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(b) Reaction mechanism
(De) intercalation reaction

i 2 A <
z;f ‘?’g { MnO#M+xe —> MMnO,
SIS BBE Kalload ML N’ Zo”, Mg, AP NHY)
a-MnO, B-MnO, v-MnO, Conversion reaction
o Sk Basic electrolyte:
oo g e e MnO,+H,0+e- —> MnOOH+OH"~
i e oo MnOOH+H,0+e —>Mn(OH),+OH"
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Fig. 1 Outline of manganese oxides in aqueous batteries
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Table 1 Crystal structures and characteristics of manganese oxides

Crystal structure Type Structure size Characteristic
Tunneled structure o-MnO, (2x2) tunnel Large tunnel size to accommodate guest ions
B-MnO, (1x1) tunnel High thermodynamic stability, narrow tunneled structure,
inferior ion diffusion
y-MnO, (1x1) and (1x2) tunnels Cathode material of alkaline Zn-MnO, batteries, easy
transition from tunnel to spinel structure during
electrochemical reaction
&-MnO, Similar structure with y-MnO,, A metastable phase with many twin defects, prepared by

Todorokite-MnO,

irregular tunneled shape
(3%3) tunnel

electro-deposition method
Large tunnel size, superior ion storage performance, poor

structure stability

Layered structure 6-MnO, Interlayer space with 0.70 nm Large interlayer space, facilitated ion storage and
diffusion, poor structure stability
Spinel structure A-MnO, Three-dimensional tunneled Abundant ion transport pathways, Mn®" Jahn-Teller
structure distortion, poor structure stability
1.1 FRIELEH ST HFER K ZE R . 0-MnO, B (2x2) % B 4514,
o-MnO; « B-MnO; . y-MnO, . R-MnO, M FF#ETHK, £1°8(0.46 nmx0.46 nm), BAH 2
Todorokite-MnO, ¥ R BIBFE M LA, HILEH  WZREEPIIKE T 5 o-MnO, ML, B-MnO,
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(a) Conversion reaction: Schematic diagram of reaction mechanism in alkaline battery!'®!
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(b) (De) intercalation reaction:
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(c) Conversion, (de) intercalation reaction: Schematic diagram!?'!
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(d) Dissolution—deposition reaction: Schematic diagram of galvanostatic discharge process!?”!
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Fig. 2 Reaction processes of manganese oxides in basic and acidic electrolytes
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(c) TEM image (inset shows the
optical image) of binder-free LiMn,O,/CNT*!

AB is acetylere black; CNT is carbon nanotubes.
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Fig. 3 Morphology characterization and electrochemical performance of manganese oxides in aqueous lithium-ion batteries
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Fig. 4 Structure and electrochemical performance of manganese oxides in aqueous sodium-ion batteries
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Table 2 Electrochemical performance of manganese oxides in aqueous alkali metal-ion batteries
Cycling performance Rate performance
Cathode Electrolyte Capacity/  Current density/ | Capacity/ Current Reference
cle
(mA'h'g’l) (Ag™h Y (mAhg™) density/(A'g’l)
LiMn,04 nanotubes 0.5 mol/L Li,SO,4 120.0 0.50 1200 99.0 10.00 [22]
LiNig Mn; 9O4 0.5 mol/L Li,SOy4 64.7 1.50 800 60.0 5.00 [40]
LiMn,O4/CNT 2 mol/L Li;SO4+1 mol/L ZnSOy4 92.0 0.48 300 92.0 2.40 [45]
LiMn,O4 21 mol/L LiTFSI 48.0 0.54 1000 [46]
. 3.6 mol/L LiTFSI/sulfolane-H,O 76.0 0.50 1000 [49]
Lan204 .
(8:8 with molar ratio)
LiMn,O4 9.5 mol/L LiTFSI-TMP-H,O 53.0 0.50 1000 [50]
Ko27MnO, 1 mol/L Na,SO4 68.5 0.20 100 35.6 0.60 [23]
Nao_ngo_lan0_5201_42 1 mol/L NHQSO4 41.3 1.00 1000 10.6 20.00 [52]
(Ni)MnO birnessite 0.1 mol/L Na,SOy4 60.0 0.20 2000 13.0 2.00 [53]
Biphase cobalt-manganese oxide 1 mol/L Na,SO4 81.0 2.00 5000 57.0 10.00 [54]
Nay 44MnO; plates 1 mol/L Na,SO4 35.0 0.50 1000 55.0 0.50 [56]
Nao_(,é[Mn{)_é(,Tio_M]Oz 1 mol/L Nast4 65.0 0.24 300 54.0 1.18 [57]
Naj ,;MnO, 0.1 mol/L Na,SO4 83.0 0.20 5000 24.0 10.00 [59]
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Fig. 5 Preparation and electrochemical performance of manganese oxides in aqueous zinc-ion batteries
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Fig. 6 Structural characterization, and electrochemical performance of manganese oxides in aqueous magnesium-ion batteries
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Structural characterization and electrochemical performance of manganese oxides in aqueous aluminum-ion batteries
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Table 3 Electrochemical performance of manganese oxides in aqueous multivalent metal-ion batteries
Cycling performance Rate performance
Cathode Electrolyte Capacity/ Current Capacity/ Current Reference
(mA'h'g”) density/(Ag™) Cycle (mA'h'g") density/(A-g™)
Nag 46Mn04-1.4H,0 2 mol/L ZnSO4+0.2 mol/L MnSO4 106.5 6.16 10000  106.0 6.16 [69]
Ko.16Mg0.06Mn,04-1.4H,0 Aqueous ZnSO, solution 200.0 0.50 1000 105.0 3.00 [75]
PANI-intercalated MnO, 2 mol/L ZnSO4+0.1 mol/L MnSOy4 280.0 0.20 200  110.0 3.00 [70]
V-doped MnO, 1 mol/L ZnSO4 131.0 0.66 100 67.0 1.06 [76]
y-MnO, nanorods/graphene 2 mol/L ZnSO4+0.4 mol/L MnSO, 10.00 300 95.8 10.00 [81]
K-V,C@MnO, 2 mol/L ZnSO4+0.25 mol/L MnSO4 119.2 10.00 10000 87.7 15.00 [84]
PPy-encapsulated Mn, 05 2 mol/L ZnSO4+0.1 mol/L MnSO4 178.0 0.40 2000 75.6 2.00 [83]
composite
Free-standing 0-MnO,@CNT [85]
foams 2 mol/L ZnSO4+0.2 mol/L MnSO4 150.0 10.00 1000 50.0 30.00
ZnMn0s quantum dots@earbon "y 5 50, 143.9 1.00 1500 157.7 1.00 [se)
composite
C@PODA/MnO; 2 mol/L ZnSO,+0.1 mol/L MnSO, 137.0 2.00 2000  90.0 10.00 [88]
3D-printed MnO, 1 mol/L ZnSO,4+0.1 mol/L MnSO,4 120.4 5.00 mA/cm*  [89]
MnO,/MnHCF 2 mol/L ZnSO,+0.1 mol/L MnSO, 180.0 1.00 350 131.0 1.00 [90]
Oxygen deficient Mn;O,4 2 mol/L ZnSO,+0.2 mol/L MnSO, 151.3 3.00 1000 1284 3.00 [91]
P-MnO,..@VMG 2 mol/L ZnSO4+0.2 mol/L H,SO,4 185.8 2.00 1000  150.1 10.00 [92]
Oxygen anions deficient 1 mol/L ZnSO4 62.5 1.66 [93]
ZMn,O4@PEDOT
N-doped &-MnO, 2 mol/L ZnSO4+0.5 mol/L MnSO4 102.9 5.00 1000 50.6 7.00 [94]
Oxygen defect-p-MnO, 3 mol/L ZnSO4+0.1 M MnSO4 200.0 0.50 300 1120 1.00 [67]
Oxygen defects-MnO, 1 mol/L ZnS04+0.2 mol/L MnSO, 330.0 0.20 100 600 30.00 [95]
Mn-defects-MnO, 2 mol/L ZnSO4+0.1 mol/L MnSO4 116.0 1.00 1500 105.0 2.00 [96]
ZnMn,0,/carbon composite 3 mol/L Zn(CF;S0;), 80.0 0.50 500 72.0 2.00 [97]
3-MnO, with intercalated K" and 2 mol/L ZnSO4+0.1 mol/L MnSO,+ 85.7 1.00 [98]
oxygen vacancies 0.1 mol/L K,SO4 800 100 1300
Birnessite MnO, 0.5 mol/L Mg(Cl1O4), 50.0 2.00 10000 50.0 2.00 [24]
A-MnO, 1 mol/L MgCl, 120.0 0.14 500  60.0 6.80 [100]
Tetramethyl ammonium 1 mol/L MgSO4 63.0 0.46 500 50.3 2.30 [101]
ions-intercalated birnessite MnO,
MgFe, 33Mng 6704 0.5 mol/L MgCl, 88.3 1.00 1000  60.0 2.00 [103]
Ni-doped magnesium manganese 55.0 0.50 [104]
oxide 0.5 mol/L Mg(NOs), 100.0 0.10 300
MgMn,0/MWCNTSs 0.5 mol/L MgSO, 101.0 1.00 2000 1458 1.00 [106]
Mg-OMS-7 0.5 mol/L Mg(NO3), 97.1 0.10 200 300 1.00 [110]
Mg-OMS-2/Graphene 0.5 mol/L Mg(NOs), 115.0 0.10 300 50.0 1.00 [109]
Mg-OMS-1 0.5 mol/L MgCl, 88.7 0.10 300 260 1.00 [107]
Mg, ;MngO5-4.5H,0 0.5 mol/L Mg(NO3), 93.5 0.10 200 300 1.00 [108]
Al,MnO,-nH,0 5 mol/L AI(CF3S0s); 272.0 0.03 60 [31]
Birnessite MnO, 2 mol/L AI(CF3S03);+0.5 mol/L MnSQ, 320.0 0.10 65 125.0 0.30 [112]
AlL,MnO, 2 mol/L Al(CF3S03); 460.0 0.10 80  100.0 3.00 [113]
Mny 7C00,0, 2 mol/L Al(CF3S03); 585.0 0.10 300 1850 0.50 [114]

PANI is polyanillire; PPy is polypyrrole; PODA is ploy 4'4’-oxybisbenzenamire daimio biphenyl ether; MWCTNSs is multi-walled carbon nanotubes; OMS is

octahedral molecular sieres; P-MnO,_@VMG: Phosphate ions intercalated manganese dioxide/vertical multilayer graphene (VMG) arrays.
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Extended Abstract

Aqueous rechargeable batteries have great prospects in the field of large-scale energy storage due to their high safety, low cost,
and environmental friendliness. As a key component of batteries, electrode materials play important roles on their electrochemical
performance. Vanadium oxides, manganese oxides, Prussian blue analogues, and organic materials are often used as active materials
in aqueous batteries. Among these materials, vanadium oxides possess a variety of compounds, high theoretical specific capacity, and
superior cycling performance. However, their redox potential is relatively low, restricting the operating voltage of aqueous batteries.
Moreover, these materials are toxic, which are not conducive in the large-scale applications. Compared with vanadium oxides,
Prussian blue analogues have a higher redox potential and a stable structure, but they have some disadvantage of low theoretical
specific capacity, resulting in the low energy density of batteries. In contrast, organic materials possess abundant sources, facile
structure regulation, and superior sustainability. However, their poor conductivity and low compaction density make it difficult to
prepare high-loading electrodes. Compared with the materials above, manganese oxides have the advantages of diverse crystal
structures, high theoretical specific capacity, high redox potential, non-toxicity, and low cost, which are beneficial for constructing
high-performance aqueous batteries. Therefore, manganese oxides are considered as a promising electrode material in aqueous
batteries. Recent efforts are made in the design of manganese oxides-based aqueous batteries, but the corresponding comprehensive
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review on this topic is still sparse.

This review firstly analyzed the crystal structure types and characteristics of manganese oxides. According to the connection
mode between MnOg units, the crystal structure of manganese oxides can be divided into one-dimensional tunneled structure (i.e.,
a-MnO,, B-MnO,, y-MnO,, R-MnO,, Todorokite-MnO,), two-dimensional layered structure (i.e., -MnQ,), and three-dimensional
spinel structure (i.e., A-MnO,, Mn;04, LiMn,0,4, ZnMn,0,). The characteristics of corresponding crystal structure were summarized.
Manganese oxides exhibited unique physical and chemical properties, endowing their wide application as electrode materials in
aqueous batteries.

The reaction mechanisms of manganese oxides are rather complex in aqueous batteries, especially for aqueous zinc-ion batteries,
which were summarized according to the acidity of electrolytes. In alkaline Zn—-MnO, batteries, MnO, is firstly converted into
MnOOH, and then Mn(OH), is formed. As the acidity of the electrolyte decreases, manganese oxides exhibit different
electrochemical reactions, mainly including ion insertion—extraction, conversion, and dissolution—deposition (Mn2+/Mn02). The
different electrochemical reaction mechanisms of manganese oxides provide plentiful energy storage chemistry for the design of
aqueous battery systems. However, there are also irreversible side reactions and structural distortions in manganese oxides during the
cycling process, which hinder their further development.

The application of manganese oxides in aqueous batteries is briefly elaborated, including alkaline-metal-ions (such as Li*, Na"),
multivalent-metal-ions (such as Zn*', Mg*, AI’"), and non-metallic-ions (such as H', NH,") batteries. To address the poor
conductivity, unstable structure, as well as manganese dissolution of manganese oxides, nanostructure design, hetero-element doping,
defect engineering, and composite construction with other conductive materials are adopted to regulate the electronic structure and
alleviate the Jahn—Teller distortion. As a result, the rate capability and cycling stability of manganese oxides-based aqueous batteries
are significantly improved.

Summary and Prospects Although significant progress has been achieved in the design of manganese oxides for the electrodes of
aqueous batteries, great challenges still remain in the scientific researches and practical application. The reaction mechanisms of
manganese oxides are relatively complex, compared with those of other electrode materials. The reaction processes are also different
for the same crystal structure. It is thus necessary to conduct the systematic and comprehensive investigation. The detailed structure
evolution of manganese oxides could be revealed during electrochemical reaction process through some advanced in-situ
characterization techniques (i.e., electrochemical quartz crystal microbalance, cryo-electron microscopy, X-ray photon-electron
spectroscopy). The poor structure stability and manganese dissolution of manganese oxides result in the capacity attenuation upon
cycling. The precise structure optimization strategies are urgently needed to suppress the Jahn—Teller distortion and enhance structural
stability, such as interface interaction regulation through introducing carbon materials and other functional materials into the
composites, valence state adjustment of manganese elements through anionic doping. Furthermore, the development of novel
electrolyte systems also plays a crucial role in the improvement of electrochemical performances for manganese oxides-based
aqueous batteries. High-concentrated electrolytes, molecular-crowding electrolytes, hydrated-eutectic electrolytes, and
organic/inorganic hybrid electrolytes could reduce free water content and water molecule activity, regulate the solvation structure,
which would be beneficial for suppressing manganese dissolution and promoting reaction kinetics. In addition, the diverse reactions
of manganese oxides could be also utilized by adjusting the pH value of the electrolytes, thus developing the electrochemical energy
storage devices with a high voltage, high capacity, and high rate capability. The electrochemical performance of manganese oxide
electrodes with a high mass loading could be improved by the synergistic effect of material structure design and electrolyte
optimization. Finally, some controllable methods of manganese oxides in a largescale could be further developed for the industrial
application of aqueous batteries.

Keywords aqueous batteries; manganese oxides; crystal structure; reaction mechanism
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