,
+2°YH0 on its surface (Figure 1C, D). Up to now, reversible
Zn-ion storage in various host materials has been identified,

mechanisms in the insertion/
. 36,59,
extraction, 6.59,60

Zn>* insertion/extraction,®>%*

such as manganese-based oxides, vanadium-based
materials,>” %57 and Prussian blue analogs.ég'71 Among
FIGURE 1

. . . 24 . . .
Chemical conversion reaction. E,F, H"/Zn*" insertion/extraction

them, manganese-based electrode materials with low cost,
abundant resource, and pronounced structural stability, exhibit
high specific capacity and operating voltage, rendering them
most promising for Zn-ion storage.

In this review, we will summarize the structural charac-
and energy
manganese-based oxides in aqueous ZIBs. Subsequently,

teristics storage mechanism of different
some strategies are discussed for performance optimization
of manganese-based cathodes, involving construction of
nanostructures, compositing with conductive substrates,
introduction of defects, adjustment of interlayer spacing, and
optimization of electrolytes. Furthermore, this review dis-
cusses the design of flexible ZIBs based on manganese-
based cathode materials (MZIBs). Finally, this review gives
unique insights into the valuable research directions of aque-
ous MZIBs. And we believe that this review of future pros-
pects and research directions will promote the further
development of aqueous MZIBs.

2 | MANGANESE-BASED OXIDES

Due to the advantages of cheapness, rich source, environ-
mental protection, and nonpoisonous, manganese (Mn)-

Schematics of the chemistry of the zinc-ion battery based on different reaction mechanisms. A,B, Zn>* insertion/extraction. C,D,
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based oxides with various valence states (Mn>", Mn>*,
Mn** and Mn’"), are supported to be very promising
energy storage materials. Lately, manganese-based
oxides, such as manganese dioxide (MnO,) with diverse
crystal structures, Mn,O3, Mn,04, Mn30,4, are developed
as one of the most favorable cathode materials for
aqueous ZIBs.

2.1 | Manganese dioxide

It is well-known that MnO, exists in various crystal forms
such as a-MnO,, -MnO,, e-MnO,, y-MnO,, 8-MnO,, and
todorokite-type MnQO,. In these structures, the basic struc-
tural unit MnOg octahedra is connected to each other by co-
angle/co-edge, constructing chain, tunnel, layered structures
with enough space accommodating foreign cations.”>””
Given this structural advantage, MnO, has been extensively
investigated as favorable cathodes for batteries in the past
years, including Li-ion batteries,’®”’ Na-ion
batteries,78 K-ion batteries,79 Mg-ion batteries, and lat-
est ZIB.53-86 Theoretically, MnO, can accommodate one

several
80-82

Zn** insertion per formula with a high theoretical capacity
of approximately 616 mAh/g, in which the Mn** is reduced
to Mn*. To date, numerous MZIBs have been reported with
satisfactory electrochemical performances and regarded as
very promising large-scale  energy
storage.5 357

candidates  for

2.1.1 | B-MnO,

B-MnO, possesses a [1 X 1] tunnel (2.3 X 2.3 IOA) structure.
And the c-axis of B-MnO, consists of single chains of
[MnOg] octahedral units by sharing corners (Figure 4A).
Some studies have successfully proved that -MnO, has
excellent zinc storage performance.®*® A previous study by
Kang et al”® revealed that massive p-MnO, delivered low
electrochemical activity in ZIBs. In a subsequent work,
Kang et al’' achieved reversible insertion/extraction of Zn**
ions into/from B-MnO, with a porous framework. Unfortu-
nately, Zn-insertion mechanism was not discussed. Later,
Kim et al®' successfully synthesized p-MnO, nanorod via a
rapid microwave-assisted hydrothermal reaction, which
delivered a discharge capacity as high as 270 mAh/g
(Figure 2D). Here, the zinc ions storage in f-MnO, nanorod
electrode had been proved to be performed via both solid
solution and conversion reactions. During these reactions,
Zn*" goes into the p-MnO, framework. And the Zn-inserted
phases form and ZnSO4¢3Zn(OH),+5H,0 precipitates on the
electrode surface. The local structural change of the $-MnO,
nanorod electrode during Zn*" insertion/extraction was fur-
ther clarified with x-ray absorption near edge structure
(Figure 2C). These studies indicated that structure of
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f-MnO, nanorod is  well-preserved during the
insertion/extraction of Zn>* ions, being consistent with the
x-ray diffraction (XRD) results (Figure 2B). Recently, Chen
et al®® reported a high-performance rechargeable aqueous
Zn-MnO, battery with p-MnO, cathode, achieving a high
capacity of 225 mAh/g. In their studies, f-MnO, with tunnel
structure is shown to undergo a phase transition process to
layered zinc-buserite during the first discharge process
followed by reversible Zn>* (de)intercalation from/into Zn, s
Mn**0,-5H,0 (Figure 2E). The XRD (Figure 2F) results
confirmed this Zn®" insertion mechanism and structural

transformation of MnO, cathode again.

2.1.2 | y-MnO,

The low temperature y-MnO, phase is composed of sto-
chastically distributed 1 x1 (2.3 x2.3 A) and 1x2
2.3x4.6 A) tunnel blocks,”*?? showing excellent zinc
storage performance. The ZIBs with y-MnO, as the cathode
were assembled for the first time by Yamamoto et al,**
realizing the rechargeable Zn-MnO, battery. Subsequently,
Kumar et al”® reported reversible insertion/extraction of
zinc ions in Zn/y-MnQO, battery with a gel polymer electro-
lyte based on polyvinylidene fluoride and zinc triflate. To
our regret, the 7Zn>* insertion/extraction mechanism in
y-MnO, was not clarified in these above studies. In this
aspect, Kim et al’® has filled in the void. As shown in
Figure 3, with the continuous embedding of Zn>* ions,
v-MnO, will eventually form layered-type y-ZnyMn2+O4
after phase transformation. In the process, interestingly,
there will be the appearance of intermediate phases such as
a spinel ZnMn,> "0, and tunnel-type y-Zn,Mn>*0,4, which
will not disappear completely. More importantly, all phases
are almost completely restored to the y-MnO, phase in sub-
sequent fully charged state. Furthermore, the researchers
also found that most of these phases with multioxidation
states could revert back to the parent y-MnO, phase during
the battery cycling.

2.1.3 | a-MnO,

As the most commonly studied MnO,, the a-MnO, has
one-dimensional 2 X 2 tunnels (4.6 X 4.6 A) in its crystal
structure, enabling efficient storage and fast diffusion for
foreign cations along the z-axis (Figure 2A).°7 Since the
first demonstration of Zn-ion activity for &-MnQO, in neutral
zinc sulfate electrolyte by Kang et al in 2009,°® several
attempts have been made to study the electrochemical
properties of «-MnQO, in aqueous ZIBs. For instance, in a
study of Kang et al,’® the a-MnO, cathode (Figure 4A)
delivered a high capacity of 210 mAh/g. And it was rev-
ealed that Zn** could be embedded in a-MnO, to form
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FIGURE 2 A, Crystallographic structure of the 3-MnO,. B, In situ synchrotron XRD pattern of the 3-MnO, nanorod cathode recorded during
electrochemical discharge/charge and a close up view of the corresponding (101) plane reflection. C, XANES spectra of f-MnO, powder and
standard MnO, and Ex situ XANES spectra of the f-MnO, nanorod cathode collected after discharging/charging in the Zn test cell. D, Initial
discharge/charge profiles of the -MnO, nanorod cathode in the Zn test cell. Reproduced with permission from Ref. 61, Copyright 2017, American
Chemical Society. E, The rechargeable Zn/pf-MnO, cell. F, XRD patterns of a f-MnO, electrode at selected states during the first and second
cycles. G, Typical charge/discharge curves for the initial two cycles at 0.32 C in 3 M Zn(CF3S03), aqueous electrolyte. The points A-J marked the
states where data were collected for XRD analysis. H, Comparison of the cycling performance of Zn-MnO, cells with electrolytes of 45 wt% KOH
(at 0.32 C), 3 M ZnSOy, 3 M Zn(CF;S03),, and 3 M Zn(CF;S03), with 0.1 M Mn(CF;S03), additive at 0.65 C. nC equals the rate to
charge/discharge the theoretical capacity (308 mAh/g) of MnO, in 1/n hours. Reproduced with permission from Ref. 62, Copyright 2017, Nature
Publishing Group

ZnMn,O, phase during discharge process by XRD (Figure 4C). Consequently, the embedding mechanism of
(Figure 4B). Upon charging process, reversal transforma- Zn** in a-MnO, can be described by the following
tion occurs, demonstrating it is highly reversible Equation (1):
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FIGURE 3 Schematic illustration of the reaction pathway of Zn-insertion in the prepared y-MnO, cathode. Reproduced with permission from

Ref. 96, Copyright 2014, ACS Publications

Zn** +2e” +2a—MnO, < ZnMn, 04 (1)

Subsequently, Kim et al®* revealed the change in the
valence state of manganese during charge and discharge pro-
cess by XANES analysis. In detail, the tetravalent manga-
nese is completely converted into trivalent in the discharge
process (Figure 4D), while the trivalent manganese is
completely converted to tetravalent during the charging pro-
cess (Figure 4E). This demonstrated again that the zinc stor-
age behavior of a-MnO, is reversible. Furthermore, the two
distinct peaks are observed at 1.3 and 1.2 V in the CV cur-
ves (Figure 4F). Inspired by this, Kim et al speculated Zn**

insertion into the a-MnO, cathode may be carried out in two
steps, as follows:

0.5Zn** +2a—MnO, + e~ « ZnysMn,0, (2)

0.5Zn** +ZnysMn,O4 + ¢~ < ZnMn,0, (3)

However, sufficient evidence for this mechanism was not
provided in this work and further exploration was needed.
Recently, Oh et al®® discovered a new mechanism that a
reversible phase change takes place between a-MnO, and
layered Zn-birnessite upon the Zn>* ion insertion/extraction
(Figure 4G). Specifically, nearly one-third of Mn in a-MnO,
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FIGURE 4 A, Schematics of the chemistry of the zinc-ion battery. Zn>* jons migrate between tunnels of an a-MnO, cathode and a Zn anode.
The inset in the upper left corner shows the structural basic unit of the MnOg octahedron of MnO,. B, Zn 2p core level spectra of cathodic
crystalline «-MnQO, electrodes in the original, extraction, and insertion states. C, Schematic illustration of Zn*" intercalation mechanism in o-MnO,
cathode. Reproduced with permission from Ref. 90, Copyright 2012, Wiley-VCH. D, E, Ex-situ XANES of a-MnO, nanorods electrode recorded in
various discharge/recharge states in zinc-ion cells. The XANES spectra of standard MnO,, Mn,0Oj3, and Mn;0, are provided in, E, for comparison
purposes. F, Cyclic voltammograms at a scan rate of 0.5 mV/s of a-MnO, nanorods electrode. Reproduced with permission from Ref. 64, Copyright
2015, Elsevier Ltd. G, Phase transition mechanism in a-MnO, during Zn>* (de-)intercalation. Reproduced with permission from Ref. 99, Copyright
2014, Nature Publishing Group. H, The charge-discharge profile of the zinc/a-MnO, for the first two cycles at a scan rate of C/20 (1C =210 mA/g
of the active mass). I, The corresponding in situ XRD patterns during the electrochemical cycling. The regions of interest are described as I, I, III,
and IV in, H. Reproduced with permission from Ref. 100, Copyright 2015, Royal Society of Chemistry

swims into the electrolyte, accompanied by the formation of Mn3* < Mn** (s) +Mn?t (aq) (5)
Zn-birnessite (Equations (4) and (5)) during the discharge
process. Upon charging, it is fully recovered to form the

Mn?" (aq) <> Mn** (s) +2e™ (6)
original a-MnOQO, structure (Equation (6)).

Later, Oh et al'® proposed a different understanding for
Mn** (s) +e~ < Mn’* (s) (4) Zn** insertion into a-MnQO,. Unlike previous reports, here, it
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was confirmed that the direct discharge product is layered
Zn-buserite. And Zn-birnessite is produced after the buserite
lose its Zn>* ions and H,O molecules. The XRD results
show a single-phase region at the early stage of discharge
(region I) and the end of charge (region IV), corresponding
to sloping part of cyclic voltammograms (Figure 4H, I).
Unfortunately, the reaction mechanism for the single-phase
region remains unknown.

Apart from the above reaction mechanisms mentioned,
a chemical conversion reaction mechanism based on
reversible precipitation/dissolution of Zn4(OH)SO4-nH,O
(ZHS) has also been proposed (Figure 5A)."%" For the first
time, Oh et al found that the ZHS is obtained after fully dis-
charging, and disappears after fully charging (Figure 5B).

Notably, only a-MnQO, is observed in discharged electrode
after washing with acetic acid (Figure 5B). These results
indicated that ZHS forms on the electrode surface upon dis-
charge process, and no Zn>* ion or proton is embedded in
the a-MnQO,. Simultaneously, the researchers found that the
pH value of the electrolyte gradually increases during dis-
charge. Besides, results of AAS show that the Mn?* con-
centration in electrolyte increases with the depth of
discharge while that of Zn®* decreases with the depth of
discharge. The researchers attributed these phenomena to
the disproportionality of the unstable Mn>*, which
increases the pH of the electrolyte and induces subsequent
precipitation process. The pathways of these reactions are
listed below:

FIGURE 5 A, Schematic showing the reactions during the discharge process for a-MnO,/Zn cell employing aqueous ZnSOy electrolyte. B, In

situ XRD patterns of a cathode in a Zn/a-MnO; cell with 1.0 m ZnSO, aqueous electrolyte during the first discharge—charge cycle at a rate of C/20

and the corresponding discharge—charge curve. Reproduced with permission from Ref. 101, Copyright 2016, Wiley-VCH. C-H, TEM/high

resolution TEM images of MnO, electrodes during electrochemical process. MnO, electrodes discharged to 1 V (C-E) and then charged back to

1.8 V in the first cycle (F-H). The yellow and blue rectangular regions have a morphology typical for short nanorods and nanoparticle aggregates,

respectively. The arrows in d and g indicate the growth directions of the short nanorods. I, (STEM-high-angle annular dark field image of short

nanorods and scanning transmission electron microscopy -energy disperse spectroscopy (STEM-EDS) mappings of the elemental distributions of

Mn, O, and Zn in the MnO; electrode in the discharged state during the first cycle. Reproduced with permission from Ref. 102, Copyright 2016,

Nature Publishing Group
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FIGURE 6 A, Discharge galvanostatic intermittent titration technique (GITT) profiles of the Zn/MnO,@CFP cell (50 mA/g for 120 seconds
followed by a 4 hours rest). B, Ex situ XRD patterns of the MnO, @CFP cathode at depth of discharge at 1.3 and 1.0 V, respectively. C, Charge and
discharge curves of the Zn/MnO, @CFP cell in 2 M ZnSO, + 0.2 M MnSOj electrolyte at different rates in first cycle. Reproduced with permission
from Ref. 110, Copyright 2017, ACS Publications. D, Schematic of galvanostatic discharge, including D1, D2, and D3 steps. E, Galvanostatic
discharge curves in the first 100 cycles. Three shaded areas indicate three charge transfer steps in correspondence with D1, D2, and D3. F,G, Ex situ
XRD and x-ray photoelectron spectroscopy (XPS) patterns of the MnO, cathode at various depth of discharge of DO (full charge), D1 (1.7 V), D2
(1.4 V), and D3 (0.8 V) in initial discharge. High-resolution XPS of the Zn2p, G, and Mn3s, H. The hollow-circles correspond to the experimental
spectra, and the blue and red curves represent fitted results of the spectra of Mn3s. The yellow curve is the fitted component of the Zn3p peak.

Reproduced with permission from Ref. 111, Copyright 2019, Wiley-VCH

MnO; + +2H,0+2¢” < Mn** +40H™  (9)

47Zn** 45042~ +60H ™ + 5H,0 « Zny(OH),S045H,0 |
(10)

For the formation mechanism of ZHS, another view,
based on different reaction mechanisms on the cathode
(a chemical conversion between a-MnO, and MnOOH), was
proposed by Liu et al.'®* In this view, a-MnO, could react

with H from water to form MnOOH and OH~ (H,O < H*
+ OH™, MnO, + H" + ¢~ «» MnOOH). And then, ZHS
forms on the electrode surface caused by the reaction of
OH™, ZnSO,, and H,O (1/2 Zn** + OH +1/6
ZnSOy4 + x/6 H,O < 1/6 ZnSO4[Zn(OH),]3¢XH,0). Here,
the formations of MnOOH and ZnSO4[Zn(OH),]5-xH,0 are
observed in the XRD patterns of «a-MnQO, electrode after dis-
charge to 1 V in the first cycle. To further verify this, the
changes of structure and morphology of the a-MnO, elec-
trodes during cycling were investigated with transmission
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electron microscope (TEM) and STEM-EDS. As shown in
Figure 5D, E, the lattice spacing of discharge products is 0.33
and 0.26 nm, corresponding to the d spaces of (210) and
(020) planes in monoclinic MnOOH. Furthermore, as shown
in Figure 51, the element of O and Mn distribute on the short
nanorods and nanoparticles and Zn mainly distributes on the
surface of flaky compounds, which indicate the formation of
ZnSO4[Zn(OH),]5-xH,0 on the cathode surface (Figure SI).
In the charged state, the nanorods and polymerized
nanoparticles still maintain their morphology, while the lattice
distance and crystalline almost return to those of the pristine
a-MnO, cathode. These results indicate that structural trans-
formation of a-MnO, cathode during cycling is reversible.
Lately, Liang et al'® reported a new understanding for H-
storage mechanism that the diffusion of H* into KygMngO
host results in simultaneous insertion (H,KygMngO;e) and
conversion (MnOOH or Ky ;MnOOH) reaction. Interestingly,
the similar phenomena are also observed in the a-MnO, elec-
trode. Here, the KygMngO¢ electrode delivered excellent
electrochemical performance, such as considerable energy
density and outstanding cyclic stability, which may be attrib-
uted to that the reaction kinetics of H* storage may be much
faster than that of Zn>" storage because of the much smaller
size and lower valent state of H* than Zn>*. At the same time,
this is a good support for the mechanism proposed above.

2.1.4 | Todorokite-Type MnO,

Todorokite-type MnO, with 3 X 3 tunnel (7.0 X 7.0 A)
structure is composed of four edges sharing MnOg octahe-
dral panels. Cations and H,O molecules could be embedded
in its tunnels to form M; , . MngO;,-3-4H,O (M = Na, Ca,
Mg, Ba, K etc.), which keep the structure stable.!031%7 For
example, todorokite-type MnO, with embedded Mg** and
water molecules (Mg, sMngO,-4.8H,0) was constructed as
cathode in aqueous ZIBs.'*® Here, only a limited discharged
capacity of 108 mAh/g was shown at 0.5 C. Interestingly,
the todorokite-type MnO, exhibited good cycle and rate
capability, benefiting from the large tunnel and electrostatic
shielding between the zinc ions and the host structure caused
by the structural water. Nevertheless, the mechanism of Zn**
embedding in todookite remains unclear and more in-depth
research is desired.

2.1.5 | &-MnO,

Akhtenskite-structure MnO, (e-MnO,) is a metastable phase
composed of face-shared [MnOg] and [YOg] octahedral
(Y means vacancy), where Mn** cations randomly occupy
50% of the octahedral positions of the hexagonal-close-
packed (hcp) oxygen sublattice.'” Wang et al''® prepared
the composite electrode of e-MnO, nanoflakes and carbon
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fiber paper by in situ electrodeposition. And the discharge
capacity of the composite electrode is 290 mAh/g
(Figure 6C). Importantly, the co-intercalation mechanism of
H" and Zn*" was first proposed in rechargeable aqueous
ZIBs by electrochemical and structural analysis. As shown
in Figure 5C, with the rise of charge and discharge rate, the
changes of voltage and capacity in the two regions indicate a
large difference in kinetics. Moreover, the total overvoltage
of the first region is much lower than the second region.
However, the reaction equilibrium voltage of the second
region is only slightly lower than the first region
(Figure 6A). Theoretically, the progressive voltage change
during discharge in the GITT test is caused by ion diffusion.
Therefore, the authors speculated that the voltage platform
of region I is most likely induced by H* insertion, while the
voltage platform of region II is mainly attributed to Zn**
insertion. Subsequently, this guess was supported by XRD.
As shown in Figure 6B, MnOOH and ZnMn,O, are
observed when the battery were discharged to 1.3 and 1.0 V,
respectively. Recently, Qiao et al''' prepared a new high-
voltage electrolytic Zn-MnO, battery by activating proton
and electron kinetics, which maximized the electrolysis
process (Figure 6D). Unlike other Zn-based batteries, this
Zn-MnO, battery exhibited an amazing discharge voltage
platform of 195V and a high specific capacity of
570 mAh/g. More importantly, a new electrolysis mecha-
nism was proposed by various means of characterization
(Figure 6F-H). As is shown in Figure 6E, there are three dis-
charge regions that is, D1 (2.0-1.7 V), D2 (1.7-1.4 V), and
D3 (1.4-0.8 V) in the discharge profiles. Dissolution of
MnO, occurs in the D1 region followed by H" insertion
(D2) and Zn’* insertion (D3) into MnO,, which are highly
reversible. The reaction mechanism can be summarized:
Anode:

Zn** +2e” > Znallcycles (11)

Cathode:

Mn?* +2H,0 — MnO, +4H ™ + 2¢~ initial charge process
(12)

MnO, +4H* +2e~ < Mn®>* 4 2H,0 flowing cycles (13)
MnO, +H* +e~ «» MnOOH flowing cycles (14)

MnO, +0.5Zn** +e~ < ZnysMnO, flowing cycles (15)

This work has offered new insight into the advancement
of MZIBs and can help to realize the practical application of
low-cost energy storage device.
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FIGURE 7 A, Crystallographic structure of -MnO,. B, Ex-situ XRD patterns of the cathodes recovered from the Zn/8-MnO, cells after first
and fifth discharge cycle. C, Initial five voltage profiles of the 8-MnO, cathode vs zinc. Reproduced with permission from Ref. 112, Copyright

2015, Elsevier Ltd. D, Diagram showing the sequential insertion of H* and Zn**. E, The discharge profile of polyaniline (PANI)-intercalated MnO,
electrode at current density of 50 mA/g in different electrolytes (red curve: 2 M ZnSO,4 + 0.1 M MnSQ,, blue curve: 0.1 M MnSO,). Reproduced

with permission from Ref. 113, Copyright 2018, Nature Publishing Group

2.1.6 | 8-MnO,

Layered-type MnO, (8-MnQO,), a two-dimensional infinite
layer, is constructed by co-angled [MnOg] octahedrons
(Figure 7A). Due to controllable synthesis and high theoreti-
cal energy densities, layered 5-MnO, have been extensively
studied in LIBs, SIBs, etc.!1#115 Lately, layered 8-MnO, has
also aroused interest from researchers as cathode materials
for ZIBs, which exhibits outstanding battery performances
benefiting from the large interlayer distance (approximately
7.0 A) of 8-MnO, * Kim et al''? synthesized a flake-like
6-MnQO, with about 200 nm in diameter via a facile thermal
decomposition. The aqueous ZIBs with 8-MnO, cathode
showed a discharged capacity of 250 mAh/g with two dis-
charge plateaus at average voltages of 1.38 and 1.23V
(Figure 7C). Furthermore, the researchers revealed spinel-
type ZnMn,O,4 and layered-type 8-Zn,MnO, form during
discharge (Figure 7B). Unfortunately, layered 6-MnO, suf-
fers capacity fading. Hence, it is necessary to in-depth study
reaction mechanism of layered 6-MnO,
charge/charge, which is essential to improve the battery per-
formances. Subsequently, Kim et al''® revealed that capacity

upon  dis-

fading is caused by the production of irreversible spinel-type

ZnMn,0, and manganese dissolution. Unfortunately, they
have not conducted in-depth research on the energy storage
mechanism of 8-MnO, as a cathode for ZIBs. Recently,
Wang et al''® proposed a new perspective on the energy
storage mechanism of 8-MnO, as a cathode for ZIBs that the
hydrated H"/Zn*" co-insertion occurs during the discharge
process, accompanied by the formation and disappearance of
flake-like ZHS on the surface of the 5-MnQO, electrode. Dur-
ing the first discharge region, H* protons are gradually
embedded in the interlayer of MnO,, decreasing H" concen-
tration around the 8-MnQO, cathode. With the continuous
decrease of H*, Zn>* insertion begins to occur instead of H*
insertion, forming the second discharge region, accompanied
by the formation of flake-like ZHS on the electrode surface
due to the excess of OH™ (Figure 7D). As Figure 7E shows,
PANI-intercalated MnO, delivers two discharge platforms in
2 M ZnSO,4 + 0.1 M MnSO; electrolyte (red curve), while a
single-slope discharge profile was observed for the 0.1 M
MnSOy electrolyte (blue curve). And this further illustrates
that the second discharge platform is affiliated with Zn**
insertion. Furthermore, the researchers found the PANI-
reinforced layered structure could efficiently eliminate the
structure collapse caused by the hydrated H*/Zn* insertion,
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achieving excellent cycle life along with high discharged
specific capacity.

2.2 | Other manganese oxides

Apart from manganese dioxide, other manganese oxides
may be also a suitable choice for the cathodes of ZIBs.

Recently, some manganese oxides have been reported to
achieve reversible (de)intercalation of Zn*, including
Mn,03;, Mn;04, Mn;O4. Among these materials, Mn,Oj3
(corrundum structure) was firstly reported by Kang et al''’
as a cathode material for rechargeable aqueous ZIBs, which
exhibited reversible capacities of 148 mAh/g (Figure 8C). It
was confirmed that a phase transition reaction between

FIGURE 8 A, Schematics of a-Mn,0Oj3 as cathode material for zinc-ion battery. B, XRD patterns of a-Mn,Oj; cathode at original state, zinc-

ion extraction state and zinc-ion insertion state. C, Galvanostatic charge-discharge curve of ZIB with a-Mn,0Oj; cathode in 2 M ZnSO, electrolyte.

Reproduced with permission from Ref. 117, Copyright 2017, Elsevier Ltd. D, Crystallographic structure of as-prepared Mn,0O, material. E,

Synchrotron powder X-ray diffraction of spinel Mn,QOy: pristine (black), reduced to —0.4 V vs SCE in either Ca®* (red) or Zn** (green) electrolyte.

The upper x-axis illustrates the corresponding d-spacing values. Circles (@) correspond to cubic spinel Mn,0O,, diamonds (&) correspond to
tetragonally distorted spinel like Mn;O,, represents the stainless-steel substrate, squares (M) correspond to ZnO, and triangles (A) correspond to

Zn,Mn;0g. The inset represents a zoomed view of the host reduced in Zn** electrolyte between 5 and 10° (A = 0.0414 nm). F, Zn** aqueous

electrolytes at rate of C/40. Reproduced with permission from Ref. 118, Copyright 2018, ACS Publications. G, Crystallographic structure of as-
prepared Mn;0O, material. H, Ex-situ XRD of Mn30, cathode at the first cycle. I, Galvanostatic charge—discharge curve of assembled Zn/2 M
ZnS0O4/Mn;0, battery. Reproduced with permission from Ref. 119, Copyright 2018, Elsevier Ltd
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FIGURE 9 SEM image of, A, a-MnO, nanorods, reproduced with permission from Ref. 85, Copyright 2016, Elsevier Ltd. B, MnO,
nanowires, reproduced with permission from Ref. 120, Copyright 2018, Wiley-VCH. C, cw-MnO, nanosheets, reproduced with permission from
Ref. 121, Copyright 2019, The Royal Society of Chemistry. D, Mn;0, flowers. Reproduced with permission from Ref. 122, Copyright 2018,

American Chemical Society

Mn,O; and layered-type Zn-birnessite occurs with Zn®*
insertion/extraction in electrode material (Figure 8A, B). In
addition, Cabana et al''® studied the zinc storage perfor-
mance of a cubic spinel Mn,0,4 (Figure 8D) cathode in an
aqueous electrolyte. To our regret, the specific capacity is
low and the potential is less than 1 V (Figure 8F). Interest-
ingly, Figure 9E shows that during the discharge, Mn,O4
undergoes a partial structural transition to form tetragonal
spinel, accompanied by the formation of layered MnO, con-
taining structural water, ZnO, and Zn,Mn3;0Og. It was specu-
lated that Zn>" can be embedded in Mn,O,, but pure zinc
phase will preferentially generate near the Mn-rich particles.

Another spinel-type Mn3;0, (Figure 8G) was reported in
ZIBs by Kang et al,'' exhibiting discharged capacities of
239.2 mAh/g (Figure 8I). Here, an in-depth study was car-
ried out to explore the reaction mechanisms of Mn;QOy.
Mn30y is firstly oxidized to MnsOg by oxidizing Mn’* to
Mn** and dissolving Mn** (Equation (16)). Next, MnsOg
convert to birnessite with dissolving Mn* into the electro-
lyte and inserting H,O (Equation (17)). Due to the incom-
plete electrochemical oxidation, MnsOg and birnessite
coexist at the first charge. Upon discharge, Zn>* intercalate

into the interlayer of birnessite, forming Zn-birnessite
accompanied by reducing Mn** to Mn**(Figure 8H). Of
note, both MnOOH and ZHS phases are found, indicating a
complex reaction mechanism.

2Mn304 — MnsOg + Mn? " 4 2¢™~ (16)

Mn;sOg 4+ xH,0 — 4MnO, 4+ xH,0 + Mn>* +2e~  (17)

Up to now, a-MnO,, -MnO,, y-MnO,, 5-MnO,, spinel-
type MnQO,, todorokite-type MnO,, and a-Mn,05 have been
reported as host materials for zinc-ion storage. Due to the
various crystallographic polymorphs of manganese oxides,
the electrochemical reaction mechanism of manganese
oxides in neutral (or mild acid) electrolyte still remains con-
troversial. Basically, zinc-ion insertion/extraction and proton
insertion/extraction during the redox of manganese oxides
are the two mainstream views. From the current overall
research results, the energy storage mechanism of aqueous
Zn-MnO, batteries is likely to be independent of the specific
crystal structure, and multiple mechanisms coexist, including
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Zn** insertion/extraction, proton insertion/extraction, and
chemical conversion reaction. However, it is urgently
needed for ingenious exploration and more in-depth research
on the specific mechanism.

3 | THE STRATEGIES OF
PERFORMANCE OPTIMIZATION
FOR MANGANESE-BASED CATHODE
MATERIALS

Due to high operating potential and specific capacity,
manganese-based oxides are regarded as very promising
cathode materials for ZIBs. Up to now, various manganese
oxides, such as (-MnO,, y-MnO,, a-MnO,, Todorokite-
Type MnO,, e-MnO,, and 5-MnO,, have been developed as
cathode materials for aqueous ZIBs. Unfortunately, many
challenges still exist in making great breakthroughs in high-
performance manganese-based cathode materials for aque-
ous ZIBs, as follows: (a) All manganese oxides generally
suffer from structure transformation, serious structural dam-
age and large volume change during the repetitive inter-
calation/deintercalation of hydrated H*/Zn*" ions, leading to
capacity fading of ZIBs. (b) Mn** ions are continuously dis-
solved from the manganese oxide cathodes into the electro-
lyte. (c) Manganese oxides often deliver poor electrical
conductivity. Owing to these, manganese-based materials
undergo unsatisfied electrochemical performance, such as
bad cycle performance and inferior rate performance. To
achieve high performance MZIBs, some strategies, including
construction of nanostructures, compositing with conductive
substrates, introduction of defects, adjustment of interlayer
spacing, and optimization of electrolytes, have been
reported.

3.1 | Construction of nanostructures

Nanostructured electrode materials with high specific sur-
face area can promote foreign ion storage/release into/from
the electrode material structure due to the improvement
of the diffusion dynamics by shortening the diffusion dis-
tance of electron and ions transfer.'**'** Currently, there
are mainly four types for nanostructured electrode materials
as follows: (a) zero-dimensional (0D) nanomaterials;
(b) one-dimensional (1D) nanomaterials (such as nanotubes,
and nanorods); (c) two-dimensional (2D)
nanomaterials (such as nanosheets and nanoplates);
(d) Hierarchical nanomaterials constructed by 2D
nanomaterials.'?>"'?” Generally, owing to the unique surface
characteristics, different
nanomaterials exhibit diverse performances. 0D structure
nanoparticles with a particle size below 100 nm possess
short diffusion distance for inserted ion and large contact

nanowires,

and structural dimensional

WILEY_L 2%

19123 For example, Kang et al’!

area with the electrolyte.
successfully synthesized a-MnO, composed of spherical
nanoparticles and cylindrical nanorods by a coprecipitation
method, which delivered a specific surface area of
208 m%/g and first discharge-specific capacity of 234
mAh/g. However, high specific surface energy can easily
cause the aggregation of nanoparticles, resulting in poor
cycle Compared with 0D
nanoparticles, 1D structured materials (eg, nanotube, nano-
wire, and nanorod) not only have short ion diffusion distance
in the radial direction, but also enable rapid electronic trans-

performance. structured

mission in the ID direction."”*"*® Kim et al®*> prepared
MnO, nanorod with a large specific surface area of
153 m%/g via a simple solvent-free synthesis method, achiev-
ing first discharge specific capacity of 323 mAh/g
(Figure 9A). Another 1D-structured MnO, nanowires were

1,'° which exhibited an enhanced

synthesized by Mai et a
discharge capacity of 362.2 mA h/g (Figure 9B). However,
specific surface area and porosity of 1D structured materials
are nonadjustable, limiting their application. Compared with
0D and 1D nanomaterials, 2D nanomaterials possess the
wide interlayer spacing between nanosheets, the large
surface-to-volume ratio, and the atomic thickness, making
them show more effectively active sites and remarkable
mechanical flexibility.'*""'** Choi et al'*' synthesized lay-
ered MnO, nanosheets, which delivered a large discharge
capacity of 350 mAh/g (Figure 9C). Nevertheless, 2D
nanomaterials are inclined to stack or agglomerate, which
severely limits the contact of electrolyte with electrode mate-
rial. One effective method to solve this problem is to build a
hierarchy. Addition to maintaining the advantages of 2D
with 2D
nanomaterials as a unit can also obtain other structural char-
acteristics at different scales, such as large size, high poros-
ity, remarkable

nanomaterials, the hierarchical structure

specific surface area and excellent
permeability.'**'** Inspired by this, Liang et al'** reported
Mn;0, flowers, which delivered higher specific capacity of
296 mA h/g and excellent cycle stability without capacity

fading after 500 cycles (Figure 9D).

3.2 | Compositing with conductive substrates

Generally, manganese-based oxides show intrinsic low
electrical conductivity and large volume change induced by
Zn*" (de)intercalation during the charge and discharge cycle,
resulting in poor electrochemical performance. Compositing
with conductive substrate is considered to be a resentful way
to enhance the conductivity and stability of manganese-
based oxides, including carbon nanotubes (CNTs), graphene,
carbon fiber paper (CFP), and stainless steel welded mesh
(SSWM), etc.
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CNTs have a tubular structure, showing a much high
length-to-diameter ratio, typically several nanometers in
diameter and many micrometers in length. Due to remark-
able electroconductibility and large specific surface area,
CNTs is supported to be a perfect conductive substrate for
manganese-based materials.'*>'*® Kang et al'* synthesized
the MnO, nanorod/acid-treated a-CNT composites by
coprecipitation way (Figure 10A), which displayed both
excellent storage properties of 665 mAh/g at 0.1 A/g
(400 mAh/g at 1A/g) and reversibility at various current
rates (Figure 10B, C). In addition, the researchers found that
acid-treated CNTs with large specific surface area and a lot
of oxygen-containing functional groups (eg, carboxyl group,
hydroxyl group, etc.), cannot only be tightly bonded to

MnO, to build MnO,/a-CNT composites, but also serve as
additional sites for Zn®' ions to increase the reversible
capacity. Compared with CNTs, graphene has superior con-
ductivity and specific surface area, which can enhance the
electroconductibility of the cathode and act as a buffer sup-
port to accommodate volume changes induced by Zn** (de)
intercalation during the charge and discharge cycle.'**!'%°
Mai et al'®® proposed a-MnO, nanowire scroll-coated by
graphene (Figure 10D), which delivered high discharge
capacity of 362.2 mA h/g after 100 cycles and excellent rate
performance compared with that of bare MnO, nanowire
(MNW) (Figure 10E, F).

Different from CNTs and graphene, the 3D substrates
(such as carbon fiber paper and SSWM) not only can

FIGURE 10 A, SEM image of the MnO,/a-CNT nanocomposites. Cycling performance of the MnO,/CNT and MnO,/0-CNT electrode in

2 mol/L ZnSO, and 0.5 mol/L. MnSO,4 hybrid aqueous electrolyte at the current density of, B, 0.1 A/g, C, 1 A/g. Reproduced with permission from
Ref. 136 Copyright 2014, Elsevier Ltd. D, TEM images and SAED inset in G of MGS. E, Rate performances of MGS and MNW. F, Cycling
performances of MGS at 0.3 and 1 A/g after an activation process at 0.1 A/g. Reproduced with permission from Ref. 120, Copyright 2018, Wiley-
VCH. G, Synthesis schematic of SSWM@Mn;0,. Performance comparison of SSWM@Mn;0, and Mn;04: H, Capacity at different current
densities and I, cycle performance at 500 mA/g. Reproduced with permission from Ref. 122, Copyright 2018, American Chemical Society
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improve the conductivity of the electrode, but also offer the
support for the active material to form a stable porous struc-
ture.!38-141-144 Recently, a MnO,@CFP cathode was con-
structed by electrodeposition, which can cycle 1000 time at
a high rate of 6.5 C with a low capacity decay rate of
0.007% per cycle for 10 000 cycles.''® Moreover, Liang
et al'*? reported a SSWM@Mn;0,4 composite. Compared to
Mn;0, powder, the SSWM@Mn;0, delivered higher spe-
cific capacity of 296 mA h/g and excellent cycle stability
(Figure 10H, I).

3.3 | Introduction of defects

Some irregularity or imperfection of particle arrangement in
a crystal structure is defined as the crystal defect, which
imparts new properties to the material, including electrical,
magnetic and optical properties.'**”'> Generally, manganese
oxides have low utility rate of active sites on their surface,
greatly limiting their application in ZIBs. In this case, intro-
ducing oxygen vacancy in manganese oxides could reduce
Gibbs free energy of Zn** adsorption around the defects,
achieving high Zn®* adsorption/desorption reversibility
(Figure 11A). Recently, Lee et al'>! prepared 6-MnO, with
oxygen defects (O4-MnQO,), achieving a satisfactory dis-
charge capacity as high as 345 mAh/g and superior rate
capability in aqueous ZIBs (Figure 11C, D). Furthermore, it

FIGURE 11

was confirmed that Zn>* storage in 6-MnO, may be attrib-
uted to diffusive component (defintercalation of Zn**
into/from the interlayer), and capacitive component (reaction
mechanism: xZn** + 2xe”~ + MnO, — MnOOZn,, forming
the double electro-layer) (Figure 11B). When as the cathode
in rechargeable aqueous ZIBs, the O4-MnO, delivered high
capacities of 345 mAh/g and superior rate capability
(Figure 11C, D).

Compared with monovalent alkali ions, Zn®* suffers
huge electrostatic repulsion during the de/intercalation
into/from manganese oxides due to its higher valence
state.'>* Theoretically, generating cation vacancies in man-
ganese oxides could reduce the electrostatic repulsion for
inserted Zn**, enabling high migration of Zn** and conse-
quently fast electrode dynamics. Inspired by this, Chen
et al'> fabricated a cation-defective ZnMn,O, spinel by a
two-step method. Although the ideal ZnMn,0Oy, is not condu-
cive to the intercalation of Zn>* ions, the vacant-rich
ZnMn,0, can achieve a good reversible (de)intercalation of
Zn** due to the weak electrostatic barrier caused by Mn
vacancies. When as the cathode in aqueous ZIBs, the cation-
defective ZnMn,0, exhibited reversible discharged capaci-
ties of 150 mAh/g and excellent circulation stability.

Addition to vacancies, cationic doping is considered as a
smart strategy to enhance the energy storage performance of
manganese oxides when as electrode in supercapacitors and

A, The schematic illustration of Zn>* adsorption/desorption. B, Schematic illustration of oxygen-deficient 6-MnO, for Zn ion

storage. Electrochemical performance of Zn/Od-MnO, and Zn/C-MnO; cells: C, discharge/charge profiles at current densities of 0.2 A/g; D, rate

performances. Reproduced with permission from Ref. 148, Copyright 2019, Wiley-VCH
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LIBs. Hu et al'>* reported a V-doped MnO, with enhanced
conductivity for supercapacitor applications,
remarkable cycle stability and enhanced electrochemical per-

formances. Furthermore, Julien et al'>

achieving

confirmed doping Sn
in MnO, can enhance the capacity retention and the rec-
hargeability of MnO, as electrode for LIBs. Subsequently,

Liu et al'®®

confirmed that doping iron in MnO,, causing
anisotropic changes in lattice parameters, could increase the
discharged capacity for LIBs at high rates. Inspired by these,
Kim et al'>’ prepared a V-doped MnO, at ambient tempera-
ture as the cathode for ZIBs. Due to increased specific sur-
face area and enhanced electronic conductivity induced by V
doping, the cathode delivered high discharged capacities and
superior cycling performance compared to the pure MnO,

electrode.

3.4 | Adjustment of interlayer spacing

Although the radius of zinc ions is very similar to that of
lithium ions, the radius of hydrated zinc ions is larger than
that of lithium, sodium, and potassium. Therefore, many tra-
ditional layered materials cannot satisfy the storage of zinc
ions. As a result, the regulation of layer spacing has become
a very attractive strategy for optimizing the performance of
layered electrode materials.

Just like the cases in Mg-ion battery and Na-ion battery,
the structural water cannot only enlarge the interlayer spac-
ing, but also effectively shield the electrostatic interactions
between the foreign cation and the host framework. As a
benefit, the diffusion of the foreign cation in the host is
promoted, helping to stabilize the host structure during
cycling. Recently, Choi et al'?' reported layered MnO,
with structure water (cw-MnQ,) as the cathode of aqueous
ZIBs (Figure 12B, C). To determine the effect of the crystal
water, the researchers tested the battery performances of
cw-MnO, containing different amount of water
(Figure 12A). And they found that cw-MnO, with 0.94
water molecules had the best performance of the capacity
of 350 mAh/g (Figure 12D-F), reaching a conclusion that
the advisable interlamellar spacing and high water content
can help to realize acceptable cyclic performance through
suppressing Mn dissolution and maintaining the electrode
structure stable during cycling. However, it is uncertain
that how much structural water is most suitable. Although
content of structural water can promote the fast diffusion of
Zn2+, it will also lead to structural instability, affecting its
electrochemical performance. Therefore, it is important and
meaningful to explore and build the dependence of the
electrochemical performance and layer spacing of
manganese-based materials on the amount of structural
water.

FIGURE 12 A, TGA profiles of pristine cw-MnO,, cw-MnO,-100, and cw-MnO,-300. B, XRD pattern and (inset) crystal structure of cw-
MnO,. C, ABF-STEM images of cw-MnO; at high magnifications Discharge/charge voltage profiles at various current densities for D, pristine cw-
MnO,, E, cw-MnO,-100, and F, cw-MnO,-300. Reproduced with permission from Ref. 121, Copyright 2019, American Chemical Society
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Apart from structural water, other inserted metal ions
(Na*, K*, and Mg”", etc.) and polymer molecule (poly-
aniline) have also been proved to be an efficient way to
adjust interlayer spacing and maintain structural stabil-
ity 30:60-158-160 Recently, Wang et al found that the interlayer
spacing of manganese dioxide pre-embedded with sodium
ions was expanded to approximately 0.727 nm, showing a
capacity of 266 mAh/g. Wherein, the Na* serve as pillars to
stabilize the structure, enhancing Zn”* storage ability and
achieving long-cycle stability. In addition, a polyaniline-
intercalated layered MnO, was also reported to show high
capacity and excellent cycle stability because polymer-
strengthened layered structure (approximately 1.0 nm) could
eliminate phase changes and facilitate charge storage.' '

3.5 | Optimization of electrolytes

Electrolyte is recognized as a key component affecting the
electrochemical performance of MZIBs. Currently, the
ZnSO, aqueous solution is used as the electrolyte of most
ZIBs because of its excellent electrochemical properties.'®!
However, it requires a long activation process for the battery
to achieve maximum specific capacity, and its cycle stability
is not ideal.% Subsequently, the Zn(CF;SOj), solution
attracts great attention due to its excellent electrochemical
performance, such as high ionic conductivity, rapid kinetics
and remarkable stability of Zn plating/stripping. In addition,
the researchers also bring to light a fact that the bulky
CF5S0;~ anion could facilitate Zn>* ions transportation in
the electrode by decreasing the number of water molecules
surrounding Zn>* cations and reducing the solvation effect.
However, there are still two important challenges for the
above two electrolytes to achieve the commercial application
of MZIBs, as follows: (a) Due to the weakly acidic of
ZnSO,4 or Zn(CF3503), aqueous electrolyte, most manga-
nese oxides or other manganese-based materials will slowly
dissolve into electrolytes. It is not negligible for the impact
on battery performance, especially when mass-produced
after commercialization. (b) Theoretically, the aqueous ZIBs
generally exhibit low potential due to the narrow electro-
chemical window of the aqueous solution,”*%7°

In this case, adding additives is proved to effectively
inhibit the dissolution of manganese-based materials. For
example, in Zn-MnO, cell, when MnSO, is added into
ZnSO, electrolyte, the dissolution of a-MnQO, is relieved
because it can change the dissolution equilibrium of Mn>*
from a-MnO, electrodes.'®? Recently, Zn(CF3SO3), electro-
lyte containing additive Mn(CF3SOs3), additive has been
reported to exhibit better performance than ZnSO, electro-
lyte with MnSOy in suppressing manganese dissolution.®?

Furthermore, for matching manganese-based electrodes
with high potential in the future, the electrolytes with high
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O, reduction potential are considered to be a very effective
way to obtain high potential ZIBs. Compared to the conven-
tional electrolytes discussed above, water in salt electrolyte
may be a very suitable choice to broaden the voltage win-
dow of aqueous ZIBs because of the low water activity.'®
Unfortunately, the high concentrated electrolyte often show
unsatisfied capacity and rate capability induced by poor ion
diffusion kinetics. Recently, gel electrolytes have been
greatly developed in flexible ZIBs due to outstanding
mechanical properties. Moreover, it has been confirmed that
gel electrolyte can also effectively increase the potential of
the battery.”’

4 | FLEXIBLE ZIBS BASED ON
MANGANESE-BASED CATHODE
MATERIAL

With growing requirement of cheapness and high security
energy storage and flexible
electronics,'®>'"* aqueous MZIBs have been regarded as a
favorable choice because of high safety and environmental
friendliness. To achieve stable electrochemical performance
under various deformations, all parts of the battery should
meet the required flexibility. However, the conventional
coin-type MZIB cannot accord with this requirement due to
its rigid design. In this context, a flexible MZIB with liquid
electrolyte was assembled by Zhou et al.'”! In this battery,
the flexibility is achieved by depositing both Zn and cathode
material on carbon clothes. However, the conventional liquid
electrolytes are not suitable for flexible systems because of
their volatilization and leaking problems. Inspired by this,
flexible solid-state rechargeable MZIBs have been devel-
oped to replace the conventional flexible MZIBs. And flexi-
ble solid-state MZIBs will be a trend in the development of
MZIBs applications.

For the practical application of flexible MZIBs, it is a
key to find a polymer electrolyte that is stable, highly ionic
conductive and easy to process. In addition, this electrolyte
can process the battery into any shape and avoid electrolyte
leakage. Considering these factors, Tong et al'’* first assem-
bled flexible quasi-solid-state rechargeable ZIBs including
zinc  anode, MnO,@poly(3,4-ethylenedioxythiophene)
(PEDQOT) cathode, and optimized polyvinyl alcohol (PVA)
gel electrolyte, which exhibited a high discharge capacity of
366.6 mA h/g. However, the PVA-type electrolytes sustain
poor flexibility, low ion-conductivity, and unsatisfactory
mechanical properties. Contrastively, the hydrogel with
hydrophilous polymer network structure, which can swell
with a lot of water molecules, could dissolve various kinds
of ions, thus making it an excellent ionic conductor. In this
case, Zhi et al'”® demonstrated an ultra-safe solid-state
rechargeable and flexible MZIB using a hierarchical gelatin

device for wearable
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FIGURE 13 A, Schematic illustration of the structure of the solid-state ZIB. B, Galvanostatic charge/discharge profiles at initial four cycles

(61.6 mA/g). Electrochemical performance of the solid-state rechargeable ZIB in C, Combustion test. Reproduced with permission from Ref. 164,
Copyright 2018, American Chemical Society. D, Schematic illustration of the structure of the AF-battery. E, GCD curves of the AF-battery at a
current density of 0.2 A/g. F, Extended cycling performance at 2.4 A/g of the AF-battery at different temperatures. Reproduced with permission

from Ref. 166, Copyright 2019, American Chemical Society. G, Schematic diagram of fabrication and encapsulation of the yarn ZIB. H, Discharge

curves of the yarn ZIB after different bending cycles. I, Dependence of capacity retention on cycle numbers with a strain of 300%. For H and I, tests

were performed at a current density of 0.3 A/g. Reproduced with permission from Ref. 168, Copyright 2018, ACS Publications

and PAM-based electrolyte (Figure 13A). Thanks to inge-
nious designs of all parts of the battery, the flexible solid
state MZIB delivered high discharge specific capacity of
306 mAh/g (Figure 13B). In addition, compared to previ-
ous reports, this solid MZIB can offer higher wearability
and higher security, and operate well in different harsh con-
ditions. For example, the solid MZIB still exhibited excel-
lent electrochemical performance at high temperatures
(Figure 13C). Later, Li et al'’* assembled a rechargeable
Zn-ion battery with the gum bio-electrolyte, which can
deliver competitive performance including high capacities,
superior rate capability, excellent cycle stability, and

flexibility. Here, the stable, highly conductive gum bio-
electrolyte was synthesized by dissolving xanthan gum in
aqueous ZnSO4/MnSO, solution, which greatly simplified
the preparation process of gel-like electrolyte. Moreover,
the researchers found that dendritic growth can be inhibited
in the gum electrolyte. Nevertheless, the conventional
hydrogel electrolyte will suffer poor electrochemical per-
formance and flexibility due to freezing at lower tempera-
tures. In this end, Zhi et al'” introduced an anti-freezing
aqueous Zn-MnO, battery (AF-battery) using a special
electrolyte (Figure 13D). The AF-battery still delivered
high discharge capacity of 226 mA h/g and excellent cycle
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stability under the extremely cold temperature of —20°C
(Figure 13E, F).

Compared with 2D structure battery, 1D fiber or yarn
type battery with unique advantages of miniaturization,
adaptability, and weavability is considered to be more suit-
able for smart or wearable textile applications. Recently, Zhi
et al'’® reported a wire-shaped flexible ZIBs with shape
memory function, achieving acceptable capacity of 143.2
mAh/g. The battery has a shape-memory function that can
maintain its shape and electrochemical properties against the
effects of mechanical deformation. In practical applications
of wearable devices, batteries must have excellent ductility.
For nonelastic batteries, when they are stretched, the internal
connection of the conductive material is broken, resulting in
a decrease in electrical conductivity. In contrast, the elastic
battery is the perfect solution to this problem due to its
excellent ductility. Recently, ID flexible Zn/MnO, battery
composed of coiled-coil yarn cathode and PAM type poly-
mer electrolyte was assembled by Zhi et al,'”” achieving a
high specific capacity of 302.1 mA/g (Figure 13G, H). Sur-
prisingly, the solid-state yarn ZIBs exhibited excellent duc-
tility, and they still showed a high capacity retention rate
under high strain (Figure 13I), making them ideal and hope-
ful energy storage technologies in flexible wearable devices.

S | SUMMARY AND OUTLOOK

Currently, aqueous MZIBs are being developed as an ideal
candidate for large-scale energy storage because of their
cheapness, high security, eco-friendliness, low toxicity, fac-
ile fabrication, and excellent electrochemical performance.
However, there are still many challenges to achieving com-
mercial application of MZIBs. Here, the in-depth study of
valuable study directions could play guidance for aqueous
MZIBs, as follows:(a) Accurate understanding of zinc stor-
age mechanism. Although there are many studies on the
mechanism of zinc storage in manganese-based materials,
the specific mechanism of zinc storage remains controver-
sial. (b) Further exploration of the dissolution and deposition
of manganese during charge and discharge. It is well-known
that the dissolution and deposition of manganese is a com-
mon problem in manganese-based cathode materials, which
is one of the important factors leading to the capacity decay
of the manganese-based electrodes. Subsequently, it has
been proposed to add manganese sulfate or manganese
trifluoromethanesulfonate as an additive to achieve a balance
of dissolution and deposition of manganese by inhibiting the
dissolution of manganese. However, recent reports on the
preparation of manganese-based cathode materials by elec-
trodeposition have led to another question: whether the addi-
tion of additives will cause the deposition of manganese to
be greater than the dissolution, resulting in changes in the

quality of the cathode material? Therefore, further research
on the dissolution and deposition of manganese during
charging and discharging is very urgent and meaningful.
(c) Performance optimization for manganese-based cathode
materials. Although many optimization methods for
manganese-based cathode materials have been proposed,
more stable and advanced optimization strategies are still
needed. (d) Design of flexible ZIBs with manganese-based
oxides as cathode material. With the rapid development of
wearable and flexible electronic devices, the flexible energy
storage technologies will usher in a very great opportunity.
Although flexible zinc-manganese batteries are considered
to be promising flexible batteries for flexible electronic
devices due to low cost, abundant reserves, environmental
protection, and low toxicity, there are still many key prob-
lems to hinder the commercialization of flexible MZIBs,
such as lack of suitable electrolyte with wide operating tem-
perature range and high-voltage.
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