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and scalable energy storage technolo-
gies.[5–10] Rechargeable batteries[11–19] are 
regarded as the most efficient energy 
storage technologies that have been widely 
applied to portable electronics, electric 
vehicles and grid-scale energy storage. 
Although lithium ion batteries are domi-
nating the current market of electric vehi-
cles and portable electronic devices,[20–24] 
their application in grid-scale energy 
storage is just beginning due to relatively 
high cost, limited service life, and safety 
concerns.[25–30] Other existing recharge-
able batteries such as sodium-sulfur 
(Na-S), lead-acid, and redox-flow batteries 
have been gradually applied to the grid 
storage, but they have encountered dif-
ferent obstacles that need to be overcome, 
as summarized in Figure 1. For example, 
the Na-S batteries have potentially severe 
safety issue due to their operation at high 
temperature (≈350  °C). The lead-acid bat-
teries exhibited poor cycling stability (typi-
cally less than 1000 cycles). The redox-flow 

batteries demonstrated relatively low energy density and high 
cost in system level. By contrast, aqueous rechargeable batteries 
offer an alternative energy storage technology for grid storage 
due to their ease of fabrication, fast operation rates, and good 
safety.[31–37] Among them, aqueous manganese (Mn)-based 
batteries have been attracting much research and industry 
interests owing to their additional advantages of low cost,[38,39] 

Rechargeable aqueous manganese-based batteries have been attracting 
significant attention owing to their advantages of low cost, high safety, 
and ease of manufacturing, which are promising attributes for grid-scale 
energy storage applications. However, most traditional manganese-based 
batteries with solid-state conversion and intercalation reactions suffer from 
low capacity and poor long-term cycling stability. The recent novel storage 
mechanism based on cathode Mn2+/MnO2 deposition/stripping chemistry has 
fundamentally tackled these issues, enabling a new generation of manganese-
based batteries with superior electrochemical performance. Here, the recent 
advances in aqueous manganese-based batteries with the Mn2+/MnO2 
deposition/stripping chemistry are reviewed. A summary of the development 
of manganese-based batteries with different storage mechanisms is provided 
and new opportunities for the emerging Mn2+/MnO2 chemistry in the latest 
generation are highlighted. Then, the current understanding of the Mn2+/
MnO2 charge storage mechanism and its potential in manganese-based 
batteries for large-scale energy storage applications is presented. Moreover, 
insights into opportunities and future directions for manganese-based 
batteries with the Mn2+/MnO2 chemistry are proposed.
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1. Introduction

In order to alleviate the drastic impact of fossil fuels on climate 
change, environmental pollution, and quality of life, there has 
never been a greater and more urgent demand of sustainable 
energy.[1–4] The intermittency of the renewable energy resources 
such as solar and wind calls for the development of low-cost 
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environmental friendliness,[40] high theoretical capacity, and 
energy density (Figure  1).[41,42] Moreover, they offer rich redox 
chemistry thanks to the existence of various valence states such 
as Mn0, Mn2+, Mn3+, Mn4+, Mn6+, and Mn7+.[33,43–50] Due to the 
relatively high electrochemical potentials between Mn2+, Mn3+, 
and Mn4+, which are the most commonly available valences 
of the Mn element,[51–53] the Mn-based electrodes in different 
forms of oxides and hydroxides (e.g. Mn(OH)2, MnOOH, 
Mn2O3, and MnO2) are typically utilized as cathodes in the 
rechargeable aqueous batteries.[54–56]

Historically, the MnO2 cathodes have been studied exten-
sively for the Mn-based aqueous batteries.[57–60] Dating back 
to the early 1860s, Georges Leclanché[61] invented the first pri-
mary MnO2-Zn cell on the basis of MnO2-carbon black cathode, 
Zn foil anode, and a mixture of ZnCl2 and NH4Cl electrolyte. 
Thereafter, the studies of MnO2 and its composite materials in 
different rechargeable batteries have been increased exponen-
tially.[62–71] Much effort has been devoted to the improvement of 
electrochemical performance of the aqueous Mn-based batteries. 
Despite significant progress achieved over the past decades, 
the Mn-based batteries still encountered fundamental issues 
that severely hindered their practical applications, such as low 
capacity, slow charge/discharge rate, and poor electrochemical 

stability.[72–75] The past attempts on the exploration of Mn-based 
batteries were based on storage mechanisms of solid-state con-
version and cation (i.e. Zn2+, Na+, H+) intercalation into the 
Mn-based cathodes, in which complex solid-phase behaviors 
cause limited capacity and poor reaction reversibility (Figure 2).

Recently, Cui and coworkers[76] proposed and demonstrated 
a completely different charge storage mechanism based on 
the liquid/solid Mn2+/MnO2 deposition/stripping chemistry, 
in which the discharged state is soluble Mn2+ aqueous solu-
tion and the charged state is solid-state MnO2 (Figure 2). Using 
a new full cell chemistry of manganese dioxide-hydrogen 
gas (MnO2-H2) battery as an example, it achieved high 
cathode specific capacity and ultrastable cycling performance 
(10 000 cycles). This study evoked significant research interest 
in the exploration of the cathode Mn2+/MnO2 deposition/
stripping chemistry to combine with a variety of anode chem-
istries, creating different Mn-based batteries such as MnO2-
Zn,[77–79] MnO2-Cu,[80,81] MnO2-Carbon,[82] and MnO2-Pb,[83] 
to name a few, with superb electrochemical performance. 
Although the development of the Mn2+/MnO2 deposition/
stripping chemistry is at its early stage, it presents great oppor-
tunities for the design of high-performance Mn-based batteries 
for practical large-scale energy storage applications.

Figure 1.  A comparison of aqueous Mn-based batteries with other battery technologies of Li-ion, Na-S, lead-acid, and redox-flow batteries in terms of 
cost, safety, stability, and energy density for grid-scale energy storage. All data are comparative but not absolute values based on literature.
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This review aims to discuss the recent advances in the 
current state-of-the-art rechargeable aqueous Mn-based bat-
teries with the new Mn2+/MnO2 chemistry. The development 
of the Mn-based batteries with different storage mechanisms 
is illustrated, with a focus on the latest generation Mn-based 
batteries in the Mn2+/MnO2 chemistry. In addition, we pre-
sent the current understanding of the emerging Mn2+/MnO2 
storage mechanism by a combination of advanced characteri-
zation techniques with simulation and theoretical calculation. 
The potential large-scale energy storage applications of the Mn-
based batteries are also discussed. Furthermore, opportunities 
and future directions on the development of aqueous Mn-based 
batteries with the Mn2+/MnO2 chemistry are proposed.

2. The Development of Mn-Based Batteries with 
Different Mechanisms
As depicted in Figure 2, the Mn-based batteries have gone through 
two major generations that are characterized by their distinct 

charge storage mechanisms.[84–87] The first generation Mn-based 
batteries are based on the solid-state conversion and intercalation 
reactions of MnO2 cathode, where alkaline and mild aqueous elec-
trolytes are typically utilized.[88,89] The new generation Mn-based 
batteries are based on the cathode Mn2+/MnO2 deposition/
stripping chemistry, where acidic aqueous solutions are generally 
required to realize the efficient deposition/stripping reactions.[76]

Since the discovery of the primary MnO2-Zn battery,[61,90] 
the very first generation Mn-based batteries (Generation 1A) 
were typically operated in alkaline electrolytes.[91] However, they 
typically showed limited capacities and poor cycling perfor-
mance.[92,93] The general failure mechanism of MnO2 cathode in 
the alkaline electrolyte is ascribed to the partial irreversible con-
version reactions between MnO2 and the reduced Mn2O3 and 
Mn(OH)2, or the gradual dissolution of MnO2 into the strong 
alkaline electrolytes (Figure  2).[94–98] In order to improve the 
MnO2 cathode instability issue, researchers have developed var-
ious strategies such as utilizing mixed KOH and LiOH instead 
of pure KOH as the electrolyte,[99–101] or different metals doping 
of MnO2.[102–105] It was found that the battery capacity retention 

Figure 2.  Charge storage mechanisms in aqueous Mn-based batteries. The development of Mn-based batteries can be classified by the storage mecha-
nisms, which include, solid-state conversion and intercalation reactions and solid/liquid deposition/stripping reactions, the latter being the storage 
mechanism of the new generation Mn-based batteries.
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rate and the number of cycles can be largely increased. In the 
case of mixed KOH and LiOH electrolyte, the enhancement of 
cycle performance is attributed to the formation of reversible 
LixMnO2 (0  <  x  < 1) by lithium ion insertion into the MnO2. 
Hertzberg and coworkers[92] used the alkaline electrolyte mixture 
of KOH and LiOH with a molar ratio of 1:3 to study the perfor-
mance of MnO2-Zn battery. Results showed that the battery can 
run over 60 cycles with capacity of ≈150 mAh g-1, better than the 
cell in pure KOH electrolyte. In addition, some researchers have 
confirmed that the alkaline MnO2-Zn battery is rechargeable for 
extended cycles by using a shallow cycle protocol which is typi-
cally less than 0.2–0.5 electron transfer per MnO2.[106,107] How-
ever, the delivered capacity was very limited at the shallow depth 
of discharge such as 10%.[108] Attempt to achieve high capacity 
MnO2 cathodes in alkaline electrolytes have been demonstrated 
to be effective by different metal doping into the MnO2 struc-
tures. Wroblowa, Conway and coworkers[109,110] found that the 
alkaline MnO2-Zn batteries with a small amount of bismuth 
doped MnO2 cathode showed a relatively stable lifetime of 
up to 1000 cycles with about 80% of two-electron capacity of 
616  mAh  g-1. However, these alkaline Bi/MnO2-Zn batteries 
need to be operated by deploying ion-selective membranes to 
block the ZnO2

2- ion transfer from the Zn anode to the MnO2 
cathode, and their operational voltages are ≈300 mV lower than 
the typical alkaline MnO2-Zn batteries. In 2016, Banerjee and 
coworkers[105] synthesized a Cu ion intercalated Bi/MnO2 that 
showed nearly two-electron charge capacity, high areal capacity 
of more than 20  mAh  cm-2, excellent rate performance and a 
stable lifetime of more than 6000  cycles, which demonstrated 
promising advancement toward the widespread applications of 
the alkaline MnO2-Zn batteries.

The solid-state cation intercalation storage mechanisms 
in mild aqueous electrolytes account for the advanced first-
generation Mn-based batteries (Generation 1B), which is domi-
nated by the MnO2-Zn battery chemistry.[111–116] In the 1980s, 
Yamamoto and coworkers[117,118] introduced the concept of a 
rechargeable MnO2-Zn battery in a mild aqueous electrolyte of 
ZnSO4, which showed operational voltage of 1.4 V and relatively 
good reversibility of 30 cycles. Later, Kang and coworkers[89] 
expanded this MnO2-Zn battery chemistry with intercalation 
mechanism by using mild ZnSO4 or Zn(NO3)2 solutions as the 
electrolyte. At the cathode Zn2+ can be reversibly intercalated 
into the tunnels of α-MnO2, and the anode zinc can be electro-
chemically stripped to Zn2+ and deposited back reversibly.[119,120] 
The battery showed a relatively large capacity of 210  mAh  g-1 
and decent capacity retention at low charge/discharge rates.[89] 
However, the MnO2-Zn batteries with the solid-state intercalation 
mechanism in mild aqueous electrolytes exhibited low capacities 
at high charge/discharge rates and significant capacity decay for 
long-term cycling. To elucidate the failure mechanism, a variety 
of ex situ and in situ techniques were conducted but controver-
sial mechanisms were proposed by different groups.[79,121–125] For 
example, Kang and coworkers[89] proposed the Zn2+ insertion/
extraction mechanism in the MnO2-Zn batteries in mild ZnSO4 
or Zn(NO3)2 electrolyte by the demonstration of reversible Zn2+ 
insertion and desertion into/out of α-MnO2 with the assistance 
of ex situ X-ray diffraction (XRD). However, Liu and coworkers[113] 
proposed the mechanism of reversible H+ insertion/extraction 
reactions that were accompanied by the deposition of Zn4(SO4)

(OH)6·nH2O in the electrolyte of ZnSO4 with a MnSO4 addi-
tive via transmission electron microscopy. Though compli-
cated due to different phases and structures of MnO2 materials 
and complex battery systems, it is generally accepted that the 
proton insertion into the MnO2 cathode promotes the revers-
ibility of the Mn-based batteries in mild aqueous electrolytes 
(Figure 2).[113,126–128] Wang and coworkers[126] reported a MnO2-Zn 
battery in a mild electrolyte, where the MnSO4 was added into 
ZnSO4 solution to inhibit the dissolution of MnO2 during the 
cycling.[113,129,130] The electrochemical and structural analysis 
identified that the MnO2 cathode underwent a consequent H+ 
and Zn2+ insertion/extraction process with high reversibility and 
cycling stability.[131] In order to further improve the electrochem-
ical performance of the Mn-based batteries in mild aqueous 
electrolytes, Chen and coworkers[132] reported a rechargeable 
aqueous MnO2-Zn battery with 3 M Zn(CF3SO3)2 and 0.1 m 
Mn(CF3SO3)2 additive as the electrolyte, which delivered a highly 
reversible capacity of 225  mAh  g-1 and 94% capacity retention 
after 2000 cycles. It is subjected to the bulky anion CF3SO3

- that 
is beneficial to the reactivity and stability of the Zn anode and the 
spinel ZnMn2O4 cathode,[133] where the pre-added Mn(CF3SO3)2 
can effectively hamper the MnO2 dissolution, and the electrode 
integrity can be maintained because of the in situ generated 
amorphous MnOx layer in the charge process. Although the 
capacity and long-term cycling performance of the Mn-based bat-
teries have been greatly improved with the intercalation storage 
mechanism in mild aqueous electrolytes, it is still desirable to 
develop novel Mn-based batteries chemistry with high output 
voltage and energy density to fulfill the extensive promotion of 
the large-scale energy storage market.[134–136]

The development of the new generation Mn-based batteries 
stems from the cathode Mn2+/MnO2 deposition/stripping 
chemistry (Generation 2) proposed by Cui and coworkers in 
2017 (Figure 3a).[76] Although the Mn2+/MnO2 chemistry has 
been studied previously,[137–140] it is more related to the mech-
anism of MnO2 electrodeposition, and it has not yet been 
deployed in the battery field due to unsatisfactory electro-
chemical performance. Since then researchers from all over the 
world have applied this emerging Mn2+/MnO2 storage mecha-
nism to a variety of Mn-based batteries including MnO2-Zn,[77,79] 
MnO2-Cu,[80,81] MnO2-Bi,[141] MnO2-Pb,[83] and MnO2-carbon[82] 
and achieved unprecedented electrochemical performance, as 
shown in the chronological development of Mn-based batteries 
(Figure 3a). Figure 3b shows a summary of the redox reactions 
and electrochemical potentials of the cathode Mn2+/MnO2 and 
different anodes which it can be paired with. These cathode and 
anode combinations provide new opportunities for the devel-
opment of Mn-based batteries with low cost, high discharge 
potential, large capacity, high energy density, and long cycle 
life. Table 1 shows a summary of the two generations Mn-based 
batteries with their cell parameters and electrochemical perfor-
mance in different electrolytes. With the gradual development 
of the storage mechanism, the Mn-based battery performance 
in terms of output voltage, capacity, and energy density has 
been greatly improved, reaching the highest values in the new 
generation thanks to the cathode Mn2+/MnO2 chemistry. The 
emerging Mn2+/MnO2 energy storage mechanism is gaining 
reviving attention as promising redox chemistry for the devel-
opment of the state-of-the-art aqueous Mn-based batteries.

Adv. Energy Mater. 2021, 11, 2002904
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3. Aqueous Mn-Based Batteries with  
Mn2+/MnO2 Chemistry

3.1. MnO2-Hydrogen Gas Battery

The cathode Mn2+/MnO2 deposition/stripping reactions 
were initially demonstrated in the MnO2-H2 battery by 
coupling it with a catalytic hydrogen gas anode as reported 
by Cui and coworkers.[76,142,143] The cathode reactions were 
conducted between soluble Mn2+ and solid MnO2 by revers-
ible deposition/stripping, which is fundamentally different 
from the traditional solid-state cathode reactions in the 
first generation Mn-based batteries. The electrochemical 
reactions of the MnO2-H2 battery can be described in the 
following:

+ ↔ + +
=

+ + −Cathode : Mn 2H O MnO 4H 2e
1.228 V vsSHE

2
2 2

0E
	 (1)

Anode : 2H 2e H 0 V vsSHE2 0E+ ↔ =+ − 	 (2)

Overall : Mn 2H O MnO 2H H 1.228 V2
2 2 2 E+ ↔ + + =+ + 	 (3)

The MnO2-H2 battery consists of a cathode-less porous 
carbon felt, a Pt/C catalyst-coated carbon felt anode, a glass 
fiber separator placed between the cathode and anode, and 
the aqueous MnSO4 electrolyte. During charge, the soluble 
Mn2+ in the electrolyte was oxidized and coated on the 
cathode in the form of MnO2, and hydrogen gas was gen-
erated from the anode under the active electrocatalysts. 
During discharge, the deposited MnO2 was stripped back 
into the electrolyte, and hydrogen gas was oxidized on 
the anode. When using the electrolyte of 1 m MnSO4 with 
0.05  m H2SO4, the MnO2-H2 battery exhibited a discharge 
potential of ≈1.3 V (Figure 4b), fast rates up to 100 C, and 
a lifetime of over 10  000 cycles without decay at a current 
density of 10 mA cm−2 (Figure 4c). However, when cycled in 
pure MnSO4 electrolyte without H2SO4, the MnO2-H2 battery 
showed gradual capacity decay over cycling. This is due to 
the synergetic effects of the cathode and anode reactions in 
the H2SO4 additive electrolyte, where higher electrolyte con-
ductivity contributes to faster Mn2+/MnO2 reactions on the 
cathode and more favorable hydrogen evolution and oxida-
tion reactions on the anode. In addition, it was confirmed 
that protons help promote the dissolution of MnO2 in the 
discharge process and reduce the cell overpotential.[78] This 

Figure 3.  Development of new generation Mn-based batteries with Mn2+/MnO2 chemistry. a) Historical timeline for the development of the new 
generation Mn-based batteries with Mn2+/MnO2 storage mechanism. b) Redox reactions of the Mn2+/MnO2 cathode and different anodes with their 
theoretical electrochemical potentials as reported in literature.

Adv. Energy Mater. 2021, 11, 2002904



www.advenergymat.de

© 2020 Wiley-VCH GmbH2002904  (6 of 19)

www.advancedsciencenews.com

Table 1.  Summary of the parameters and electrochemical performance of Mn-based batteries with different storage mechanisms.

Electrolyte pH Cathode Anode Discharge  
voltage (V)

Capacity [mAh g-1] Retention/Cycles (rate) Ref.

Generation 1A: Alkaline electrolytes

4 m KOH ≈13.5 MnO2/Bi2O3 Zn plate −0.3 vs Hg/HgO 230 (C/3) 0/15 (C/3) [92]

1 m KOH + 3 m LiOH ≈13.2 MnO2/Bi2O3 Zn plate −0.3 vs Hg/HgO 300 (C/3) 43%/60 (C/3) [92]

Saturated LiOH + 1 m ZnSO4 ≈8.5 MnO2 Zn plate 1.60 148 20%/50 [99]

1 m NaOH or 9 m KOH ≈14 MnO2 CMC-gell Zn powders −0.4 vs Hg/HgO N/A N/A [174]

7 m KOH ≈14 MnO2 Zn foil 1.40 330 80%/2 [102]

Saturated LiOH + 1 m ZnSO4 ≈8.5 MnO2-BGM Zn plate 1.60 165 65%/2 [100]

1 m KOH + 3 m LiOH ≈14.6 β-MnO2/Bi2O3 Zn plate 1.12 316 100%/100 (C/10) [175]

40 wt% KOH ≈14 γ-MnO2 nanowires Zn powders 1.2 280 31 h (100 mA) [176]

9 m KOH ≈14.6 Ag4Bi2O5-MnO2 N/A 1.2 481 ≈34%/115 (1000 mA g-1) [177]

15–45 wt% KOH 12–14 Cu-Bi-birnessite Zn/ZnO 1.1 616 81%/900 [178]

9 m KOH ≈14.6 CM-MnO2 Zn 1.00 492(1C) 40%/1000 [109]

45 wt% KOH ≈14.5 MnO2 Zn/ZnO nickel mesh 1.43 31 80%/3000 (C/2) [108]

25 wt% KOH ≈14.3 Cu-Bi-birnessite NiOOH −0.4 vs Hg/HgO 616 6000 (40C) [105]

25 wt%KOH ≈14.3 MnO/Bi2O3 CNT-Zn −0.5 vs Hg/HgO 750 80%/350(C/4) [179]

Generation 1B: Mild aqueous electrolytes

1 m ZnSO4 ≈4.0 α-MnO2 Zn-birnessite 1.25 195 (C/20) 70%/30 [49]

0.1 m Zn(NO3)2 ≈5.2 α-MnO2 Zn foil 1.4 210 (0.5 C) 100%/100 (6 C) [89]

1 m ZnSO4 ≈4.0 α-MnO2 Zn foil 1.3 115 (83 mA g-1) 36%/75 (83 mA g-1) [114]

1 m ZnSO4 ≈4.0 δ- MnO2 Zn foil 1.38 112 (83 mA g-1) 44%/100 (83 mA g-1) [115]

1 m ZnSO4 ≈4.0 α-MnO2 Zn foil 1.3 233 (83 mA g-1) 63%/50 (83 mA g-1) [111]

1 m ZnSO4 ≈4.0 α-MnO2 Zn foil 1.4 108 (C/2) 43/50 (C/2) [112]

2 m ZnSO4 + 0.1 m MnSO4 ≈3.8 α-MnO2 Zn foil 1.44 160 (5C) 92%/5000 (5 C) [113]

2 m ZnSO4 ≈3.6 γ-MnO2 Zn plate 1.3 119 (2 mA) 83%/30 (2 mA) [118]

1 m ZnSO4 + 0.1 m MnSO4 ≈3.9 MnO2-birnessite Zn foil 1.39 505.9 (200 mA g-1) 100%/400 (500 mA g-1) [131]

2 m ZnSO4 + 0.1 m MnSO4 ≈3.8 MnO2 Zn foil 1.35 220 (60 mA g-1) 95%/100 (60 mA g-1) [129]

2 m ZnSO4 + 0.2 m MnSO4 ≈3.6 MnO2/graphene Zn foil 1.4 382.2 (3A g-1) 94%/3000 (3A g-1) [130]

3 m Zn(CF3SO3)2 + 0.1 m 
Mn(CF3SO3)2

≈3.3 β-MnO2 Zn foil 1.4 225 (6.5 C) 94%/2000 (6.5 C) [132]

3 m Zn(CF3SO3)2 ≈3.6 ZnMn2O4/C Zn foil 1.4 150 (50 mA g-1) 94%/500 (500 mA g-1) [133]

2 m ZnSO4 + 0.1 m MnSO4 ≈3.8 PANI-MnO2 Zn foil 1.36 290 96%/200 (200 mA g-1) [180]

Generation 2: Acidic electrolytes with Mn2+/MnO2 reactions

1 m MnSO4 + 0.05 m H2SO4 ≈1.0 Carbon felt Pt/C-carbon felt 1.3 226.2 (10 mA cm-2) 100%/10 000 (10 mA cm-2) [76]

1 m ZnSO4 + 1 m MnSO4 +  
0.1 m H2SO4

≈1.1 Carbon fiber cloth Zn foam 1.95 570 (2 mA cm-2) 92%/1800 (30 mA cm-2) [79]

1 m MnSO4 + 1 m ZnSO4 ≈3.8 Carbon felt Zn foil 1.78 0.5 mA cm-2 (6 C) 100%/1000 (4 C) [78]

0.5 m MnSO4 + 2.8 m H2SO4 ≈0.1 Carbon felt Carbon felt 1.63 3.7 Ah L-1 (20 mA cm-2) 91.5%/100 (10 mAh cm-2) [81]

1 m Na2SO4 + 1 m MnSO4 +  
0.1 m H2SO4

≈1.1 Graphite felt Activated carbon 1.2 42.3 100%/7000 (1 mAh cm-2) [82]

2 m ZnSO4 + 1 m MnSO4 ≈3.3 MnO2 CNT/Zn 1.5 0.96 mAh cm-2  
(1 mA cm-2)

100%/11 000 (5 mA cm-2) [134]

2 m MnSO4 + 2 m H2SO4 ≈0.15 MnO2@graphite felt PTO 0.82 150 (0.4 mA cm-2) 80%/5000 (2.5 C) [153]

1 m MnSO4 + 0.5 m H2SO4 ≈0.5 Carbon cloth Zn foil 2.42 621 (2 mA cm-2) 97.5%/6000 (2 mA cm-2) [77]

0.8 m MnSO4 + 0.1 m H2SO4 ≈0.7 MnO2@Carbon felt Zn foil 2.45 308 100%/35 (C/2) [150]

0.1 m MnSO4 + 3 m H2SO4 ≈0.1 MnO2@Carbon felt Zn foil 2.71 616 (100 mAh g-1) 98%/200 h (500 mAh g-1) [151]

3 m MnSO4 + 0.3 m H2SO4 +  
0.06 m NiSO4

≈0.5 Ni-MnO2@Carbon felt Zn foil 2.44 270 (2 C) 99%/450 (2 C) [147]

Adv. Energy Mater. 2021, 11, 2002904
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work demonstrated exciting features of the cathode Mn2+/
MnO2 deposition/stripping charge storage mechanism and 
the importance of electrolyte management for the develop-
ment of the Mn-based batteries.

3.2. MnO2-Zn Batteries

The excellent electrochemical performance of the MnO2-H2 
battery with the cathode Mn2+/MnO2 chemistry has attracted 
much attention in the community of the Mn-based batteries. 

Therefore, researchers have applied the emerging cathode 
chemistry to many different Mn-based batteries. Owing 
to the abundance, high theoretical gravimetric capacity of 
820  mAh  g−1 and volumetric capacity of 5855  mAh  cm−3 of 
the Zn metal anode, MnO2-Zn batteries have been regarded 
one of the potential competitors for the grid-scale energy 
storage.[144–146] We discuss in this section the recent progress in 
MnO2-Zn batteries using the cathode Mn2+/MnO2 chemistry.

Recently, Qiao and coworkers[79,147] reported an aqueous 
electrolytic MnO2-Zn battery that was comprised of a Zn-foam 
anode, a glass fiber separator, a carbon fiber cloth as the cathode 

Figure 4.  The aqueous Mn-based batteries with Mn2+/MnO2 chemistry. a) Schematic of the MnO2-M (M: H2, Zn, Cu, Pb, Sn, Bi, carbon, polymers, etc.) 
batteries with the Mn2+/MnO2 chemistry and their working mechanisms. b) The statistics of the discharge voltages of different MnO2-M batteries that 
were reported in literature. The inset shows a typical discharge curve of the MnO2-M batteries with a pronounced discharge plateau and the discharge 
capacity of ≈616 mAh g−1 is calculated based on the deposited MnO2 with two-electron transfer of the Mn2+/MnO2 reactions. c) The long-term cycle 
stability of the MnO2-H2 battery, showing 10 000 cycles with negligible capacity decay. Reproduced with permission.[76] Copyright 2018, Springer Nature 
Ltd. The MnO2-H2 battery was tested at a constant charge potential of 1.6 V to 1 mAh cm−2 and discharged at 10 mA cm−2 to 0.5 V. d) The discharge 
curves of the MnO2-Cu battery under different charge capacities, ranging from 1 up to 50 mAh cm−2. Reproduced with permission.[80] Copyright 2019, 
Elsevier. e) Schematic of the electrolyte decoupled MnO2-Zn battery with the cathode Mn2+/MnO2 chemistry and its working mechanism. f) Schematic 
of the electrolyte decoupled MnO2-Zn battery with catalyzed electrolysis kinetics via facile introduction of Ni2+ into electrolyte. Reproduced with permis-
sion.[147] Copyright 2020, John Wiley and Sons.
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substance and a mixture of ZnSO4 with MnSO4 aqueous elec-
trolyte (Figure  4a). When charged at 2.2 V to a capacity of 
2 mAh cm-2, the MnO2-Zn battery is capable of delivering an 
initial discharge capacity of 1.3  mAh  cm-2, which gradually 
increased to 1.92 and 1.97  mAh  cm-2 in the 10th and 100th 
cycle, respectively. This result agrees well with the electrochem-
ical behavior of the MnO2-H2 battery.[76] Three distinct regions 
with different electrochemical windows in the discharge curves 
were used to explain the energy storage mechanism of the 
MnO2-Zn battery in the ZnSO4 and MnSO4 electrolyte. The 
first region (2–1.7 V) is responsible for the MnO2/Mn2+ reac-
tion, the second region (1.7–1.4 V) is dominated by the proton 
insertion into MnO2, and the third region (1.4–0.8 V) is a result 
of the Zn2+ insertion into MnO2. The storage mechanism was 
also confirmed by Liang and coworkers in their MnO2-Zn bat-
tery.[148] In order to maximize the first high voltage region and 
minimize the inferior second and third regions, 0.1 m H2SO4 
was added to the electrolyte of ZnSO4 and MnSO4 in the elec-
trolytic MnO2-Zn battery to facilitate the Mn2+/MnO2 deposi-
tion/stripping reactions. Therefore, the redox reactions of the 
MnO2-Zn battery can be expressed in the following: 

Cathode : Mn 2H O MnO 4H 2e
1.228 V vsSHE

2
2 2

0

+ ↔ + +
=

+ + −

E
	 (4)

Anode : Zn 2e Zn 0.763 V vsSHE2
0E+ ↔ = −+ − 	 (5)

+ + ↔ + +
=

+ + +Overall : Mn Zn 2H O MnO Zn 4H
1.991 V

2 2
2 2

E
	 (6)

It exhibited much improved electrochemical performance 
such as a high discharge voltage of 1.95 V (Figure  4b), a high 
current density of 60  mA  cm−2 and good cycling stability for 
over 1800 cycles. More importantly, the cost of this battery was 
estimated to be less than US$10 per kWh, far below that of the 
lithium ion and lead-acid batteries, showing its great poten-
tial for large-scale energy storage applications.[149] The electro-
lytic MnO2-Zn technology is being industrialized by startups 
founded by the designers.

3.3. Electrolyte Decoupled MnO2-Zn Battery

With the improved electrolyte optimization and management, 
the advantages of the cathode Mn2+/MnO2 chemistry have 
been further amplified. The reduction potential of Zn anode in 
alkaline electrolyte is −1.199 V (vs SHE), lower than that of the 
Zn anode in acidic electrolyte (−0.763 V vs SHE). In order to 
achieve high overall potential for the MnO2-Zn battery, it is in 
principal feasible to build a battery by separating the cathode 
and anode in the acidic and alkaline electrolytes, respectively. 
In 2019, Banerjee and coworkers[150] reported for the first time 
the development of electrolyte-decoupled aqueous MnO2-Zn 
batteries with high voltages of 2.45 and 2.8 V without the use 
of costly ion-selective membranes. The cathode was driven by 
the Mn2+/MnO2 deposition/stripping or Mn2+/MnO4

− chemis-
tries in aqueous acidic electrolytes and the anode was driven 
by the Zn/Zn(OH)4

2− reactions in alkaline electrolyte. The 
cell was achieved by gelling the anode alkaline electrolyte 

and using low-cost cellophane separator to separate from the 
cathode aqueous acidic electrolyte. It is believed an important 
advance toward the fabrication of electrolyte-decoupled high-
voltage aqueous MnO2-Zn batteries. Liu and coworkers[77] 
built such a high-voltage aqueous MnO2-Zn battery by using 
a bipolar membrane to separate the cathode and anode elec-
trolytes in different pH environments. The MnO2-Zn battery 
with the dual electrolytes showed a high discharge voltage of 
2.42 V, high coulombic efficiency of 98.4% and stable cycling 
for 1500 cycles. Very recently, Hu and coworkers[151] developed a 
similar MnO2-Zn battery with a two-membrane three-chamber 
design as shown in Figure  4e. The cathode MnO2 in strong 
acidic chamber with an electrolyte of MnSO4 and H2SO4 and 
the anode Zn in strong alkaline chamber with an electrolyte of 
KOH, ZnO, and vanillin were separated by a neutral chamber 
with an electrolyte of K2SO4, where cation and anion exchange 
membranes were placed in between. The central chamber in 
neutral electrolyte provides adequate intermediate space for the 
ions transportation to avoid the neutralization effect caused by 
the excessive pH difference of the acidic and alkaline electro-
lytes. The MnO2-Zn battery with the decoupled stronger acidic 
and alkaline electrolytes showed a higher discharge voltage 
of 2.71 V than the previous design (Figure  4b). In addition, 
it showed 200 hours of high-current deep charge–discharge 
behavior, and stable cycling life of 1000 times with a 10% state 
of charge. Enabled by connecting cells in parallel and series, the 
stacked batteries showed capability to deliver high voltages and 
capacities. However, the usage of strong acid and alkaline elec-
trolytes and the complex two-membrane three-chamber design 
will increase the difficulty on battery assembling, housing, 
and welding. Optimization of the battery system complexity in 
terms of electrolytes and cell structures are highly desirable to 
the mass production of the electrolyte-decoupled MnO2-Zn bat-
teries. Furthermore, the usage of two ion-selective membranes 
will worsen the kinetics and corresponding power density of 
the device. Further development of high-performance and cost-
effective membranes will help improve the overall battery per-
formance and lower the capital cost for practical applications 
of the electrolyte-decoupled MnO2-Zn batteries. Recently, Qiao 
and coworkers reported an electrolyte decoupled MnO2-Zn bat-
tery with catalyzed Mn2+/MnO2 electrolysis kinetics (discharge 
in 60 s, at 50 C) via facile introduction of trace amount of Ni2+ 
into the electrolyte (Figure  4f).[147] The hybrid aqueous battery 
demonstrated an electrochemical stability window of over 3.4 V 
and flat discharge voltage of 2.44 V.

3.4. Other Mn-Based Batteries with Mn2+/MnO2 Chemistry

The development of the MnO2-Zn batteries with the cathode 
Mn2+/MnO2 chemistry has accelerated the fabrication of 
other Mn-based batteries. Copper (Cu) is an Earth-abundant 
inexpensive metal with high deposition/dissolution effi-
ciency and dendrite-free morphology, large specific capacity 
of 843  mAh  g−1, and volumetric capacity of 7558  mAh  cm−3, 
making it a good battery anode material to be explored. 
Recently, by virtue of the reversible cathode Mn2+/MnO2 reac-
tions, Zhi and coworkers[141] reported a rechargeable aqueous 
MnO2-Cu battery. This MnO2-Cu battery demonstrated energy 
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density of 27.7 mWh cm−2 and power density 1.232 W cm−2 with 
high reversibility. It can be charged to 0.8  mAh  cm−2 within 
42 s and has a good voltage platform of ≈0.95 V at 20 C. The 
results are consistent with the MnO2-Cu batteries reported 
by Xia and coworkers[80] and Zhao and coworkers,[81] where a 
long life of 10 000 cycles without obvious capacity decay and a 
high discharge capacity of up to 50  mAh  cm−2 were achieved 
respectively (Figure  4d). The excellent electrochemical perfor-
mance of the MnO2-Cu battery suggests its huge potential for 
large-scale energy storage applications. Other promising metals 
such as aluminum (Al), bismuth (Bi), and lead (Pb) were also 
employed as anode materials by pairing them with the cathode 
of Mn2+/MnO2 chemistry, naming MnO2-Al,[152] MnO2-Bi,[141] 
and MnO2-Pb[83] batteries, showing favorable characteristics to 
be optimized for high-performance batteries.

In addition to the MnO2-metal batteries, other anode mate-
rials can be utilized to design novel Mn-based batteries based 
on the Mn2+/MnO2 chemistry. Activated carbon (AC) as an 
excellent material that was widely used in supercapacitors, has 
been applied to the Mn-based batteries. Such a MnO2-carbon 
battery was fabricated by using graphite felt as the cathode sub-
stance, AC as the anode and 1 m Na2SO4, 1 m MnSO4 with 0.1 m 
H2SO4 as the electrolyte.[82] This battery was operated by the 
cathode Mn2+/MnO2 reactions and the anode Na+ adsorption/
desorption on the AC with high surface area. Due to the excel-
lent reversibility of both the cathode Mn2+/MnO2 reactions and 
the anode ion adsorption/desorption, the MnO2-carbon battery 
exhibited an average discharge voltage of 1.2 V (Figure 4b) and 
a cycle life of more than 7000 times. The hybridization of the 
battery-like Mn2+/MnO2 cathode with the supercapacitor-like 
carbon anode gives rise to a new category of Mn-based batteries 
with superior electrochemical performance.

Moreover, organic materials with good electrochemical 
properties have been applied to the Mn-based batteries with 
the cathode Mn2+/MnO2 chemistry. Wang and coworkers[153] 
reported an inorganic-organic MnO2-PTO (pyrene-4,5,9,10-
tetraone) battery, which was achieved by the cathode Mn2+/
MnO2 reactions and the anode quinone/hydroquinone redox 
reactions through hydronium-ion transformation between the 
two electrodes. The hydronium-ion MnO2-PTO battery exhib-
ited a discharge platform of approximately 0.8 V (Figure  4b), 
and a cycle life of 5000 cycles with 99% of coulombic efficiency. 
Impressively, the battery survived at low temperature of −70 °C 
with preserved good capacity and cycling performance. Such 
a MnO2-PTO battery with low-temperature tolerance may find 
crucial applications in extreme conditions and outer space.

3.5. MnO2-Zn Flow Batteries

The exploration of Mn-based batteries with the cathode Mn2+/
MnO2 chemistry has stimulated the development of Mn-based 
redox flow batteries. Redox flow battery is a rechargeable battery 
technology in which active substances exist in liquid electrolytes 
and are stored externally, enabling the separation of energy 
and power.[2] In addition, redox flow batteries have the charac-
teristics of high safety, high efficiency, and long life, showing 
promises for large-scale energy storage.[154–157] The feasibility of 
redox flow MnO2-Zn battery (Figure 5a) was first demonstrated 

by Qiao and coworkers.[79] A redox-flow battery stack with a 
capacity of 2 Ah was built, which demonstrated a practical 
strategy toward large-scale energy storage using the new elec-
trolytic MnO2-Zn system. The output voltage, energy efficiency, 
and cost of the flow-battery design were comprehensively 
analyzed, which perform better than conventional aqueous 
flow battery systems, such as Zn-Fe, Zn-Br2, Zn-Ce, Zn-air, 
and all-vanadium flow batteries.[79] In a recent work, Li and 
coworkers[51] demonstrated a MnO2-Zn flow battery by taking 
the advantages of the cathode Mn2+/MnO2 deposition/stripping 
reactions and the anode Zn2+/Zn reactions. Mn(CH3COO)2 was 
selected as the active material for the catholyte. Due to the coor-
dination effect of the CH3COO-, Mn2+ can be directly converted 
to MnO2 and reversibly stripped back to Mn2+ even in the acid-
free neutral electrolyte. The MnO2-Zn flow battery exhibited 
a discharge platform of ≈1.56 V (Figure  4b), good rate perfor-
mance and no significant capacity decay for over 400 cycles. 
However, the utilization of Mn(CH3COO)2 to replace MnSO4 in 
the electrolyte has reduced the cell voltage by ≈530 mV. There-
fore, further research is needed to improve the overall electro-
chemical performance and lower the cost of the conventional 
MnO2-Zn flow battery. In these regards, Cui and coworkers[78] 
developed a membrane-free MnO2-Zn flow battery by circu-
lating the single electrolyte, instead of the separated catholyte 
and anolyte in the conventional flow battery, through one tank 
without using the relatively expensive ion selective membrane 
(Figure  5b). The membrane-free MnO2-Zn flow battery was 
conducted by the cathode Mn2+/MnO2 reactions on carbon felt 
and the anode Zn2+/Zn reactions on Zn foil in the electrolyte 
of 1 m ZnSO4 and 1 m MnSO4. By virtue of the electrolyte flow, 
the newly generated proton during the charge process can be 
evenly distributed, facilitating the dissolution of MnO2 during 
the discharge process. The battery exhibited a high discharge 
voltage of ≈1.8 V (Figure 5c), good discharge rates from 0.5 to 
10 C, and stable 1000 cycles with nearly 100% of coulombic 
efficiency (Figure  5d). The development of membrane-free 
MnO2-Zn flow battery provides an economic strategy toward 
their large-scale energy storage applications.

4. Understanding of the Mn2+/MnO2 Storage 
Mechanism
Researchers have attempted to understand the Mn2+/MnO2 dep-
osition/stripping mechanism from different aspects including 
ex situ and in situ characterizations, dynamic simulation, and 
theoretical calculation. In some early work, Donne and cowor
kers[137,140,158–162] studied the electrodeposition mechanism of 
MnO2 in acidic and neutral media by using the techniques of 
rotating disk electrode and rotating ring-disk electrode,[140,158] 
indicating that the electrodeposition of MnO2 is closely related 
to the pH value and dependent on the substrate. In addition, 
the electrochemical kinetic behavior of the MnO2 cathode in 
aqueous solution was investigated to reveal the reduction pro-
cess of MnO2 via a series of constant current discharge experi-
ments,[162] which helps the exploration of the Mn2+/MnO2 
deposition/stripping mechanism. In terms of the battery char-
acterization, a combination of different characterization tools 
is often involved in revealing the dynamic processes of the 
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Mn2+/MnO2 reactions, which require high spatial and temporal 
resolutions. Scanning electron microscopy (SEM) provides a 
powerful opportunity for researchers to directly observe the 
evolution of the Mn2+/MnO2 reactions on the Mn-based bat-
tery cathode. Hu and coworkers[151] analyzed the morphology 
of the MnO2 cathode by ex situ SEM at different depth of 
charge (DoC) and discharge (DoD) states in a complete charge/
discharge cycle (Figure 6a). The cathode showed porous carbon 
nanoparticulate morphology before charge (Figure 6a, C1) and 
gradually coated with nanosheet-like MnO2 deposits during 
charge until the pores and spaces between the carbon parti-
cles completely filled up, forming the heavily deposited MnO2 
cathode (Figure 6a, C2–C6). While during discharge, the inter-
connected MnO2 particles on the cathode were gradually dis-
solved and reverted to the initial porous carbon nanoparticulate 
morphology (Figure  6b). The corresponding energy-dispersive 
X-ray spectroscopy, ex situ XRD, and X-ray photoelectron spec-
troscopy have quantitatively confirmed the highly reversible 
Mn2+/MnO2 reactions in each charge/discharge stages. Cor-
respondingly, the electrolyte evolution over the entire charge/
discharge processes has been monitored through a finite ele-
ment simulation by modeling the dynamic MnSO4 electro-
lyte concentration variation.[76] As shown in Figure  6c, the 
representative spectra of the Mn2+ concentration distribution 
demonstrated the fully recoverable spatial variation of the elec-
trolyte concentration after the complete charge/discharge cycle, 
suggesting the highly reversible Mn2+/MnO2 reactions. This 

agrees well with the evolution of the Mn2+/MnO2 reactions on 
the Mn-based battery cathode. Experimentally, the concentra-
tions of the Mn2+ in the electrolyte during charge/discharge 
processes were measured by plasma optical emission spectros-
copy (ICP-OES),[151] which were consistent with the calculated 
theoretical concentrations from the amount of deposited MnO2, 
conforming the highly reversible Mn2+/MnO2 reactions.

In addition, in situ Raman spectroscopy was applied to probe 
the deposited MnO2 on the cathode carbon substrate of the 
MnO2-Zn battery in operation (Figure 6d).[151] The characteristic 
peak of MnO2 at 572  cm−1 appears immediately at the begin-
ning of the charge process, which indicates that MnO2 is being 
deposited, until it is suddenly disappeared at the end of the dis-
charge process where the discharge potential dropped rapidly, 
which is accompanied by the appearance of the characteristic 
carbon peaks at 1354 and 1598  cm−1, indicating the complete 
MnO2 dissolution from the cathode and the exposure of the 
underlying carbon substrate. This further confirmed the highly 
reversible Mn2+/MnO2 reactions.

Density functional theory (DFT) calculations were per-
formed to understand the energy storage mechanism of 
the Mn2+/MnO2 redox reactions in acidic electrolytes.[79] It 
was suggested by electron energy loss spectrum (Figure  6e) 
that the deposited MnO2 in the acidic electrolyte of MnSO4 
with 0.1 m H2SO4 contains Mn vacancies as opposed to the 
deposited MnO2 without H2SO4. The Mn vacancies were 
directly observed by a high-angle annular dark-field scanning 

Figure 5.  MnO2-Zn flow batteries with cathode Mn2+/MnO2 chemistry. a) Schematic illustration of the conventional MnO2-Zn flow battery. The cathode 
and anode are separated by a membrane. b) Schematic of the membrane-free MnO2-Zn flow battery, which consists of a tank containing cathode, 
anode, and electrolyte, and the pump-drive electrolyte circulation system. c) The charge and discharge curves of the membrane-free MnO2-Zn flow 
battery. The initial coulombic efficiency of the battery is ≈90%, but the capacity ramps up with the cycling and can reach theoretical value after the initial 
activation. d) The cycling stability behavior of the membrane-free MnO2-Zn flow battery with capacity retention over 1000 cycles. The charge–discharge 
and cycling tests were performed at a constant charge potential of 2 V to 0.5 mAh cm-2 and a constant discharge rate of 4 C. Panel (c )and (d). Reproduced 
with permission.[78] Copyright 2020, John Wiley and Sons.
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Figure 6.  Energy storage mechanism of the Mn2+/MnO2 chemistry revealed by characterization, simulation, and theoretical calculation. a) SEM images of the 
MnO2 electrode after charge at DoCs of 0 (C1), ≈20% (C2), ≈40% (C3), ≈60% (C4), ≈80% (C5), and ≈100% (C6) at a charge voltage of 3 V. b) SEM images of 
the MnO2 electrode after discharge at DoDs of 0 (D1), ≈20% (D2), ≈40% (D3), ≈60% (D4), ≈80% (D5), and ≈100% (D6) at a current density of 200 mA g−1. 
c) Finite-element analysis of the cathode Mn2+/MnO2 deposition/stripping reactions by the simulation of dynamic electrolyte concentration variation over an 
entire charge–discharge process. The model was built in COMSOL software based on a cell with a cathode and an anode in square shape of 250 µm × 250 µm, 
and the electrolyte with thickness of 350 µm which is equivalent to the separator was used to set them apart. The resulting representative spectra correspond 
to different charge–discharge durations were obtained under a constant charge potential of 1.6 V to a capacity of 1 mAh cm-2 and a discharge current density 
of 10 mA cm-2 in 1 m MnSO4 electrolyte. Detailed information about the modelling is available in ref. [76]. d) In situ Raman spectra of the MnO2 cathode in 
the charge/discharge processes. The measurements were performed on the decoupled MnO2-Zn battery at a charge potential of 3 V and a discharge current 
density of 200 mA g−1. e) Mn-L2,3 EELS spectra of the deposited MnO2 with and without 0.1 m H2SO4 addition in the electrolytes. The shift of Mn-L3 main peak 
of MnO2 from 644.9 eV (without 0.1 m H2SO4) to 644.3 eV (with 0.1 m H2SO4) and the higher L3/L2 integral peak intensity ratio of MnO2 in 0.1 m H2SO4 imply 
the reduction of Mn valence state and the existence of Mn3+ in MnO2 that was deposited in the electrolyte with 0.1 m H2SO4 addition. f) Atomic-resolution 
HAADF-STEM image of the deposited MnO2 with Mn vacancies (marked in red hexagons). g) Electron density variation of the MnO2 with (in 0.1 m H2SO4) 
and without Mn vacancies (without H2SO4). The Mn vacancy is marked with a black rectangular in MnO2 with 0.1 m H2SO4 on the right image. h) Relative 
energy profiles of the MnO2 dissolution reaction pathway with four subsequent steps. Insets are the schematics of the MnO2 crystal structure changes in the 
four reaction steps from I to IV. Mn, O, and H atoms are labeled as blue, red, and white balls, respectively. Detailed explanation of the four reaction steps is 
available in ref. [79]. Panel (a), (b), and (d). Reproduced with permission.[151] Copyright 2020, Springer Nature Ltd. Panel (c). Reproduced with permission.[76] 
Copyright 2018, Springer Nature Ltd. Panel (e), (f), (g), and (h). Reproduced with permission.[79] Copyright 2019, John Wiley and Sons.
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transmission electron microscope image (Figure  6f), which 
was performed on a high-resolution aberration-corrected 
transmission electron microscope. It was further analyzed 
that the deposited MnO2 with Mn vacancies has a higher dif-
fusion coefficient and a lower overpotential than that of the 
pristine MnO2. Such Mn vacancies were believed to facilitate 
the generation of unsaturated oxygen species and help offer 
additional pathways for cations with higher mobility in the 
aqueous electrolytes. The DFT calculation revealed that the 
surface electron density tends to increase on the Mn vacancies, 
which helps reduce the reaction energy barrier and accelerate 
the electron transfer dynamics (Figure 6g). In this respect, the 
reaction pathway of the MnO2 dissolution with the assistance 
of Mn vacancies, which involves four major steps, proceeds 
in promoted reaction dynamics with lower overpotentials 
(Figure 6h). Recently, the Ni catalyzed Mn2+/MnO2 electrolysis 

kinetics process was carefully explored by Qiao and coworkers 
with the help of synchrotron spectra techniques and DFT cal-
culations.[147] The significant role of Ni introduction in pow-
ering electrolytic reactivity is proposed via enhanced active 
electron states, charge delocalization, and facilitated charge-
transfer around strong electronegativity Ni.

5. Toward Large-Scale Energy Storage Applications

Owing to the remarkable advantages of low cost, good safety, 
high operation voltage, long lasting and reliable shelf life, 
high capacity, and energy density, the Mn-based batteries 
with the cathode Mn2+/MnO2 chemistry are promising for 
next-generation large-scale energy storage.[76,78] Figure 7a 
shows a conceptual schematic of the representative future 

Figure 7.  The grid-scale energy storage applications of Mn-based batteries with Mn2+/MnO2 chemistry. a) A conceptual schematic illustration of the 
future grid-scale energy storage applications of the rechargeable aqueous Mn-based batteries. It is achieved by the integration of renewable solar, wind 
and hydro powered electricity with the electrical grid, as well as, the transformation of the Mn-based battery technology with large scaling up and mass 
production from the research lab to industry. The grid-scale energy storage applications of the Mn-based batteries will benefit our society from indi-
vidual households, transportations, factories, and buildings to the entire community. b) The long-term stability of a prototype membrane-free MnO2-Zn 
flow battery over 500 cycles. The battery was charged at 2 V to 1200 mAh and then discharged at 1000 mA to 1 V for 500 consecutive times. Inset (left) 
is a digital photograph of the prototype lab-scaling-up membrane-free MnO2-Zn flow battery with capacity of ≈1200 mAh. Reproduced with permis-
sion.[78] Copyright 2020, John Wiley and Sons. Inset (right) is a digital photograph of the prototype lab-scaling-up MnO2-Zn flow battery with capacity of  
≈2000 mAh. Reproduced with permission.[78] Copyright 2020, John Wiley and Sons. c) The discharge behaviors of the lab-scale decoupled MnO2-Zn 
batteries with two different cell connections, for example, two series-connected and two parallel-connected cells. The single unit cell is a decoupled 
MnO2-Zn battery with a theoretical capacity of 3370 mAh. Reproduced with permission.[151] Copyright 2020, Springer Nature Ltd.
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grid-scale energy storage based on the rechargeable Mn-based 
batteries with the Mn2+/MnO2 chemistry. By virtue of inte-
grating renewable yet intermittent energy resources such as 
solar, wind and hydro-electricity into electrical grid, the cen-
tralized Mn-based battery system with capacity of MWh can 
be used to power individual households, factories, buildings, 
and transportations like electric vehicles.[163] The Mn-based 
battery system plays a critical role as an indispensable sup-
plement to the present electrical grid or even replaces it 
completely to achieve 100% green electricity in our society. 
In addition, the dispatchable Mn-based batteries can be func-
tionalized as distributed utility energy resources and found 
applications wherever they are able to.

The realization of the proposed fascinating spectacle of the 
future sustainable energy storage applications becomes feasible 
when taking into account mass production of the Mn-based 
batteries. As depicted in Figure 7a, the Mn-based battery pack 
can be assembled on the basis of multiple stacks of batteries 
that are constructed by connecting a number of individual Mn 
cells in series and in parallel to deliver high current and voltage 
for practical applications. It can be achieved through mass 
production of the Mn-based batteries with progressive tech-
nology readiness levels from research lab to industry. In order 
to demonstrate the scalability of the Mn-based batteries with 
the Mn2+/MnO2 chemistry, a prototype lab-scale membrane-
free MnO2-Zn flow battery with a capacity of 1200 mAh has 
been fabricated by increasing the area of the cathode carbon 
substances, which demonstrated excellent electrochemical 
behaviors with stable cycle performance (Figure  7b).[78] Con-
sidering that it is a primary scale-up cell design that has not 
been optimized for maximum electrochemical performance, 
the Mn-based battery is believed to meet the requirements of 
large-scale energy storage after further improvement. In addi-
tion, the Mn-based batteries with the Mn2+/MnO2 chemistry 
are feasible to be greatly scaled up by various cell designs 
such as pouch and prismatic cell packs, providing high flex-
ibility to the future Mn cell design and optimization of pack-
aging efficiency at the battery level. For example, Xia and 
coworkers developed a MnO2-Pb pouch cell[83] with a capacity 
up to 536 mAh and a Mn-Cu prismatic cell[80] with a capacity 
up to 6646 mAh, both of which showed good discharge proper-
ties with high coulombic efficiency. In another study, Hu and 
coworkers[151] fabricated a decoupled MnO2-Zn battery with 
a high discharge voltage of ≈2.75 V by scaling up its capacity 
to 3330 mAh. As shown in Figure  7c, when connecting such 
two single cells in series, the output voltage of the battery was 
doubled and reaching ≈5.44 V without sacrificing the high 
capacity. While connecting two individual cells in parallel, the 
resulting battery showed capacity of ≈6660 mAh with similar 
discharge potential of ≈2.7 V. Furthermore, the battery pack 
which was formed by connecting several decoupled MnO2-Zn 
cells in parallel and series, was integrated with a wind-driven 
generator and photovoltaic hybrid power generation systems 
to demontrate its practical energy storage capability. Previous 
successful integration of the renewable energy resources and 
the practical applications of the stored energy to power LED 
panel, cellphone, and vehicle model have demonstrated the 
significant potential of the Mn-based batteries with the Mn2+/
MnO2 chemistry for large-scale energy storage.[76,78,79,147]

6. Opportunities and Future Perspectives

The continued pursuit of renewable battery technologies for 
large-scale energy storage will accelerate the exploration of 
the state-of-the-art rechargeable aqueous Mn-based batteries 
with the Mn2+/MnO2 chemistry. However, further research is 
required to effectively enable their practical applications for the 
benefit of society. Critical challenges include, but not limited to, 
understanding battery charge storage mechanism, achieving 
high electrochemical performance that complies with the best 
practice for measurements, incorporating theoretical calcula-
tion and simulation, exploring new Mn-based battery chem-
istry with the Mn2+/MnO2 chemistry, optimizing battery system 
integration, and applying the Mn-based batteries in large-scale 
applications via scaling up and commercialization (Figure 8). In 
this endeavor, it is highly desirable to develop future Mn-based 
batteries by considering the above-mentioned aspects in a 
holistic strategy.

6.1. Charge Storage Mechanism

Although the charge storage mechanism of the cathode Mn2+/
MnO2 reactions has been primarily revealed by different char-
acterization techniques, simulation and theoretical calcula-
tions, it is still necessary to understand the intermediate steps 
involving the complex Mn2+/MnO2 reactions toward two-elec-
tron charge-transfer in the charge and discharge processes 
from a battery level perspective. It was generally accepted that 
the Mn2+/MnO2 reactions are involved in multiple electrochem-
ical and chemical redox reactions that are highly dependent 

Figure 8.  New opportunities for developing Mn-based batteries with 
the Mn2+/MnO2 chemistry, including charge storage mechanism, best 
practice for measurements, simulation and theoretical calculation, new 
Mn-based battery chemistry, battery system integration, and scale-up and 
commercialization for large-scale energy storage applications.
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on the proton reactivity of the electrolytes and the charge/
discharge parameters. These reactions include the electro-
chemical oxidation of Mn2+ to Mn3+, the chemical hydrolysis 
of Mn3+ to MnOOH or the disproportionation of Mn3+ to form 
Mn2+ and Mn4+, and the further electrochemical oxidation of 
MnOOH to MnO2 or the  hydrolysis of Mn4+ to MnO2.[137–139] 
Due to the complex cathode Mn2+/MnO2 reactions paired with 
various anode reactions in the respective battery systems, there 
has been controversial regarding the Mn2+/MnO2 deposition/
stripping mechanism on the reaction pathways and electron 
transfer. Therefore, some advanced in situ/operando char-
acterization tools with high spatial and temporal resolutions 
should be applied to unveil the intrinsic storage mechanism 
of the cathode Mn2+/MnO2 reactions.[151,164,165] A number of in 
situ/operando techniques may provide powerful capabilities 
for understanding the energy storage mechanism of Mn-based 
batteries by addressing key issues of the Mn2+/MnO2 reactions 
regarding the identity and configuration of possible intermedi-
ates, preferred reaction pathways and impact of reaction condi-
tions. The various techniques include in situ/operando infrared 
and Raman spectroscopies, electrochemical impedance  spec-
troscopy, X-ray absorption spectroscopy, scanning probe 
microscopy, scanning electrochemical microscope, liquid-phase 
transmission electron microscopy, cryogenic-electron micros-
copy, and their rational combinations.[166,167] Besides the proton 
reactivity, the introduction of both other cations (Ni2+ and Zn2+) 
and anions (sulfate and acetate) may result in different electrol-
ysis kinetics.[51,147] These catalysis/passivation mechanisms with 
different solute and solvent are very interesting and should be 
carefully investigated to improve the electrochemical perfor-
mance of Mn-based batteries further.

6.2. Best Practice for Measurements

A challenge to evaluate the electrochemical performance of 
Mn-based batteries with the cathode Mn2+/MnO2 reactions 
is the lack of standardized criteria regarding calculations and 
measurements. As a consequence, it is difficult and unreliable 
to compare the reported results from different studies, which 
will lead to unhealthy growth in this area. For the cathode 
Mn2+/MnO2 reactions which are typically conducted in MnSO4 
electrolyte, high theoretical specific capacity of ≈616 mAh g−1 is 
often reported based on the two-electron charge transfer reac-
tions. Actually, defects cannot be eliminated in the derived Mn 
oxides via the electrodeposition process,[79,82] which makes the 
intrinsic valence state of Mn oxides lower than 4+ and results 
in a lower capacity than the theoretical value of 616  mAh  g−1. 
Moreover, when it comes to the concentration of the MnSO4 
electrolyte by considering the electrolyte mass and volume, the 
theoretical specific capacity of the Mn2+/MnO2 reactions drops 
to ≈141  mAh  g−1 (volumetric capacity ≈214 Ah L−1) with 100% 
DoD at a concentration of ≈4 M of MnSO4 at room tempera-
ture.[76] As the cathode Mn2+/MnO2 reactions involve liquid/
solid conversion, one is highly suggested to include the solute 
and solvent as a whole into consideration for the evaluation 
of battery performance such as gravimetric and volumetric 
capacity, energy and power densities. One general practice we 
urge is to clearly state the parameters of batteries (including the 

cathode and anode, electrolyte volume, composition, and con-
centration), the measurements (including charge/discharge 
techniques, rates, DoC, DoD) and the specific calculation equa-
tions (including voltage, capacity, energy density, power density, 
self-discharge, etc.) on how these parameters are determined. It 
is a matter of utmost urgency for the Mn-based battery commu-
nity to establish widely accepted guidelines for standardizing 
calculations and measurements. In addition, the Mn-based 
batteries with extraordinary electrochemical performance and 
multi-functions such as the demonstrated ultralow temperature 
operation of the MnO2-hydronium battery,[153] flexible and wear-
able devices, and self-charging properties are exciting directions 
to be explored for unique applications.

6.3. Simulation and Theoretical Calculation

In combination with experimental observations by advanced 
characterization tools, ab initio kinetic simulation, theoretical 
calculations, as well as machine learning are powerful tools to 
gain fundamental insights into the principles of the Mn-based 
batteries with the Mn2+/MnO2 chemistry. For example, the ab 
initio kinetic simulation of the Mn-based batteries can provide 
detailed information about behaviors of the redox reactions 
on a molecular level. Numerical simulations such as the finite 
element method can assist in failure analysis and lifespan pre-
diction of the batteries.[168,169] In addition, the first-principle cal-
culations can be used to predict the battery redox reactions at 
an atomic level.[170] Through the DFT calculation of the adsorp-
tion energies of the intermediates, we can analyze the electrode 
surface species and the preferred reaction pathways in specific 
electrolytes, thus gain a comprehensive insight into the energy 
storage mechanism.[171] Furthermore, artificial intelligence and 
machine learning will play invaluable roles in the prediction 
and refinement of the most rational materials combinations, 
cell manufacturing, and operation.[172]

6.4. New Mn-Based Battery Chemistry

Despite the recent progress in the development of Mn-based 
batteries with the Mn2+/MnO2 mechanism, there remain 
some critical challenges that require further investigations, 
and therefore call for the development of new Mn-based bat-
tery chemistry with enhanced performance. The cathode Mn2+/
MnO2 reactions with two-electron charge transfer give rise to 
theoretical capacity of ≈616  mAh  g-1 based on the deposited 
MnO2 solely. However, the pursuit of the cathode reactions with 
multiple (>2) electrons transfers and superior output voltage is 
attractive yet very challenging. A recent study implies that the 
Mn2+/MnO4

− reactions may be reversible in a Mn-based battery 
with acidic MnO4

- in the cathode electrolyte.[150] However, more 
effort should be devoted to the development of new Mn cathode 
with superior performance. On the other hand, the matching 
anodes of the Mn-based batteries, which are generally metallic 
materials, have potential risks of HER and dendrite formation. 
As HER accelerates on the metal anode in acidic electrolytes, 
while the cathode Mn2+/MnO2 reactions perform well with 
a certain acidity, it is important to optimize the acidity of the 
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electrolyte for both the cathode and anode reactions to maxi-
mize the overall electrochemical performance. Meanwhile, the 
dendrite formation due to uneven and irregular metal plating is 
critical to the cycling stability and safety of the battery. In this 
regard, the employment of non-metals such as polymers,[153] 
carbon materials[82] and other materials as alternative anodes 
provides additional opportunities to enrich the Mn-based bat-
tery chemistry. Exploring new cathodes and anodes with proper 
functionalities will contribute to the development of new 
Mn-based battery chemistry.

6.5. Battery System Integration

The battery system integration refers to the overall consid-
erations of Mn-based battery as a delicate system from var-
ious aspects with respect to battery key components (current 
collector, cathode, anode, separator, electrolyte, as well as, cell 
configuration, packing, and manufacturing), cost, performance, 
and real-life applications in order to maximize the techno-
economic benefits. As the capacity of both cathode and anode 
are expected to increase, their current collectors are required 
to have improved mass loadings for active materials, which is 
a challenge to the current state-of-the-art Mn-based batteries. 
Future strategy will be focused on exploring current collectors 
with lightweight, high surface area, good electrical conductivity, 
and hydrophilicity. The adoption of cathode, anode, and elec-
trolyte needs to be considered simultaneously to comply with 
the standard guidelines for the electrochemical performance, 
while maintaining low cost for practical applications. Special 
attention needs to be paid to the optimization of the Mn2+, H+, 
and other cations/anions in the electrolyte, so as to understand 
their incorporated impacts on the electrochemical performance 
in terms of discharge voltage, capacity, charge/discharge rates, 
long-term stability, and self-discharge. In addition, the cost of 
Mn-based battery should be evaluated when relatively expensive 
separators/ion-exchange-membranes are applied to the battery. 
Overall, the system-level concerns and solutions in the develop-
ment of Mn-based batteries will help translate the research lab-
based battery designs to the industry with scalable production 
in a cost-effective manner.[37]

6.6. Scale-Up and Commercialization

Aqueous Mn-based batteries with the cathode Mn2+/MnO2 
chemistry have shown the advantages of low-cost, high-level 
safety, environmental-friendliness, good electrochemical per-
formance, and long-term stability, representing promising can-
didates for future large-scale energy storage applications. By 
integration with the electric grid, the Mn-based batteries can 
make up for the randomness and intermittence of the renew-
able energy sources, hence effectively improve the performance 
of the power grid.[173] Low cost, scalable manufacturing, and 
long-term shelf life are among the most prominent challenges 
that need to be overcome for the Mn-based batteries toward 
large-scale energy storage applications. Despite the recent devel-
opments where lab-scale prototype batteries have shown very 
attractive features, the Mn-based batteries remain challenging 

for large-scale commercialization.[151] We believe that the gradual 
shift from the lab research to industry, and the further develop-
ment of the Mn-based batteries in the industry with standard 
guidelines and targeted applications will enable commercially 
viable projects to fulfill the practical energy storage solutions.
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