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Cathode Design for Aqueous Rechargeable Multivalent  
Ion Batteries: Challenges and Opportunities
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With the rapid growth in energy consumption, renewable energy is a prom-
ising solution. However, renewable energy (e.g., wind, solar, and tidal) is 
discontinuous and irregular by nature, which poses new challenges to the new 
generation of large-scale energy storage devices. Rechargeable batteries using 
aqueous electrolyte and multivalent ion charge are considered more suitable 
candidates compared to lithium-ion and lead-acid batteries, owing to their low 
cost, ease of manufacture, good safety, and environmentally benign characteris-
tics. However, some substantial challenges hinder the development of aqueous 
rechargeable multivalent ion batteries (AMVIBs), including the narrow stable 
electrochemical window of water (≈1.23 V), sluggish ion diffusion kinetics, and 
stability issues of electrode materials. To address these challenges, a range of 
encouraging strategies has been developed in recent years, in the aspects of 
electrolyte optimization, material structure engineering and theoretical inves-
tigations. To inspire new research directions, this review focuses on the latest 
advances in cathode materials for aqueous batteries based on the multivalent 
ions (Zn2+, Mg2+, Ca2+, Al3+), their common challenges, and promising strate-
gies for improvement. In addition, further suggestions for development direc-
tions and a comparison of the different AMVIBs are covered.
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are required to underpin the continued 
growth of the renewable energy sector; 
advanced batteries are one option for 
achieving this.[4–6] Since the successful 
commercialization of lithium-ion batteries 
(LIBs) by Sony in the 1990s, the past three 
decades have witnessed the widespread 
use of LIBs in many fields, from mobile 
electronic devices and electric vehicles 
to grid-scale energy storage systems.[7–10] 
Nevertheless, different from the small 
and medium-sized energy storage applica-
tions, the grid-scale energy storage market 
has been identified as a highly cost-sen-
sitive battlefield with a rigorous security 
requirement. Additionally, compared with 
the applications in the mobile phones 
and vehicles, the grid-scale electrochem-
ical energy storage devices have a lower 
demand in energy and power density, 
because the weight of the devices is not the 
key constraint. Unfortunately, although Li-
based batteries demonstrate many merits 
in electrochemical performances and 

technological maturity, the fatal shortcomings such as high 
cost ($13  000 per ton for lithium metal), insufficient lithium 
reserve and potential safety issues, act to retard LIB deployment 
and long-term prospects in this battlefield.[11,12] In particular, 
the frequent safety incidents in recent years, such as Boeing  
787 battery fires (2013), Samsung Note 7 explosion (2016), 
and spontaneous combustion of TESLA Model S (2019), have  
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1. Introduction

To meet the current and growing future energy demand, 
the development of  renewable energy sources is receiving 
increasing attention.[1–3] However, these energy sources, such as 
wind, tidal, solar and geothermal, are discontinuous and irreg-
ular by nature; therefore, grid-scale energy storage solutions  
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simulated the urgent demands for the next-generation electro-
chemical energy storage devices for grid-scale applications.[13]

1.1. Aqueous Rechargeable Multivalent Ion Batteries:  
The Promising Alternatives

Other metal-ion batteries in non-aqueous electrolyte, such as 
sodium-ion batteries (SIBs) and potassium-ion batteries (KIBs), 
are widely studied as alternatives for LIBs, because of their sim-
ilar chemical properties to lithium and relatively higher abun-
dance.[14–18] Nevertheless, similar to LIBs, the mainstream SIBs 
and KIBs cannot avoid the adoption of highly toxic and flam-
mable organic electrolyte (e.g., dimethyl carbonate (DMC), eth-
ylene carbonate (EC), propylene carbonate (PC)), thus resulting 
in the severe security concerns and considerable fabrication 
costs.[14,19] Compared with non-aqueous systems, aqueous bat-
teries are equipped with tremendous competitiveness for large-
scale energy storage applications, due to several merits such as: 
a) the adoption of non-toxic, low-volatile, and non-flammable 
aqueous electrolytes minimizes the potential risks; b) conven-
ient and low-cost fabrication process (e.g., ≈$25 per kWh for 
aqueous zinc-ion batteries in the laboratory, which is around a 
sixth of that for commercial LIBs) by excluding oxygen-free and 
drying manufacturing lines; c) the higher ionic conductivity 
(≈1 S cm−1) compared with organic electrolytes (≈10−3 S cm−1), 
offers high power densities and allows the fast charging; d) 
non-existence of solid electrolyte interphase (SEI) layer; e) high 
tolerance against electrical and mechanical mishandling.[20–22]

Although there are few studies based on the monovalent 
ions and aqueous electrolytes since 1994, they were failed to 
present a charming electrochemical performances and com-
mercial prospects.[23] One of the major challenges is their energy 
density (<70  Wh kg−1) cannot compare with commercial LIBs 
(≈100–265 Wh kg−1), owning to the narrow electrochemical stable 
potential window (ESPW) of aqueous electrolytes.[24,25] An ingen-
ious solution to compensate the reduced energy density due to 
the low operation potential is to use multivalent ion as charge 
carriers in aqueous batteries. As illustrated from Table 1, owning 
to the multi-electron transfer capability, aqueous rechargeable 
multivalent ion batteries (AMVIBs) present more energy storage 
capability, thus providing higher theoretical gravimetric and 
volumetric energy densities compared with monovalent ions.[20] 

Therefore, recent years have witnessed increasing focus on the 
development of different types of AMVIBs, for example, aqueous 
zinc-ion batteries (AZIBs),[26–29] aqueous calcium-ion batteries 
(ACIBs),[30] aqueous magnesium-ion batteries (AMIBs),[31] and 
aqueous aluminum-ion batteries (AAIBs).[32]

Figure  1 demonstrates the major development of the 
cathode for AMVIBs in the past two decades. Although the 
first rechargeable AIB and MIB were reported in the 1970s 
and 2000 respectively, it is disappointing that there were few 
breakthroughs between 2000 and 2010. Early MIBs were mainly 
based on non-aqueous electrolytes; however, the aqueous  
systems have received more attention in recent years due to the 
advantages such as the non-existence of SEI layer. Similarly, 
research on AIBs based on ionic liquids and aqueous electro-
lytes has gradually increased since 2011. Rechargeable AZIBs 
and AMIBs were first reported in 2011 and 2015, respectively. 
They have developed rapidly, benefiting from comprehensive 
studies dedicated to cathode development. In addition, the 
emergence of “water-in-salt” (WIS) aqueous electrolyte in 2015 
brings new vitality to the AMVIB field.[33]

1.2. Overview to the Challenges and Opportunities  
of Extensively Studied Materials

The AMVIBs not only have similar materials design strategies 
for cathodes, but also share similar challenges and opportuni-
ties (Figure  2). Although the past 5 years have witnessed the 
rapid development and numerous breakthroughs of eight main-
stream cathode candidates for AMVIBs, several substantial chal-
lenges still exist and hinder the further development of AMVIBs. 
These challenges can be mainly summarized in two aspects: a) 
the innovation of suitable cathode materials and structures, and 
b) the discovery of adequate electrolytes. First, for liquid-state 
electrolytes, it is widely known that the narrow ESPW of water 
(≈1.23 V) limited the output voltage of batteries using aqueous 
electrolytes (Figure  3a). The use of WIS aqueous electrolytes 
successfully broaden the output voltage window to ≈2–3  V, 
however, it is still lower than organic or ionic liquid electro-
lytes (≈2–4 V), gel polymer electrolytes (≈2–6 V) and solid-state 
electrolytes (up to ≈6.5  V).[34] Second, the capacity retention of 
state-of-art cathode candidates in the laboratory are insufficient 
to meet the requirements for practical application (Figure  3b). 

Table 1. The comparison between monovalent and multivalent charge carriers.[26,62,118,192]

Items/charge carriers Li+ Na+ K+ Zn2+ Mg2+ Ca2+ Al3+

Atomic weight [g mol−1] 6.94 22.99 39.1 65.41 24.31 40.08 26.98

Standard potential (V vs. SHE) −3.04 −2.713 −2.924 −0.763 −2.356 −2.84 −1.676

Ionic radius [Å] 0.76 1.02 1.38 0.75 0.72 1 0.53

Hydrated ionic radius [Å] 3.82 3.58 3.31 4.3 4.28 4.12 4.75

Charge density [C mm−3] 52 24 11 112 120 52 364

Theoretical specific capacity [mAh g−1] 3860 1166 685 820 2206 1337 2980

Volumetric energy density [mAh cm−3] 2061 1129 610 5855 3834 2072 8046

Density of the metal [kg m−3] 534 968 862 7140 1738 1550 2700

Metal cost [USD kg−1] 19.2 3.1 13.1 2.2 2.2 2.28 1.9

Abundancea) 33 6 7 25 8 5 3

a)Ranking based on the abundance of all elements on earth.
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Currently, there is no commercial AMVIBs, and only a handful 
of researches based on manganese oxides and vanadium oxides 
maintain over 90% capacity retention after 2000 charge/dis-
charge cycles in the laboratory. Furthermore, the multivalent 
ions (Zn2+, Mg2+, Al3+) have much higher polarization strength 
and charge density compared with monovalent ions (Li+, Na+, 
K+), which results in the diffusion kinetics (or diffusivity) of 
multivalent ions being significantly lower than the monovalent 
ions in the similar cathode materials (Figure  3c). Additionally, 
for systems using zinc metal as the anode, stable cathode can-
didates and aqueous electrolytes are hard to find, because the 
standard potential for zinc-ion deposition is more negative than 
that for hydrogen evolution in aqueous electrolytes.[35]

To achieve further improvement to AMVIBs, nine main 
methodologies have been identified to enhance the performance 
of these batteries, including: WIS electrolyte,[35,36] electrolyte 
additives,[2,37] pre-intercalation,[38,39] defect engineering,[40,41] 
heteroatom doping,[42,43] size regulation,[44,45] composites and 
freestanding configurations of cathodes,[46,47] advanced char-
acterization,[48] and theoretical investigations.[6,49] These strate-
gies have been extensively studied and used individually or in 
combination. Although some strategies are adopted in cathode 
materials based on organic or ionic liquid electrolytes, they 
could still effectively inspire the development of AMVIBs.

1.3. Highlights of this Review

Although the number of publications for AMVIBs continues to 
increase rapidly, there are few focused reviews that systematically 
discussed anodes, cathodes, electrolytes, and the mechanisms of 
AMVIBs. A comparison and summary of recent reviews is listed 
in Table 2.[50–58] To inspire new research directions, this work has 
made several improvements that fill gaps in existing reviews, 
including the combination of: a) focus on recent developments 

in cathode materials for AMVIBs (Zn, Mg, Ca, Al), and providing 
general approaches for the design of the different types of cath-
odes; b) clearly and systematically summarizing common chal-
lenges, widely investigated materials, and promising strategies 
to optimize the cathode candidates; c) establishing the inherent 
relationships among promising strategies and common chal-
lenges and pointing out the conflicting conclusions from the lit-
erature, thus inspiring follow-on research.

2. Aqueous Rechargeable Zinc-Ion Batteries

As demonstrated in Table 1, among the various charge carriers, 
AZIBs possess particularly attractive features in the following 
aspects. 1) High abundance in the Earth’s crust and the low cost 
of zinc facilitate their mass production; 2) high redox potential 
(versus SHE, −0.763 V) allowing AZIBs to work in both aqueous 
and non-aqueous electrolytes; 3) zinc anodes offer high theoret-
ical volumetric energy density (5855 mAh cm−3 compared to 2061 
mAh cm−3 for LIBs), due to the two-electron transfer mechanism 
and the high density of Zn (7.140 g cm−3); and 4) the reduced tox-
icity and improved safety characteristics compared to LIBs.[21,22,59]

Similar to the energy storage mechanism of LIBs, AZIBs 
experience the Zn2+ transfer between anodes and cathodes. 
Generally, at the anode surface, Zn2+ executes electrochemical 
plating/stripping during the charge and discharge process. 
However, the cathode reactions are different depending on the 
different types of materials used; for example, intercalation or 
conversion reactions for metal oxides (e.g., MnO2 and V2O5), 
and redox reactions for organic cathodes (e.g., polyaniline). 
There are a series of substantial challenges for ZIBs in practical 
scenarios. First, inhomogeneous electrodeposition will result in 
the formation of Zn dendrites and a passivation layer, which 
will lead to capacity fade, shorter cycle life, and safety issues 
associated with short-circuiting.[27,60] Meanwhile, the formation 

Figure 1. Major achievements of cathodes for rechargeable multivalent ion batteries in the last 20 years.
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of inactive by-products (e.g., ZnO) at the anode caused by the 
side reactions (e.g., hydrogen evolution and self-corrosion), will 
lead to the poor Coulombic efficiency. Second, each Zn2+ ion 
will coordinate with six water molecules and possess a strong 
electrostatic interaction with cathode materials in AZIBs, thus 
limiting its diffusion kinetics and increasing the difficulties in 
identifying suitable cathode materials.[21,61] Then, the standard 
potential of the Zn2+ ion deposition is more negative than that 
of hydrogen evolution reaction in aqueous electrolytes, which 
make it harder to develop stable aqueous electrolytes.[62] In 
addition, the dissolution of active materials is another major 
issue and inhibits the durability of AZIBs.

To address the above challenges and further improve the 
performance of AZIBs, many materials and strategies have 
been proposed. A summary of cathode materials for AZIBs is 
given in Table 3. Generally, the widely studied types of cathode 
materials include manganese-based materials, vanadium-based 
materials, Prussian blue analogs (PBAs), and other types, which 
will be discussed as follows.

2.1. Mn-based Materials

To date, Mn-based materials are the most commonly studied 
cathode for AZIBs, because of the low cost and environmentally 
friendly feature.[26,27] Meanwhile, manganese oxides present 
a remarkable diversity in crystal structures, nano/micro mor-
phology and porosity, due to the variety in the valence states 
of Mn: Mn2+, Mn3+, Mn4+, and Mn7+. In recent years, a diverse 
types of Mn-based materials, including α-MnO2,[2,46,63–65] β-
MnO2,[38,39] γ-MnO2,[66] ε-MnO2,[42] δ-MnO2,[67] Mn2O3,[68] and 
Mn3O4,[44,47,69] have been received varying degrees of attention. 
This part of the review focuses on the major challenges and 
potential solutions summarized from the state-of-the-art work, 
including: 1) manganese dissolution; 2) controversial mecha-
nistic issues; 3) phase transformation and structural collapse; 
and 4) emerging strategies.

The first obstacle is the continuous dissolution of manganese 
into the electrolyte. Liu et al. observed the capacity of α-MnO2 
nanofibers significantly decreases in the initial 10 cycles; then, 

Figure 2. Summary of the materials, challenges and opportunities.
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through the inductively coupled plasma (ICP) technique, they 
found that the Mn2+ in the electrolyte can inhibit the dissolution 
of Mn in the cathode.[2] Hence, they proposed the pre-addition 
strategy and added 0.1 м Mn2+ into the pristine electrolyte, thus 
improving the stability of the electrode and achieving high 
capacity retention of 92% after 5000 cycles at 5 C (Figure 4a). 
Similarly, Chen and co-workers further studied the underlying 
mechanism of the pre-addition strategy, based on AZIBs with 
β-MnO2 nanorods as the cathode and with 3 м Zn(CF3SO3)2 
and 0.1 м Mn(CF3SO3)2 as the electrolyte (Figure  4b).[37] They 
identified the major merits of the Mn2+ electrolyte additive to 
be: 1) accommodating/compensating the dissolution of active 
materials; 2) improving initial Coulombic efficiency and ionic 
conductivity; 3) generating an uniform interconnected porous 
MnOx film after charging, thus improving the electrode integ-
rity and charge transfer.

Currently, the functionality and underlying mechanisms of 
Mn2+ pre-addition are still controversial. For the MnO2 cathodes 
which are prone to Mn3+ Jahn–Teller instability, a conventional 
viewpoint suggested that the pre-addition of Mn2+ inhibits the 

disproportionate reaction ( ↔ ++ + +2Mn Mn Mn(s)
3

(aq)
2

(aq)
4 ), thus alle-

viating the dissolution of active materials. However, the Mn2+ 
in aqueous electrolyte is not stable, which may be redeposited  
on the MnO2 cathode and contribute to the extra capacity during 
the cycling. Recently, Xia and colleagues found the Mn2+ pre-
addition may not be able to inhibit the dissolution of MnO2.[6] 
As shown in Figure  4f, they proposed the electro-oxidation 
of Mn2+ in the electrolyte formed the ZnMn2O4, which would 
contribute to the extra capacity and influence the evaluation of 
capacity due to the MnO2 phase change and dissolution. How-
ever, the mechanism they proposed is mainly based on the 
observation of the phase transformation via ex situ XRD. To 
obtain a clearer mechanism, it is an important route to combine 
various in situ characterization techniques to provide a more 
diversified information of the electrode materials. For instance, 
in situ Raman spectra of MnO2-loaded carbon felt during the 
continuous discharge and charge process (Figure  4c) indicated 
the reversible deposition/dissolution mechanism of MnO2.[70] 
During the discharge process, the MnO2 peaks (500–600 cm−1) 
almost remained unchanged as the discharge voltage between 

Figure 3. The challenges of AMVIBs. a) The comparison of the output voltage of AMVIBs using different electrolyte; b) capacity retention per 2000 cycles  
of state-of-art cathode candidates in each type of material. Data collected from Tables 3–6; c) the diffusivity of monovalent (Li+, Na+, K+) and multi-
valent (Zn2+, Mg2+, Ca2+, Al3+) ions in the cathode materials, which is summarized via the results from galvanostatic intermittent titration technique 
(GITT). The manganese oxide corresponds to Li+ and Zn2+ in α-MnO2.[193,194] The vanadium oxide corresponds to Li+ in NaVO3,[195] and Zn2+ in V2O5 
and H2V3O8.[78,95] The spinels correspond to Li+ in Li2(M1/16Mn11/16)O4,[196] and Zn2+ in ZnMn2O4.[40] The TMDs correspond to Li+ and Zn2+ in MoS2.[61,197] 
The PBAs correspond to Na+ in FeHCF,[198] and Al3+ in NiHCF.[110] The Chevrel phase corresponds to Li+ in Mo6S8,[199] and Mg2+ in Cu0.09Mo6S8.[200] The 
organic materials correspond to monovalent and multivalent ions in the organic materials.[56,201] The polyanionic compounds correspond to Na+ in 
NASICON-Na3V2(PO4)3,[194] and Zn2+ in Na3V2(PO4)2F3.[202]

Adv. Funct. Mater. 2021, 2010445
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2.78–2.62 V, suggesting the presence of MnO2. However, the dis-
appearance of MnO2 peaks and the emerging peaks related to 
D (1354 cm−1) and G (1598 cm−1) bands of carbon at the end of 
the discharge indicated the removal of MnO2. Finally, the carbon 
peaks vanished rapidly and MnO2 peaks reappearing at the 
beginning of the charge process revealed the deposit of MnO2.

The surface modification and coating is another widely 
studied strategy to suppress Mn dissolution issue. Through 
coating a multilayer reduced graphene oxide (rGO) with a 
thickness of 5 nm on the MnO2 nanowire, Mai et  al. success-
fully synthesized α-MnO2/graphene scrolls (Figure  4d,e).[71] 
The rGO scrolls alleviate the manganese dissolution during 
cycling and demonstrate a remarkable capacity (362.2 mAh g−1 
at 0.3 A cm−2) and durability (94% retention at 3 A g−1 after 

3000 cycles). Other methodologies, such as the incorporation 
of metal ions and lattice defects, provide new strategies for 
addressing this challenge and still need further research and 
development. Very recently, Liang and colleagues developed 
an oxygen-defect K0.8Mn8O16 (KMO), which demonstrates 
an impressive durability (≈100% capacity retention at 1 A g−1) 
over 1000 cycles.[72] Through ICP-OES analysis, they proposed 
that K+ ions steadily intercalated into the tunnels of KMO and 
bonded with the Mn polyhedrons could alleviate the dissolution 
of Mn, thus enhancing the stability of KMO.

Besides the mechanisms for the Mn2+ pre-addition strategy, 
the energy storage mechanism of Mn-based cathodes is some-
what controversial, which includes three major possible mech-
anisms: a) Zn2+ intercalation/deintercalation, b) conversion 

Table 2. Recent reviews published in related areas.[50–58]

Published 
journal

Page 
number

Title Types of batteries Highlight point Reference

Small 
Methods

3 (2019),  
1800272

Recent progress of rechargeable 
batteries using mild aqueous 

electrolytes

Aqueous metal ion batteries 
(Li, Na, K, Mg, Ca, Zn, Al)

Recent development of anodes, cathodes 
and electrolytes in aqueous metal ion 
batteries (Li, Na, K, Mg, Ca, Zn, Al).

[50]

Sci. Adv. 16 (2020),  
21, eaba4098

Roadmap for advanced aqueous 
batteries: From design of 
materials to applications

Aqueous metal ion batteries 
(Li, Na, K, Mg, Ca, Zn, Al)

Roadmap starting with materials design 
and ending with the commercialization of 
next-generation reliable aqueous batteries.

[51]

J. Mater. 
Chem. A

7 (2019),  
20519–20539

Rechargeable aqueous electrolyte 
batteries: from univalent to 

multivalent cation chemistry

Aqueous metal ion batteries 
(Li, Na, Zn)

Recent development of anodes and 
cathodes in aqueous metal ion batteries 

(Li, Na, Zn).

[52]

Small 15 (2019),  
15, 1805061

Recent progress in multivalent 
metal (Mg, Zn, Ca, and Al) and 
metal-ion rechargeable batteries 

with organic materials as 
promising electrodes

AMVIBs (Zn, Mg, Ca, Al) Development and perspectives of organic 
electrodes for aqueous rechargeable 

multivalent ion batteries.

[53]

Nat. Rev. 
Mater.

5 (2020),  
276–294

Design strategies for non-
aqueous multivalent-ion and 

monovalent-ion battery anodes

Non-aqueous multivalent-ion 
and monovalent-ion batteries 

(Li, Na, K, Mg, Ca, Al)

Development of anodes in non-aqueous 
multivalent-ion and monovalent-ion 

batteries (Li, Na, K, Mg, Ca, Al).

[54]

Adv. Energy 
Mater.

10 (2020),  
1904199

Covalent-organic frameworks: 
advanced organic electrode 
materials for rechargeable 

batteries

Monovalent-ion batteries (Li, 
Na, K) and aqueous zinc ion 

batteries

The challenges and perspectives of COF 
electrode materials for rechargeable 

batteries (Li, Na, K, Zn).

[55]

Energy 
Environ. Sci.

13 (2020),  
3950–3992

Recent advances in developing 
organic electrode materials for 

multivalent rechargeable batteries

Multivalent-ion batteries (Zn, 
Mg, Ca, Al)

Development and perspectives of organic 
electrodes for rechargeable multivalent ion 

batteries.

[56]

Mater. Today 
Energy

18 (2020),  
100547

Recent progress in aqueous 
monovalent-ion batteries with 
organic materials as promising 

electrodes

Aqueous batteries with 
monovalent-ion charge carrier 
(Li+, Na+, K+, H+, H3O+, NH4

+)

Development and perspectives of organic 
electrodes for aqueous rechargeable 

multivalent ion batteries.

[57]

Angew. Chem., 
Int. Ed.

59 (2020),  
18322–18333

Progress of organic electrodes 
in aqueous electrolyte for energy 

storage and conversion

Aqueous organic batteries 
(Li, Na, K, Zn, Mg, Ca, H3O+, 

NH4
+)

Development and perspectives of organics 
containing carbonyls for energy storage 
and conversion in aqueous electrolytes.

[58]

This review The cathode design for aqueous 
rechargeable multivalent 

ion batteries: challenge and 
opportunities

AMVIBs (Zn, Mg, Ca, Al) The clear and systematic summary 
of general challenges, materials, and 

promising strategies for the cathodes of 
AMVIBs (Zn, Mg, Ca, Al);

The establishment of the inherent 
relationships among promising strategies 

and common challenges
The illustration and comparison of the 

features for each technology

–

Adv. Funct. Mater. 2021, 2010445
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Table 3. Representative cathode materials of rechargeable AZIBs in recent years.

Materials Free-
standing 

(Y/N)

Electrolyte Working 
potential 

[V]

Specific capacity  
[mAh g−1] at  

x A g−1

Capacity retention  
at y A g−1 after n cycles

Rate capability  
(capacity 
retention  

at z × x A g−1)

Strategies Reference

Mn-based materials

α-MnO2 N Gelatin + PAM 0.8–2.0 306 (x = 0.0616) 97% (n = 1000, y = 2.772) 40.2% (z = 6) – [203]

α-MnO2/graphene scrolls N 2 m ZnSO4 +  
0.2 m MnSO4

1.0–1.9 362.2 (x = 0.3) 94% (n = 3000, y = 3) 55.1% (z = 30) B, G, H [71]

α-MnO2 nanofiber N 2 m ZnSO4 +  
0.1 m MnSO4

1.0–1.8 255 (x = 0.0616) 92% (n = 5000, y = 1.54) – B, H [2]

β-MnO2 nanorod N 3 m Zn(TFSI)2 +  
0.1 m Mn(TFSI)2

0.8–1.9 225 (x = 0.2) 94% (n = 2000, y = 2) 38.7% (z = 50) A, H [37]

β-MnO2 N 3 m ZnSO4 +  
0.1 m MnSO4

0.8–1.8 302 (x = 0.05) 94% (n = 300, y = 0.1) – B, E [75]

γ-MnO2 N 1 m ZnSO4 1.0–1.8 285 (x = 0.5) 64% (n = 45, y = 0.5) – H [66]

La-Ca co-doped ε-MnO2 N 1 m ZnSO4 +  
0.4 m MnSO4

0.8–ss1.9 300 (x = 0.25) 76% (n = 200, y = 0.1) – B, D [42]

δ-MnO2 N 2 m ZnSO4 +  
0.1 m MnSO4

1.0–1.8 266 (x = 0.1) 40% (n = 5000, y = 2) 42.5% (z = 30) B [67]

PANI intercalated α-MnO2 N 2 m ZnSO4 +  
0.1 m MnSO4

1.0–1.8 280 (x = 0.2) ≈90% (n = 200, y = 0.2) 33% (z = 15) B, C, 
G, H

[76]

Mn2O3 N 2 m ZnSO4 +  
0.1 m MnSO4

1.0–1.9 148 (x = 0.1) 87% (n = 2000, y = 0.1) 22.2% (z = 20) B [68]

Mn3O4 N 2 m ZnSO4 0.8–1.9 239.2 (x = 0.1) 72% (n = 300, y = 0.5) 50% (z = 20) F, H [204]

Na0.44MnO2 N 1 m Na2SO4 +  
0.5 m ZnSO4 +  
0.05 m MnSO4

1.0–1.9 340 (x = 0.1) 100% (n = 150, y = 0.1) 33% (z = 6) B [205]

Na0.44MnO2·1.5H2O N 2 m ZnSO4 +  
0.2 m MnSO4

0.9–1.9 278 (x = 1C) 98% (n = 10 000, y = 20 C) 34% (z = 20) B, C [77]

K0.8Mn8O16 N 2 m ZnSO4 +  
0.1 m MnSO4

1.0–1.8 300 (x = 0.1) 100% (n = 1000, y = 1) 30% (z = 20) B, E [72]

ZnMn2O4/C N 3 m Zn(TFSI)2 0.8–2.0 150 (x = 0.05) 94% (n = 500, y = 0.5) – A, E, G [40]

α-MnO2 nanorod Y PVA/ZnCl2/ 
MnSO4

1.0–1.8 353 (x = 0.5) 93.6% (n = 1000, y = 0.5) – F, G [63]

α-MnO2 nanowires Y 2 m ZnSO4 +  
0.2 m MnSO4

0.9–1.8 348 (x = 0.1) 58.3% (n = 300, y = 0.5) 33% (z = 20) B, G, H [64]

α-MnO2 @ PEDOT Y PVA/ZnCl2/
MnSO4

1.0–1.8 366.6 (x = 0.74) 83.7% (n = 300, y = 1.11) 55.6% (z = 5.3) G [46]

α-MnO2/rGO Y 2 m ZnSO4 +  
0.1 m MnSO4

1.0–2.0 332 (x = 0.3) 96% (n = 500, y = 6) 54.5% (z = 20) B, F, G [65]

Mn3O4@nitrogen-doped 
carbon

Y 2 m ZnSO4 +  
0.1 m MnSO4

1.0–1.8 280 (x = 0.1) 100% (n = 500, y = 0.5) 43.6% (z = 10) B, G [69]

Mn3O4 nanoflower Y 2 m ZnSO4 +  
0.1 m MnSO4

1.0–1.8 300 (x = 0.5) 98% (n = 50, y = 0.5) – B, G [47]

V-based materials

V2O5 N 3 m Zn(TFSI)2 0.2–1.6 470 (x = 0.2) 91.1% (n = 4000, y = 5) 84.4% (z = 50) A, C [78]

V2O5·nH2O/graphene N 3 m Zn(TFSI)2 0.2–1.6 381 (x = 0.06) 71% (n = 900, y = 6) 26.2% (z = 50) A, C, G, H [82]

VO2 N 3 m Zn(TFSI)2 0.3–1.5 375 (x = 0.1) 85% (n = 2000, y = 5) – A, E, H [81]

V2O3 N 2 m Zn(TFSI)2 0.2–1.6 625 (x = 0.1) 100% (n = 10 000, y = 10) 75.8% (z = 200) A, F [38]

H2V3O8 N 3 m Zn(TFSI)2 0.2–1.6 423.8 (x = 0.1) 94.3% (n = 1000, y = 5) 26.2% (z = 50) A [85]

V6O13·nH2O N 3 m Zn(TFSI)2 0.2–1.4 395 (x = 0.1) 87% (n = 1000, y = 5) 24.3% (z = 200) A, C, F [206]
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Materials Free-
standing 

(Y/N)

Electrolyte Working 
potential 

[V]

Specific capacity  
[mAh g−1] at  

x A g−1

Capacity retention  
at y A g−1 after n cycles

Rate capability  
(capacity 
retention  

at z × x A g−1)

Strategies Reference

Na0.33V2O5 N 3 m Zn(TFSI)2 0.2–1.6 367 (x = 0.1) 93% (n = 1000, y = 1) 26.3% (z = 20) A, C [79]

CaV6O16·2.7H2O N 3 m Zn(TFSI)2 0.2–1.6 265 (x = 0.1) 100% (n = 300, y = 0.5) 46.2% (z = 20) A, C [87]

δ-Ni0.25V2O5·nH2O N 3 m Zn(TFSI)2 0.3–1.7 402 (x = 0.2) 98% (n = 1200, y = 5) 35.9% (z = 25) A, C, H [48]

NaV3O8·1.5H2O N 1 m ZnSO4 0.3–1.2 380 (x = 0.5) 82% (n = 1000, y = 4) – C [95]

NH4V4O10 (3D-NVO) N 1 m Zn(TFSI)2 0.3–1.5 485 (x = 0.1) 90% (n = 3000, y = 10) 38.1% (z = 100) A, F, H [83]

PANI intercalated V2O5 N 3 m Zn(TFSI)2 0.2–1.6 405 (x = 0.1) 97.6% (n = 2000, y = 20) 43.2% (z = 300) A, C, G, H [84]

PANI intercalated V2O5 N 3 m Zn(TFSI)2 0.4–1.5 372 (x = 0.5) 60% (n = 2000, y = 5) 56.4% (z = 20) A, C, G, H [92]

PEDOT-NH4V3O8 N 3 m Zn(TFSI)2 0.2–1.6 356.8 (x = 0.05) 94.1% (n = 5000, y = 10) 49.5% (z = 200) A, C, E, 
G, H

[91]

rGO/Na2V3O8 Y 1 m ZnSO4 +  
1 m Na2SO4

0.3–1.2 410 (x = 0.1) 94% (n = 2000, y = 5) – B, G [86]

NVO/rGO/CNT composite Y 3 m Zn(TFSI)2 0.2–1.6 459.1 (x = 0.5) 83.1% (n = 1800, y = 10) 79.6% (z = 20) A, G [73]

Prussian blue analogues

ZnHCF N 1 m ZnSO4 0.8–1.9 65.4 (x = 0.06) 81% (n = 100, y = 0.3) – H [97]

CuHCF N 0.02 m ZnSO4 1.3–2.1 53 (x = 0.06) 96.3% (n = 50, y = 0.1) 80.9% (z = 10) – [89]

FeHCF N 1 m Zn(OAc)2 in 
choline acetate 
with 30 wt% of 

water

0.5–1.8 54 (x = 0.1 mA cm−2) 99% (n = 50, y = 0.1 mA 
cm−2)

– – [98]

NiHCF N 0.05 m ZnSO4 +  
0.5 m Na2SO4

0.9–1.9 76.2 (x = 0.1) 81% (n = 1000, y = 0.5) 59.1% (z = 100) B [99]

ZnHCF@MnO2 N 0.5 m ZnSO4 1.4–1.9 118 (x = 0.1) 77% (n = 1000, y = 0.5) 59.3% (z = 100) G [207]

FeFe(CN)6 N 1 m Zn(OAc)2  
in [Ch]OAc + 

water

1.0–2.0 112 (x = 0.01) 99% (n = 50, y = 0.01) 25.8% (z = 6) B [100]

Na2MnFe(CN)6 N 1 m ZnSO4 + 1 m 
Na2SO4

0.2–1.2 170 (x = 0.5 C) 75% (n = 2000, y = 0.5 C) 61.8% (z = 60) B, H [101]

Other materials

PANI Y 1 m Zn(TFSI)2 0.5–1.5 200 (x = 0.05) 92% (n = 3000, y = 5) 45% (z = 100) A [104]

Pyrene-4,5,9,10-tetraone 
(PTO)

Y 2 m ZnSO4 0.4–1.5 336 (x = 0.04) 70% (n = 1000, y = 0.2) – – [106]

Tetrachloro-1,4-benzoquinone 
(p-chloranil)

N 1 m Zn(TFSI)2 0.8–1.4 205 (x = 0.217) 62.4% (n = 200, y = 0.217) – A, H [208]

Quinone (C4Q) N 3 m Zn(TFSI)2 0.2–1.8 335 (x = 0.02) 87% (n = 1000, y = 0.5) – A [105]

Ladder-like Polymer (PDB, 
(C6O2S2)n)

N 4 m Zn(TFSI)2 0.2–1.6 205 (x = 0.05) 75.3% (n = 10 000, y = 20) – A, H [107]

Cu3(HHTP)2 N 3 m Zn(TFSI)2 0.6–1.3 228 (x = 0.05) 75% (n = 4000, y = 4) – A, H [109]

MoS2 with O-doping N 3 m Zn(TFSI)2 0.2–1.4 232 (x = 0.1) – 38.7% (z = 10) A, C, H [61]

MoS2 with defects N 3 m Zn(TFSI)2 0.2–1.2 128.23 (x = 0.1) 87.8% (n = 1000, y = 1) 50.8% (z = 20) A, E, H [41]

Co(III) rich-Co3O4 N 2 m ZnSO4 +  
0.2 m CoSO4

0.8–2.2 158 (x = 1) 92% (n = 5000, y = 1) 31.6% (z = 8) B, G, H [113]

CoSe2−x@C/CC Y (PANa)-KOH/ 
Zn(Ac)2

0.75–2.05 112 mAh cm−2  
(x = 0.004 A cm−2)

80% (n = 10 000,  
y = 0.01 A cm−2)

– D, G [111]

Ni–NiO nanosheets N 1 m KOH 1.5–2.0 – 96.6% (n = 10 000,  
y = 22.2)

– G [112]

*For the strategies employed: A (“water-in-salt” electrolyte), B (electrolyte additives), C (pre-intercalation strategy), D (heteroatom doping), E (defects engineering), F (size 
regulation), G (composites and free-standing configuration), H (advanced characterization and theoretical study).

Table 3. Continued.
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Figure 4. Mn-based cathode candidates for AZIBs. a) Cycling performance of MnO2 electrodes with and without 0.1 m MnSO4 additive in 2  m ZnSO4 
aqueous electrolyte at the current densities of C/3 and 1 C, respectively; Reproduced with permission.[2] Copyright 2016, Nature Springer. b) Schematic 
diagram of Zn-MnO2 AZIB using CF3SO3 electrolyte; Reproduced under the terms of CC-BY license.[37] Copyright 2017, Nature Springer. c) In situ Raman 
spectra of the MnO2 electrode under decoupled Zn-MnO2 battery (DZMB). Reproduced with permission.[70] Copyright 2020, Nature Springer. d) Sche-
matic diagram of the synthesize route of α-MnO2/graphene scrolls (MGS); e) SAED and HRTEM of MGS. Reproduced with permission.[71] Copyright 
2018, Wiley. f) Schematic diagram of structural evolutions to spinel ZnMn2O4 during cycling. Reproduced with permission.[6] Copyright 2020, Elsevier. 
Schematic diagram of mechanisms of g) Zn2+ insertion/extraction, and h) conversion reaction mechanism, and i) Zn2+/H+ co-insertion.

Adv. Funct. Mater. 2021, 2010445
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reaction, and c) H+/Zn2+ co-insertion. Currently, the dominant 
view is the reversible intercalation/deintercalation mechanism 
(Figure  4g) of Zn2+ during the redox of manganese oxides, 
which is widely reported.[43,44,71] However, Liu et  al. observed 
that the α-MnO2 will react with H+ to form the MnOOH phase 
during the discharge process, and the products further react 
with ZnSO4 and H2O forming ZnSO4[Zn(OH)2]3 and reaching 
the charge balance.[2] Also, some researches have observed that 
Zn2+ intercalation will trigger structural transformation to lay-
ered ZnxMnO2 and/or ZnMn2O4 at different depths of the dis-
charge (Figure 4h).[38,40] Other investigations have indicated that 
the co-insertion mechanism of Zn2+ and H+ exits in cathode 
materials of AZIBs (Figure  4i).[64,73] Through electrochemical 
and structural analysis, Wang and co-workers first proposed the 
co-insertion of Zn2+ and H+ mechanism based on the Akhten-
skite MnO2, and confirmed that the insertion of H+ happens 
before the Zn2+ insertion.[74] Additionally, it is noteworthy that 

most of the AZIBs involved in the H+ and Zn2+ co-insertion 
mechanism present better rate capability and capacity reten-
tion, when compared with those only involving Zn2+ (de)inter-
calation mechanisms.[42,50] Further exploration of the energy 
storage mechanism of Mn-based cathodes is needed and will 
facilitate further development of AZIBs.

The third issue for Mn-based cathode materials is the phase 
transformation and structural collapse during the charge/
discharge process. Defect engineering is a widely recognized 
strategy to solve this issue, which includes two categories 
(cation vacancy and oxygen vacancy) for manganese oxides 
(Figure 5a). Chen et al. reported the cation-defective ZnMn2O4 
spinel as the cathode for AZIBs, in which the defects effectively 
enhance the structural stability.[40] The spinel structure is well 
maintained during the (de)insertion processes, as evidenced by 
the only signals (ZnMn2O4) from the XRD profile. Then, they 
suggested that the mobility of Zn2+ in this particular structure 

Figure 5. Mn-based cathode candidates for AZIBs. a) Schematic illustration of defect engineering, heteroatom doping, and pre-intercalation strategy 
of manganese oxides; b) schematic diagram of Zn2+ diffusion pathway in ZMO spinel without and with Mn vacancies. Reproduced with permission.[40] 
Copyright 2016, American Chemical Society. c) schematic illustration of H+ diffusion paths in pristine β-MnO2 and defect-rich β-MnO2. Reproduced with 
permission.[75] Copyright 2020, Elsevier. d) discharge capacities and e) cycling performance of the pristine ε-MnO2 (MO), La-doped ε-MnO2 cathode 
(LMO), Ca-doped ε-MnO2 cathode (CMO), and La-Ca co-doped ε-MnO2 cathode (LCMO); f) TEM images of La-Ca co-doped ε-MnO2 materials. 
Reproduced with permission.[42] Copyright 2020, Royal Society of Chemistry. g) Comparison of electrochemical performance between the up-to-date 
free-standing and non-free-standing cathode materials; h) schematic illustration of Zn-MnO2@PEDOT battery. Reproduced with permission.[46] Copy-
right 2017, Wiley. i) Schematic diagram of synthesize of SSWM@Mn3O4. Reproduced with permission.[47] Copyright 2018, Royal Society of Chemistry.
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is free from the large electrostatic repulsion (Figure  5b), thus 
facilitating the faster electrode kinetics and enhancing the elec-
trochemical properties. Very recently, Liang and co-workers 
introduced oxygen defects in the β-MnO2 cathode, which suc-
cessfully enhanced the Zn2+ insertion kinetics and achieved 
remarkable stability (94% retention, 300 cycles at 0.1 A g−1).[75] 
Coupling density functional theory (DFT) calculations with dif-
fusion coefficient measurements, they proposed that the oxygen 
defects opened up the [MnO6] polyhedron walls and created 
extra ion diffusion channels, and thus facilitated the kinetics of 
H+/Mg2+ ion insertion (Figure 5c).

In addition to defects engineering, the heteroatom doping 
strategy has been applied to Mn-based cathodes with promising 
consequences. Generally, there are two types of substitutional 
doping: a) cationic doping; b) anionic doping (cationic and ani-
onic). Lu and colleagues successfully synthesized a La–Ca co-
doped ε-MnO2 (LCMO) cathode by simply mixing the precursor 
solutions (MnSO4, CaCl2, La(NO3)3), leading to impressive 
enhancement in both specific capacity (Figure 5d) and stability 
(Figure  5e) compared with pristine ε-MnO2.[42] This enhance-
ment is primarily the result of two contributions: a) the unique 
urchin-like structure of LCMO offers more active sites for Zn2+ 
accommodation (Figure  5f), and b) La–Ca doping strategy 
enlarges the tunnel diameter and facilitates the Zn2+ diffusion 
kinetics. Theoretically, the anionic doping substitute oxygen 
with lower electronegativity elements (e.g., S, Se, and N), thus 
reducing the diffusion barriers for Zn2+ in the cathode materials. 
However, there is no research based on anionic doping manga-
nese oxides, which offer an opportunity for future research.

Another effective methodology to address this issue is the 
pre-intercalation strategy (as known as the interstitial doping), 
which is mainly implemented by the introduction of poly-
mers, anions or water molecule. Xia and colleagues unprece-
dently synthesized a polyaniline pre-intercalated layered MnO2 
and achieved a remarkable stability (≈90% capacity retention) 
of 200  cycles with a high specific capacity of 280 mAh g−1 at 
200 mA g−1.[76] Recently, Zhi et al. fabricated a quasi-solid-state 
AZIB based on a Na0.44Mn2O4·H2O electrode synthesized by 
the pre-intercalation of Na+ and water molecules into the δ-
MnO2.[77] Due to the pre-intercalation, the interlayer spacing 
of the as-prepared Na0.44Mn2O4·H2O cathode increases from 
0.55 to 0.72  nm, which leads to a remarkable enhancement 
in cycling stability (98% capacity retention after 10000 cycles 
at 20  C) compared to the pristine δ-MnO2 electrode (79.6% 
capacity retention after 2000 cycles at 6.67 C).

The current challenges to further improve the performance 
of AZIBs have involved the development of free-standing 
cathodes. As shown in Figure  5g, without using additives 
and a metallic current collector, the state-of-the-art free-
standing Mn-based cathodes demonstrate superior perfor-
mance in specific capacity than non-free-standing cathodes. 
Tong et  al. synthesized the core–shell structure of MnO2@ 
poly(3,4-ethylenedioxythiophene) (PEDOT) as free-standing 
cathodes for the quasi-solid-state AZIBs, using a facial elec-
trodeposition method on flexible carbon cloth (Figure  5h).[46] 
The as-synthesized free-standing material achieved remark-
able specific capacity (366.6 mAh g−1, 0.74 A g−1) among all 
the Mn-based cathode materials. Additionally, the free-standing 
strategy can also improve cathode stability to some extent. 

Liang and co-workers synthesized binder-free stainless steel 
welded mesh@flower-like Mn3O4 via a one-step hydrothermal 
method (Figure 5i).[47] The stainless steel welded mesh (SSWM) 
provides stable support for Mn3O4, thus improving the elec-
trochemical performance compared to the pristine Mn3O4 and 
achieving long-term stability up to 500 cycles at 0.5 A g−1.

In general, Mn-based cathodes face three major challenges: 
contentious mechanism, manganese dissolution, and phase 
transformation or structural collapse. These issues could be 
addressed through strategies such as electrolyte optimization, 
surface modification and coating, Mn2+ pre-addition, free-
standing cathodes and heteroatom doping. Moreover, a detailed 
investigation and comparison of Mn-based cathode materials 
(such as phases, electrolytes, potential windows, etc.) need to be 
carried out to further clarify the mechanisms.

2.2. V-based Materials

Vanadium-based components have received tremendous 
attention, owning to their the extensive mineral reserves, low 
cost, preferable stability, and diversity of chemistry.[28,78,79] 
Generally, the variety in valence states of V-based materials 
can facilitate achieving local electroneutrality, and thus alle-
viate the polarization issue of Zn2+ ions.[80] In recent years, 
research had focused on (summarized in Table  3): VO2,[81] 
V2O5,[78,82,83] MxV2O5·nH2O,[48,73,79,84] H2V3O8·nH2O,[38,85] 
MxV3O8·nH2O,[86] and MxV6O16·nH2O,[87] etc. However, 
V-based materials usually suffer from three major issues: 
toxicity, low operation voltages (typically 0.2–1.6  V) and rela-
tively low Zn2+ diffusion kinetics. Many methodologies are 
proposed to solve these issues and improve the battery per-
formance, such as pre-intercalation strategy, WIS electrolyte, 
defects engineering and size regulation.

It is widely reported that exploring materials with large 
interlayer spacing is an effective strategy to improve the sta-
bility of AZIBs.[38,62,88] Mai et  al. synthesized layered struc-
ture of H2V2O3 as a cathode material with high performance 
and proposed that the large interlayer spacing will improve 
the electrochemical stability during the insertion/extraction of 
Zn2+.[38] In recent years, many researchers have focused on pre-
intercalation strategies and introduced structural water, cations, 
and other substances into the host materials to elevate inter-
layer spacing and the stability of the materials.[82,84,89] Based on 
V2O5·nH2O/graphene (VOG), Yang and co-workers found the 
interlayer increases from 10.4 to 13.5 Å after the intercalation of 
Zn2+, which is contradicted with the lattice contraction reported 
previously.[82] Through structural evolution characterization 
and electrochemical kinetic analyses, they proposed the “lubri-
cating” effect that the water-based shielding layer could reduce 
the Zn2+ effective charge and increase the interlayer distance, 
thus promoting the diffusion of Zn2+ (Figure 6a). As illustrated 
in Figure 6b, Nazar et al. reported that the water molecule will 
be intercalated into the Zn0.25V2O5·H2O before the discharge 
and removed during the insertion of Zn2+.[90] The “pillar” 
effect of the indigenous Zn2+ stabilizes the framework, while 
the water molecule enables the reversible expansion and con-
traction of the layered galleries, thus enhancing the diffusion 
kinetics and performances.
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Very recently, Xia et  al. successfully enlarged the interlayer 
spacing of NH4V3O8 from 7.8 to 10.8 Å via the pre-intercalation 
of a conductive PEDOT, which demonstrates a high specific 
capacity of 356.8 mAh g−1 and enhanced stability (94.1% capacity 
retention after 5000 cycles at 10 A g−1).[91] Similarly, Li and col-
leagues have in situ intercalated the polyaniline (PANI) into the 
layered V2O5 and significantly increased its interlayer spacing  

to 13.80 Å (Figure  6c), thus achieving 97.6% retention after  
2000 cycles at 20 A g−1.[84] Moreover, they performed DFT 
calculations to uncover the intrinsic effect of PANI intercala-
tions on the diffusion kinetics of Zn2+. Compared to pristine 
V2O5 (Figure 6d), the notable redistribution could be observed 
around the nearest CH bond of PANI in PANI-V2O5 materials 
(Figure  6e) due to the repulsion between Zn2+ and H+ ions.  

Figure 6. V-based cathode candidates for AZIBs. a) The proposed pristine V2O5·nH2O/graphene (VOG) crystal structures, VOG after charging to 
1.3 V, and discharging to 0.2 V. Reproduced with permission.[82] Copyright 2017, Wiley. b) schematic diagram of reversible water (de)intercalation into 
Zn0.25V2O5⋅nH2O. Reproduced with permission.[90] Copyright 2016, Nature Springer. c) schematic diagram of synthetic process of PANI-intercalated 
V2O5 nanosheets; differential charge density with Zn2+ intercalation in d) pristine V2O5, and e) PANI-V2O5; f) in situ XRD characterization; g) intercala-
tion sites A, B, C, and D for Zn2+ in Zn0.125Ni0.25V2O5·H2O; h) migration pathways along channel I, from channel I to channel II, and along channel II; 
and i) reconstructed pore morphology. Reproduced with permission.[48,84] Copyright 2020, Wiley.
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Almost at the same time, Zhang et  al. reported PANI interca-
lated V2O5 and achieved similar performance to Li’s group.[92] 
Through in situ XRD (Figure 6f), they found that new diffraction 
peaks appeared at 5.5°, 11.1°, and 16.6°, which suggested that 
the interlayer spacing increased from 1.42 to 1.62  nm as the 
Zn2+ accumulation. In addition, they observed that the pH 
value of the electrolyte significantly increased during the dis-
charge and gradually decreased during the charge, indicating 
that the pre-intercalation of PANI could realize the reversible 
(de)insertion of Zn2+ and H+.

Although many materials based on the “lubricating” and 
“pillar” effects have been investigated, such as Zn0.25V2O5,[90] 
Na0.33V2O5,[79] and Mg0.34V2O5,[93] the challenges in crystal-
lographic complexity and the evaluation of the functions of 
the pre-intercalated ions have hindered the further design of 
this type of cathode material. Through coupled theoretical 
and experimental methods, self-templated porous hydrated 
δ-Ni0.25V2O5 have been reported, the importance of initial 
intercalated cations was comprehensively clarified and energy 
storage mechanisms based on multi-scale investigations 
were discussed.[48] Through atomic-level DFT simulation, two 
Zn2+ ionic migration channels and four intercalation sites 
(Figure  6g,h) have been proposed, and the mitigation path-
ways along the channel I, from the channel I to channel II, and 
along the channel II were identified. In addition, the diffusion 
flux from the electrode scale based on the pore structure recon-
structed by nano-CT (Figure  6i) has been simulated, leading 
to the suggestion that the reactant transport capability of the 
material is much better than that for LIBs.[94]

Electrolyte optimization is the second mainstream strategy 
to improve the performances of AZIBs. Chen and co-workers 
observed that the 1  м ZnSO4 electrolyte results in the rapid 
dissolution of NaV3O8 (NVO) and the formation of harsh/
vertical dendrites.[95] Hence, they optimized the electrolyte by 
adding 1  м Na2SO4 to improve the cycling stability, because 
the addition of Na+ a) alleviate the continuous dissolution of 

NVO, via changing its dissolution equilibrium; b) restricts the 
growth of Zn dendrites owning to the electrostatic shield effect 
(reduction potential of Na+ lower than Zn2+). By employing 
3  м Zn(CF3SO3)2 electrolyte, Liu et  al. reported an aqueous 
Zn-V2O5 battery with the highest specific capacity (470 mAh g−1 
at 0.2 A g−1) among all V-based cathode materials and remark-
able durability (91.1% retention over 4000 cycles at 5 A g−1).[78] 
Their work also suggested that the application of WIS electro-
lyte exhibited the following merits: 1) expanding the electro-
chemical stability window; 2) coupling with pseudocapacitive 
behavior and synergistically accelerating the mass diffusion; 
and 3) enabling higher active material utilization. However, 
the cost of Zn(CF3SO3)2 electrolyte (589.8 USD per 100  g) is 
much higher than the most commonly used aqueous electro-
lyte (e.g., ZnSO4, 45.7 USD per 100  g), which may hinder its 
application for large-scale energy storage.[38,78,86] Ji et  al. pro-
posed a low-cost WIS electrolyte with an ultrahigh concen-
tration ZnCl2.[60] When increasing the concentration of the 
ZnCl2 electrolyte from 1 to 30 м, there are significant enhance-
ments in both specific capacity (from 296 to 496 mAh g−1) and 
stability (from 8.4% to 51.1% retention over 100 cycles) for 
Ca0.20V2O5·0.8H2O (Figure  7a). The improvement in specific 
capacity is mainly attributed to the application of the more 
concentrated electrolytes raises the onset potential of oxygen 
evolution reaction, thus allowing the higher cutoff potential. In 
addition, the use of high-concentration electrolytes effectively 
alleviated the vanadium dissolution and improve the cycling 
stability. However, the high concentration salt-in-water electro-
lyte may bring serval drawbacks, such as: a) higher concentra-
tion would reduce the ionic conductivity (e.g., 12.7 mS cm−1 for 
30 м ZnCl2, while 101 mS cm−1 for 1 м ZnCl2); b) the solubility 
of metal salt will generally decrease with the decrease of the 
temperature, which limit the temperature range in the practical 
scenarios; c) the high concentration solution will enhance the 
interaction between anions and cations, thus bringing high vis-
cosity and resulting in detrimental mass transfer process; d) it 

Figure 7. V-based cathode candidates for AZIBs. a) cycling stability and CE at 59 mA g−1 in different concentration of ZnCl2 solutions. Reproduced with 
permission.[60] Copyright 2019, Wiley. b) Zn2+ diffusion pathways along the tunnel in b direction in VO2 and VO1.75; c) the synthetic process of V2O3; d) the 
schematic diagram of the oxidation of V2O3 during the first full charging. Reproduced with permission.[38,81] Copyright 2020, American Chemical Society.
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would increase the weight of the device and reduce the energy 
density.[96]

Defect engineering and size regulation are also effective 
approaches. Cao and co-workers investigated the impacts of 
oxygen vacancies on Zn2+ intercalation in VO2 and found that 
oxygen vacancies (VO

··) in VO2(B) could improve the elec-
trical conductivity and expand ion diffusion tunnels.[81] Then, 
DFT calculations (Figure  7b) were conducted and confirmed 
that the existence of VO

·· expanded the ion diffusion tunnels 
along the b-axis and reduced the migration energy of Zn2+. 
Generally, the materials with long diffusion pathway and low 
specific surface area (e.g., low-valent V2O3) are not suitable 
for Zn2+ hosts; while regulating the size and morphology 
of them can effectively address this issue. Very recently, Dou 
et  al. reported a hollow-carved carbon-coated V2O3 micro-
cuboids-based cathode with high surface area and short diffu-
sion pathway (Figure 7c), which exhibits a record high specific 
capacity of 625 mAh g−1 at 0.1 A g−1 and an impressive 100% 
capacity retention over 10 000 cycles at 10 A g−1.[38] Through in 
situ electrochemical oxidation, almost all V2O3 achieved a phase 
transition to V2O5−x·nH2O or fully changed to V2O5·nH2O, 
thus providing a reversible 1.75 electron transfer. Meanwhile, 
the oxidation of V2O3 and H2O happened simultaneously in 2 м 
Zn(TFSI)2, and delivers 1420 mAh g−1 capacity during the first 
charge (Figure  7d). However, it is worth noting that the spe-
cific capacity was slightly overestimated because calculation is 
based on V2O3 rather than formed V2O5−x·nH2O during charge 
storage processes.

Another interesting viable approach is the construction 
of hierarchical porous composites by low-dimensional nano-
structures. Yang et  al. designed and prepared free-standing, 
hierarchical, and porous composite consisting of hybrid 
1D NVO nanobelts and 3D rGO/CNT scaffolds via one-pot  

hydrothermal self-assembly and vacuum filtration.[73] This unique 
structure demonstrates excellent electrochemical performance 
(459.1 mA g−1 at 0.5 A g−1 and 83.1% retention after 1800 cycles 
at 10 A g−1) owing to several advantages, including faster ion 
(de)intercalation, enhanced electron transportation, and capa-
bility to buffer the large volume change during charge/dis-
charge processes. Moreover, with a similar strategy, Huang and 
co-workers fabricated flower-like 3D-NVO via 1D NH4V4O10 
nanobelts, which delivered a remarkable reversible capacity of 
485 mAh g−1 at 0.1 A g−1.[83]

In summary, compared with Mn-based materials, the energy 
density and stability of V-based cathodes are usually higher, 
due to the larger capacitive contribution and inherent stable 
structures. To further improve the performance of V-based 
materials, it is suggested that future research should pay par-
ticular attention to effective methodologies that include elec-
trolyte optimization, design of novel composites, and more 
in-depth study of the underlying pre-intercalation mechanisms 
(e.g., initial mass change of active materials, and in situ mon-
itor of pre-intercalated ions).

2.3. PBAs

Compared with Mn-based and V-based materials, although the 
PBA-based cathodes do not show advantages in terms of energy 
density and durability, it has attracted particular attention in 
recent years due to its remarkable power density, extremely 
low cost, and simple synthesize routes.[3] The nominal formula 
of PBAs is AxMA[MB(CN)6]z·wH2O, where A represents an 
alkali metal and M represents metal. As shown in Figure  8a, 
the large interstitial sites and channels in PBAs’ open-frame-
work structures allow the (de)insertion of various metal 

Figure 8. Prussian blue analog cathode candidates for AZIBs. a) schematic diagram of Prussian blue analogs; b) FT-IR spectra of fully charged/dis-
charged FeHCF; c) EDX of as-prepared FeHCF and fully discharged FeHCF. Reproduced with permission.[100] Copyright 2016, American Chemical Society.
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ions. Recently, research has focused on materials including 
ZnHCF,[97] CuHCF,[89] FeHCF,[98] NiHCF,[99] FeFe(CN)6,[100] and 
Na2MnFe(CN)6,[101] etc. At present, unitary and binary charged 
transition metal PBAs have been widely studied, but to the best 
of our knowledge, there are only a few publications based on 
ternary transition metal PBAs.

Usually, the presence of a transition metal increases the 
weight of pristine PBA-based cathode materials, which leads 
to a decreased specific capacity. One viable strategy is to intro-
duce metal ions with redox behavior at both MA and MB sites; 
thus the 2 or more electron reaction could elevate the specific 
capacity. Endres and colleagues prepared FeFe(CN)6 nanopar-
ticles cathode and studied the electrochemical (de)insertion 
of Zn2+ in this material.[100] According to the FT-IR results at 
fully charged and discharged states (Figure 8b), the peak wave-
number shifts from 2168 to 2067 cm−1 during the fully dis-
charged states, which indicates that the Fe(III) in the material 
is reduced to Fe(II) when Zn2+ is inserted. Meanwhile, the EDX 
(Figure  8c) reveals the molar ratio between Zn and Fe is ≈1:3 
during the fully discharged state, which also provided evidence 
for the Zn2+ insertion process.

Another issue is the dissolution and the phase change of 
PBA in the aqueous electrolyte, which results in capacity loss 
and poor durability. Zhou et  al. prepared cubic and rhombic 
ZnHCF without coordinated water via a typical co-precipitation 
method at 25 and 100 °C respectively and performed the com-
parison between these two materials.[102] The results proved that 
the cubic analogs are more soluble than the non-cubic phases, 
and non-cubic phases will slowly transform back to the cubic 
phase when immersed in the electrolyte.

Similar to the Mn-based and V-based materials, electrolyte 
optimization is one possible methodology to improve the sta-
bility of the PBA frameworks. Although the transformation and 
the dissolution of ZnHCF can be delayed by adding excess Zn2+ 
into the electrolyte, further studies revealed that the higher 
Zn2+ concentration will accelerate the phase-transformation-
mediated aging process, thus reducing the stability of cathode 
materials.[103] Recently, Qian et  al. added  sodium dodecyl sul-
fate into the aqueous electrolyte of the AZIB system with 
Na2MnFe(CN)6 nanocubes cathode and achieved 75% retention 
after 2000 cycles.[101] Meanwhile, the coating and surface modi-
fication is another effective methodology to prevent the defor-
mation of the PBA frameworks, but more research is needed to 
explore this approach fully.

Although PBA cathodes have a higher voltage range com-
pared with other materials, the high voltage may degrade the 
performance of AZIBs. Mantia et al. reported a zinc-ion battery 
system based on copper hexacyanoferrate (CuHCF) with a high 
average discharge potential (1.73 V), which is the highest among 
all AZIBs to date.[89] However, the high charging voltage (2 V) of 
the system will oxidize the aqueous electrolyte, resulting in O2 
evolution on the cathodes and H2 evolution and the formation 
of ZnO on the surface of the zinc foil, causing the slow diffu-
sion of Zn2+ and poor Coulombic efficiency (95%) at 0.1 A g−1.

Overall, PBA-based cathodes are one of the most widely 
studied cathode materials, but there is still a long way for their 
development. At present, the most substantial challenges are 
their poor stability and insufficient specific capacity, which 
greatly limits their practical application. To date, there are three 

relatively less investigated directions worthy of future efforts: 
a) further electrolyte optimization to alleviate the active material 
loss and accommodate the high voltage; b) ternary transition 
metal PBAs for the cathodes of AZIBs; and c) coating and sur-
face modification to boost the performance.

2.4. Other Materials

Research has mainly focused on inorganic materials; however, 
recent years have seen an increasing focus on organic cath-
odes. Organic cathodes possess several unique merits, they 
are a) lightweight; b) environmental friendly; c) ease of ion 
(de)intercalation, owning to the weak intermolecular van der 
Waals forces; and are d) resilient to structural variations, thus 
improving the cycle life.[6] Combining Zn2+ insertion and dual-
ion mechanisms, Niu’s group developed an aqueous Zn-organic 
battery using polyaniline/carbon felts (PANI/CFs) cathode.[104] 
Through the XPS spectra, they proposed a different energy 
storage mechanisms (Figure  9b) compared with conventional 
inorganic host materials: a) during the discharge, the doped  
(= NH+-) and undoped (N) nitrogen in the initial PANI will 
be reduced to NH and N− respectively, thus removing the  
anions (Cl− and CF3SO3

−) and interacting with Zn2+; b) during 
the charge process, the NH and N− will be oxidized to = 
NH+ and N respectively, thus removing the Zn2+ and inter-
acting with CF3SO3

−. Based on “ion-coordination” mechanism, 
Chen et  al. introduced a quinone (C4Q) electrode with a high 
capacity (335 mAh g−1 at 0.02 A g−1), where Zn2+ can be stored 
through the coordination with oxygen atoms in the reduced 
carbonyl groups (Figure  9a).[105] The assembled AZIB has a 
flat voltage plateau and good durability (87% capacity reten-
tion after 1000 cycles at 0.5 A g−1), however, its further applica-
tion is limited by issues such as the dissolution of discharged 
products, the use of expensive fluorine-containing membrane 
(Nafion film), and the poisoning effect of the quinone on the 
Zn anode. To address these issues, Wang and colleagues pro-
posed a pyrene-4,5,9,10-tetraone (PTO) cathode with a high 
specific capacity of 336 mAh g−1 (0.04 A g−1) and long-term life-
span (over 1000 cycles).[106] As exhibited in Figure 9c, Zn2+ ions 
pass across the electrolyte and are stored by PTO cathodes via 
the coordination reaction during the discharge. And the charge 
process reverses discharge.

Very recently, Zhang et  al. proposed a ladder-like polymer 
poly(2,3-dithiino-1,4-benzoquinone) (PDB, C6S2O2)n cathode, 
and demonstrated a novel irreversible electrolyte anion-doping 
strategy for the first time.[107] Combining various spectroscopic 
characterizations along with DFT calculations, they suggested 
a detailed mechanism for PDB during the cycling (Figure 9d): 
a) during the initial charge, an irreversible anion-doping (A−) 
occurs and leads to the formation of intermolecular S…S 
interactions on the heterocyclic thioether group (CSC); 
b) during the following discharge, a maximum of one Zn2+ ion 
can be stored through the adjacent carbonyl groups on PDB 
molecules, or via the coordination/linkage between two PDB 
molecules. In addition, to alleviate the dissolution of organic 
electrodes and enhance the stability of the aqueous Zn-organic 
batteries, their group proposed an aqueous eutectic electro-
lyte by coupling Zn(ClO4)2·6H2O with a neutral ligand (SN, 
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Figure 9. Other cathode candidates for AZIBs a) Configurations of C4Q before and after Zn2+ insertion. Reproduced with permission.[105] Copyright 2018, 
American Association for the Advancement of Science. The schematic diagram of proposed mechanism of b) PANI/CFs, and c) PTO cathode. Reproduced 
with permission.[104,106] Copyright 2018, Wiley. d) The schematic diagram of proposed mechanism of PDB cathode during the charge and discharge process. 
Reproduced with permission.[107] Copyright 2020, Elsevier. e) 3D snapshot obtained by molecular dynamics (MD) simulation and representative Zn2+ solva-
tion structure in the ZS electrolyte. f) radial distribution functions (RDFs) for Zn2+N and Zn2+O (water) from MD simulations of ZS. Schematic diagram 
of Zn2+ solvation structure and corresponding interfacial reactions in g) ZW (Zn(ClO4)2·6H2O:H2O = 1:8) electrolyte and h) ZS (Zn(ClO4)2·6H2O:SN = 1:8) 
electrolyte. Reproduced with permission.[108] Copyright 2020, Elsevier. i) structure and the electrochemical reaction of Cu3(HHTP)2; j) changes of electron den-
sity during the reduction of Cu3(HHTP)2. Reproduced under the terms of CC-BY license.[109] Copyright 2019, Nature Springer. k) Interlayer spacing and hydro-
philicity engineering of MoS2. Reproduced with permission.[61] Copyright 2019, American Chemical Society. l) Long-term cycling performance at 1000 mA g−1.  
Reproduced with permission.[41] Copyright 2018, Elsevier.
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succinonitrile).[108] Based on molecular dynamic (MD) simula-
tion, Figure 9e exhibits a typical solvation structure of Zn2+ in 
a ZS (Zn(ClO4)2·6H2O:SN = 1:8) electrolyte, where a four-coor-
dinated Zn2+ complexes are formed by Zn2+ coordinating with 
two water molecules and two SN molecules. The additional evi-
dence of Zn2+ coordinating with both SN and H2O is provided 
by the radial distribution functions (RDFs) (Figure  9f). Due 
to the presence of the fragile Zn[OH2]62+ in the conventional 
electrolyte (Figure  9g), the side reactions including passiva-
tion, corrosion and hydrogen evolution compete with the Zn/
Zn2+ redox processes. While in the ZS electrolyte, the primary 
solvation shell of Zn2+ is mostly occupied by the SN molecules 
(Figure  9h), which enhanced the interfacial stability by sup-
pressed perchlorate decomposition.

Aside from PBAs, other conductive metal-organic frame-
works (MOFs) are also potentially excellent cathode candi-
dates to solve the dissolution of active materials challenge, due 
to the coordinate covalent bonds between the active organic 
species and metal-ligands. In these MOFs, the porous struc-
ture and conductive properties enable fast electron and ion 
transport. Stoddart and colleagues reported a 2D conductive 
MOF, Cu3(HHTP)2, which presented high specific capacity 
(228 mAh g−1 at 50 mA g−1) and stability (75% after 4000 cycles 
at 4 A g−1) as the cathode material for AZIBs (Figure  9i).[109] 
Through DFT calculations, the copper atom and the linkers 
were found to participate in the reduction reaction and take 
off the additional electron when supplying 6.9 extra electrons 
(Figure 9j).

Another widely studied strategy is to use transition metals 
other than V/Mn-based compounds as electrode materials, such 
as Mo,[41,110] Co,[111] and Ni.[112] With the open-crystal structures 
and rigid frameworks, MoS2 can be reversibly (de)intercalated 
with monovalent ions (Li+ and Na+); however, it is hard for 
the Zn2+ (de)intercalation due to the higher valence states and 
large ion radius.[61] This can be solved by interlayer spacing and 
defect engineering. Liang et  al. found that the small amount 
of incorporated oxygen (5%) can increase the interlayer spacing 
from 6.2 to 9.5 Å and enhance the hydrophilicity due to the 
reduced van der Waals interaction caused by the shorter MoO 
bonds (1.86 Å) compared to MoS bonds (2.42Å) (Figure 9k).[61] 
As a result, the diffusivity and storage capacity of Zn2+ has 
been increased significantly by 3-orders of magnitude and ten 
times, respectively. Combining theoretical and experimental 
studies, Wang and co-workers proposed that the existence of 
numerous edges, boundaries, and defects will significantly 
facilitate the diffusion of Zn2+.[41] The defect engineered MoS2−x 
nanosheets presents a remarkable enhancement on capacity 
(128.23 mAh g−1 at 100  mA g−1) and durability (87.8% after 
1000  cycles at 1 A g−1) compared to the defect-free MoS2 elec-
trode (Figure 9l).

Ni and Co-based compounds are promising cathode mate-
rials for aqueous battery systems due to the variety in the 
oxidation states, and high electrochemical activity.[111,112] How-
ever, the deterioration of active materials and the formation of 
dendrites will lead to the poor specific capacity and low Cou-
lombic efficiency for Ni/Co-based AZIBs. Although the Co3+/
Co4+ pair has a higher potential (>1.95 V versus Zn) compared 
to Co2+/Co3+ (1.419 V versus Zn), it faces issues including much 
more challenging activation and degradative transition of the 

key species.[113] Based on CoSe2−x  supported on carbon cloth 
(CoSe2−x@C/CC) cathode, Li and colleagues proposed the trans-
formation-induced heteroatom doping strategy to address these 
challenges, which enables the as-assembled AZIB to achieve 
10  000-cycle ultralong lifespans with 0.02% per cycle  capacity 
decay.[111] The CoSe2−x is transformed into CoxOySez (stable Co-
rich state) in the first of several cycles, therefore alleviating the 
degradative transition of residue Co3+ species to the equilib-
rium Co2+.

Other materials, such as NASICON-typed polyanionic,[114] 
Chevrel phase MxMo6T8 (T = O, S, Se),[115] Ti-substituted tung-
sten molybdenum oxide (MTWO),[116] are also promising candi-
dates for AZIBs. Although research on non-Mn/V/PBA-based 
materials is beginning to emerge, promising performance has 
been demonstrated and attracted ever-increasing attention.

2.5. Perspectives

Overall, AZIBs are still in the early stage of development, but 
that does not inhibit them from being one of the most prom-
ising candidate technologies for large-scale energy storage. 
Numerous hurdles still need to be overcome to develop cath-
odes with high specific capacity, large potential window and the 
required stability, this includes:

1. Comprehensive mechanistic understanding. At present, the 
debate on the mechanism of Mn-based materials is still in 
progress and focuses on three possible mechanisms: Zn2+ 
(de)intercalation, conversion reaction, and co-(de)intercala-
tion of Zn2+ and H+. The functionalities of pre-added Mn2+ 
species remains controversial. Similarly, the nature of the 
large capacitive contribution that enables V-based cathodes 
to present such a high performance, as well as their capacity 
decay mechanisms, are still not clear. Therefore, there is the 
need to deploy advanced in situ characterization techniques 
and precise theoretical study to tackle this challenge.

2. Challenging intrinsic issues. AZIBs have two major chal-
lenges: low operating potential and poor Zn2+ diffusivity. 
Although WIS electrolytes have been introduced to expand 
the potential window, the prohibitive cost limits their applica-
tion for most practical scenarios. Strategies such as interlayer 
spacing and defects engineering are promising to improve 
the diffusion of Zn2+; however, they do not address the sta-
bility issue. Compared with the mature battery chemistries, 
many efficient strategies and methods have yet to be devel-
oped for AZIBs.

3. Further studies on electrode and electrolyte. Electrode and 
electrolyte optimization is the most urgent task at present; 
however, relatively few compounds have been studied for 
AZIB applications. Compared to the ≈40 compounds report-
ed so far, there are hundreds of Mn/V-based compounds that 
have not been studied and other categories of cathode ma-
terials only at the initial stage of development. Meanwhile, 
a limited number of organic cathode candidates and related 
mechanisms were reported so far. Hence, further investiga-
tions that consider the relationships between performance, 
morphology, structure, and doping will shorten the process 
of finding suitable materials and electrolytes.
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4. Capacity balance of anodes and cathodes. Currently, most 
of the high-performance cathode candidates are operated 
against the over-sized anodes (≈10–200 times the capacity of 
the cathodes), which may lead to poor device performances 
(e.g., energy and power density) and low utilization rate of 
the anode materials. The current research is still at an initial 
stage. Several strategies, such as the control of equilibrium 
potentials of surface charges (e.g., the introduction of func-
tional groups, charge injection), are effective to facilitate the 
capacity balance.

3. Aqueous Rechargeable Magnesium-Ion 
Batteries

Over the past two decades, extensive research has focused on 
the development of magnesium-ion batteries (MIBs) driven 
by advantages that include environmental and economically 
attractive features, high energy density, low reduction poten-
tial and dendrite-free magnesiation.[33,117] Similar to AZIBs, the 
mainstream energy storage mechanisms of AMIBs are (de)
intercalation and conversion reaction. For (de)intercalation 
mechanism, although Mg2+ ions possess a similar ionic radius 
with Li+ (0.72  Å and 0.76 Å, respectively), most of the host 
cathodes for LIBs are not suitable for AMIBs due to the high 
charge density of divalent Mg2+. Fortunately, Mg2+ ions possess 
a series of key properties highly similar to the Zn2+, such as 
the same coordination number (6), charge density (120 C mm−3 
and 112 C mm−3, respectively), ionic radius (0.72 Å and 0.75 Å, 
respectively), and hydrated ionic radius (4.28 Å and 4.3 Å, 
respectively);[118] therefore, in theory, the intercalation electrode 
materials for AZIBs should be also useful for the AMIBs after 
conducting necessary optimization. However, by comparing 
Tables  3 and  4, it can be found that there are very limited 
researches based on these potential high-performance cathode 
candidates. This is mainly due to the major challenge in the 
employment of suitable electrolyte. In addition to the inter-
calation compounds, the electrode materials with conversion 
reactions have been extensively studied, such as α-MnO2 and 
ramsdellite MnO2. In contrast to the intercalation compounds, 
the (de)magnesiation of conversion materials breaks chemical 
bonds and form new bonds during the insertion and extraction 
of Mg2+.[119] The conversion reactions usually occur when the 
number of inserted ions exceeds the maximum available ion 
diffusion channels and available sites in the host materials.

One of the substantial challenges for AMIBs is the slow Mg2+ 
diffusion kinetics. Generally, from the perspective of cathode 
design, it is mainly determined by three structural factors: 
a)  the size of the intercalated ions and the cavities/channels; 
b) the strength of the interaction between intercalated ions and 
host materials; c) the connectivity between sites. However, the 
narrow potential window elevates difficulties in finding and 
designing suitable electrolytes and cathode materials. In addi-
tion, different from lithium metals, the formation of non-per-
meable solid electrolyte interphase (SEI) layers on Mg metals 
restricts both ionic and electronic transport.[120]

Extensive investigations of many materials have been tri-
alled (Figure 1), most of which are based on non-aqueous elec-
trolytes. However, the aqueous systems have received more 

attention in recent years due to several attractive merits and fac-
tors, including: 1). no SEI formation; 2). safety considerations; 
3). potential window (≈2  V) broadened by WIS aqueous elec-
trolyte; 4). Developments in the pre-intercalation strategy. This 
section will particularly focus on the chalcogenides, V-based, 
and Mn-based components for AMIBs (Table 4).

3.1. Chalcogenides

In general, the strong interaction between Mg2+ and cathode 
frameworks results in slow diffusion kinetics, while the chal-
cogenides cathodes with moderate polarities enable weak 
electrostatic interactions with Mg2+ and thus have received 
tremendous attention since the birth of rechargeable MIBs in 
2000.[117,120] However, the enhanced diffusion dynamics by weak 
interactions come with a price: the reduced redox potentials of 
the metals, thus lowering the electrode potential window. In 
addition, the inherent structural issues of chalcogenides cath-
odes also lead to an unsatisfactory specific capacity. To date, 
there are three main categories of widely researched chalco-
genides: the Chevrel phase (CP),[43,44,121,122] transition metal 
dichalcogenides (TMDs),[123–126] and other chalcogenides.[127–130] 
Although most of the current research is conducted based on 
non-aqueous electrolytes (e.g., acetonitrile or tetrahydrofuran), 
a relevant review is still necessary and meaningful due to the 
following reasons: a). Chalcogenides are by far the most widely 
investigated materials for rechargeable MIBs; b). According 
to chalcogenides cathodes in AZIBs, it has great potential for 
application in aqueous systems. The following will discuss rep-
resentative CP and TMDs type chalcogenide cathodes in detail.

Chevrel phase (CP) compounds refer to the ternary molyb-
denum chalcogenides MxMo6X8 (X = chalcogens), which pos-
sess an open 3D framework and enable the stable reversible 
(de)intercalation of Mg2+ (Figure 10a). However, the high-tem-
perature synthesize process of CP materials is complicated 
and faces the safety issues such as high-pressure explosion 
caused by sulfur vapor and the difficulty of precise control of 
the heating process in a hydrogen atmosphere.[131] To tackle this 
challenge, Kumta et  al. synthesized the CP type materials via 
high-energy mechanical milling (HEMM) of a stoichiometric 
mixture of molybdenum and metal chalcogenides, which sig-
nificantly reduced the reaction temperature and avoided the use 
of H2 gas or sulfur vapor.[121]

Another major challenge for CP cathodes is the relatively low 
specific capacity (80–100 mAh g−1) and low operating potential 
(0.9–1.2 V). Mitelman and coworkers studied the Mg2+ diffusion 
based on MgxMo6T8 (T = S or Se) and proposed that partially 
replacing S with Se could improve the electrochemical kinetics 
of CP cathodes.[132] According to their research, the substitution 
of Se distorts the crystal structure and reduces the activation 
barrier, thus enhancing the Mg2+ transport. Also, incorpo-
rating metal ions into the host CP could improve energy den-
sity. Although Aurbach et al. discovered that Cu incorporation 
could significantly improve the energy density of AMIB,[133] 
the underlying mechanisms were comprehensively investi-
gated by Choi and colleagues in recent years.[43] As illustrated 
in Figure  10b,c, the mechanism follows a process whereby 
during discharge, Cu2+ is extracted and reduced to nanoscaled 
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Table 4. Summary of cathode materials used in rechargeable MIBs in recent years.

Materials Aqueous 
(Y/N)

Electrolyte Working 
potential 

[V]

Specific capacity 
[mAh g−1] at x A g−1

Capacity retention 
at y A g−1 after n 

cycles

Rate capability 
(capacity 

retention at  
z × x A g−1)

Strategies Ref.

Chalcogenides

MgxCuyMo6Se8 N 0.4 m (PhMgCl)-AlCl3/THF 0.5–1.95 99.1 (x = 0.006) 97% (n = 30,  
y = 0.006)

– G, H [43]

MgxMo6Se8 N 0.4 m (PhMgCl)-AlCl3/THF 0.5–1.95 93 (x = 0.005) – – F [44]

Cu2Mo6Se8 N 0.4 m (PhMgCl)-AlCl3/THF 0.5–1.75 128 (x = 0.057) 52.3% (n = 107,  
y = 0.057)

– – [121]

CuxMo6Se8 N 0.4 m (PhMgCl)-AlCl3/THF 0.5–1.95 116 (x = 0.006) 93% (n = 50,  
y = 0.006)

– D [122]

TiSe2 N 0.25 m Mg(PhCl2EtBu)2/THF 0.25–1.5 122 (x = 0.005) 90.2% (n = 60,  
y = 0.005)

– H [123]

TiS2 N All-phenyl complex (APC)/THF 0.0–1.9 250 (C/10) 56% (n = 40,  
C/10)

– – [124]

NiSx N 0.4 m (PhMgCl)-AlCl3/THF 0.3–1.9 150 mAh cm−3 
(x = 0.01)

71.4% (n = 5000,  
y = 0.05)

6.7% (z = 25) F [125]

N-CNFs@MoS2 Y MgCl2-LiTFSI 0.0–1.8 176 (x = 0.2) 74.4% (n = 120,  
y = 0.2)

28.0% (z = 25) A, G [126]

Cu2Se N 0.25 m Mg(PhCl2EtBu)2/THF 0.2–1.8 148 (x = 0.005) 64.2% (n = 35,  
y = 0.005)

– – [127]

VS4 N 0.4 m (PhMgCl)-AlCl3/THF 0.2–2.2 251 (x = 0.1) 77% (n = 800,  
y = 0.5)

43.8% (z = 50) F, H [128]

TiS3 N Mg(CB11H12)2/tetraglyme – 80 (x = 0.01) – – H [129]

CuS N Mg(HMDS)2-AlCl3/diglyme −1.0–2.0 175 (x = 0.05) 75% (n = 350,  
y = 0.05)

– F [130]

Mn-based materials

α-MnO2/CNTs Y 1 m MgSO4 −0.6–1.5 144.6 (x = 0.5) 85% (n = 1000,  
y = 10)

– G [134]

δ-MnO2@CMS Y 0.5 m MgSO4 −0.6–0.8 112.2 (x = 0.05) 46.9% (n = 100,  
y = 0.05)

52.7% (z = 10) G [136]

λ-MnO2 Y 1 m MgCl2 −0.8–1.2 545.6 (x = 0.0136) 28.5% (n = 300,  
y = 0.156)

32.1% (z = 100) – [137]

λ-MnO2·xH2O Y 0.5 m Mg(ClO4)2 −0.6–0.8 231.1 (x = 0.1) 62.5% (n = 10 000,  
y = 2.0)

– C [138]

Sponge-like Mn3O4 N 0.4 m (PhMgCl)-AlCl3/THF 0.2–2.1 233 (C/10) 93% (n = 1000,  
C/10)

– F [139]

MgMn2O4@rGO Y 0.5 m MgCl2 −0.5–0.8 140.1 (x = 1) 85.7% (n = 1000,  
y = 1)

75% (z = 10) G [140]

Mg-OMS-1 Y 0.5 m MgCl2 −0.65–0.8 300 (x = 0.01) 83.7% (n = 300,  
y = 0.1)

10.3% (z = 100) – [141]

Mg-OMS-2/graphene Y 0.5 m Mg(NO3)2 −0.65–0.75 232.4 (x = 0.02) 93% (n = 300,  
y = 0.1)

– G [142]

Mg0.15MnO2·0.9H2O/CC Y 0.5 m Mg(ClO4)2 −0.3–1.3 150 (2 C) 30% (n = 160, 2 C) – C, G [209]

V-based materials

V2O5 xerogel/graphene N 0.5 m Mg(TFSI)2/Acetonitrile 1.65–3.3 330 (x = 0.1) 81% (n = 200,  
y = 1)

33.4% (z = 40) G [143]

V2O5 xerogel/graphite Y 4.7 m Mg(NO3)2 −1.0–1.2 76.8 (x = 1) 82.7% (n = 10,  
y = 1)

59.9% (z = 5) G, H [49]

V2O5 nanoclusters N 0.4 m Mg(TFSI)2/diglyme 0.5–2.8 300 (x = 0.04) 65% (n = 100,  
y = 0.32)

– F, G [45]

Amorphous V2O5-P2O5 N 1 m Mg(ClO4)2/Acetonitrile 0.9–3.5 121 (x = 0.005) – – G [144]
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Cu crystal; and during charge, the deposited Cu0 is oxidized 
and reversibly inserted to the host structure. Therefore, the 
enhancement in specific capacity mainly results from the depo-
sition/dissolution of Cu0. Besides, it is known that decreasing 
the particle size to the nanoscale will expedite diffusion kinetics 
and increase the energy density of AMIBs, due to the shortened 
diffusion paths for Mg2+ and increased specific surface area.[44] 
Compared with microsized Chevrel (73 mAh g−1 at 5 mA g−1), 
the specific capacity of submicrosized Chevrel (93 mAh g−1 at 
5 mA g−1) exhibited ≈27.3% enhancement.

Various TMDs with layered structures and high electron 
conductivity have been studied as the cathode for AMIBs, 
including TiSe2,[123] TiS2,[124] NiS2,[125] MoS2,[126] and Cu2Se,[127] 
etc. Taniguchi et al. reported a layered TiSe2 as cathode material, 
which demonstrated a high specific capacity of 250 mAh g−1 at 
C/10.[124] On the one hand, the van der Waals gap in TiSe2 sup-
press the effect of Coulomb repulsion between Mg2+, thus facili-
tating the fast transport kinetics; On the other hand, they pro-
posed that the charge delocalization resulting from the strong 
d-p orbital hybridization may improve the process of Mg2+ (de)
intercalation.

Despite limited research, other chalcogenides are prom-
ising for AMIBs, such as VS4,[128] TiS3,[129] and CuS,[130] etc. 
By the hydrothermal method, Zhong et  al. synthesized highly 
branched VS4 nanodendrites with 1D atomic-chain struc-
ture, which presents a high specific capacity (251 mAh g−1 
at 100  mA g−1).[128] It can be seen from the DFT calculations 
(Figure  10d): 1) that the formation energy tends to decrease 
when 0.125 < x  <  0.625, indicating the Mg2+ intercalation is 
favorable; 2) the formation energy gradually increases along 
with the increase of Mg2+ content (0.625 < x  <  0.875), but it 
is still energetically favorable. To the best of our knowledge, 
there are less than 20 chalcogenides that have been developed 
for rechargeable MIB cathodes, which means that hundreds of 
chalcogenides remain un-explored. Further comprehensive and 
innovative research will be helpful to the design of high-perfor-
mance electrode materials for rechargeable AMIBs.

Interestingly, chalcogenides based on aqueous electrolytes 
have made promising progress, which provides new insights 
and opportunities for chalcogenides in AMIBs. In 2018, Yu et al. 
reported the electrochemical performance of a N-CNFs@MoS2 
cathode in an aqueous dual-salt electrolyte (MgCl2-LiTFSI) 

Materials Aqueous 
(Y/N)

Electrolyte Working 
potential 

[V]

Specific capacity 
[mAh g−1] at x A g−1

Capacity retention 
at y A g−1 after n 

cycles

Rate capability 
(capacity 

retention at  
z × x A g−1)

Strategies Ref.

VOx nanotube N 0.5 m Mg(ClO4)2/Acetonitrile 1.75–3.0 218 (x = 0.06) 72.4% (n = 20,  
y = 0.06)

– F [146]

Li3V2(PO4)3 Y 4 m Mg(TFSI)2 2.4-3.6 55 (x = 0.1) 92% (n = 6000,  
y = 0.2)

63.6% (z = 60) A [36]

Mg0.1V2O5·1.8H2O N 0.5 m Mg(TFSI)2/Acetonitrile −1.0–1.2 280 (C/10) Only 7 charge/ 
discharge cycles  

at C/10

– C [39]

Other materials

Quinone (C4Q) Y 3 m Mg(TFSI)2 1.2–2.0 247.4 (x = 0.02) – – A [105]

PPTO Y 4.5 m Mg(NO3)2 0.3–1.3 144 (x = 0.07) 66% (n = 1000,  
y = 0.07)

– – [149]

PTCDA Y 4.8 m Mg(NO3)2 −0.8–0.2 136 (x = 0.5) 58.8% (n = 37,  
y = 0.5)

– H [150]

PANI Y 2 m Mg(ClO4)2 1.0–1.6 – – – – [151]

Polyimides@CNT Y 4 m Mg(TFSI)2 1.7–2.5 110 (x = 0.1) 87.3% (n = 500,  
y = 0.1)

55.0% (z = 40) A, G, H [210]

NiHCF Y 1 m MgSO4 0–1.55 35 (x = 2) 54.3% (n = 5000,  
y = 2)

– – [211]

NiHCF Y 1 m Mg(NO3)2 0–1.6 52 (5 C) 65% (n = 5000,  
5 C)

– – [153]

NiHCF N 0.5 m Mg(ClO4)2/Acetonitrile 2.72–2.32 48 (x = 0.0114) 62.5% (n = 30,  
y = 0.0114)

– H [212]

Fullerene N 0.5 m (PhMgCl)-AlCl3/THF 0.8–2.2 47.5 (75 µA cm−2) 40% (n = 2000,  
19µA cm−2)

– – [155]

Fluorinated graphene N 0.75 m Mg(ClO4)2/DMSO 0.6–2.75 110 (x = 0.01) 90% (n = 30,  
y = 0.01)

45.5% (z = 10) C [156]

*For the strategies employed: A (“water-in-salt” electrolyte), B (electrolyte additives), C (pre-intercalation strategy), D (heteroatom doping), E (defects engineering), F (size 
regulation), G (composites and free-standing configuration), H (advanced characterization and theoretical study).

Table 4. Continued.

Adv. Funct. Mater. 2021, 2010445



www.afm-journal.dewww.advancedsciencenews.com

2010445 (21 of 35) © 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

and found that it exhibited a specific capacity of 178 mAh g−1 
at 0.2 A g−1 and stability of 74.4% retention, after 120 cycles at 
0.2 A g−1, which is better than most of the chalcogenides in the 
non-aqueous system.[126] Therefore, it is reasonable to expect 
that the exciting development of AMIBs will be achieved by 
coupling the widely-studied chalcogenide cathodes and the 
innovation of electrolytes in future.

3.2. Mn-based Materials

Mn-based cathode materials for AMIBs have received signifi-
cant attention owing to their low-cost, environmentally friendly 
nature, fast Mg2+ (de)intercalation properties and higher opera-
tion voltage compared to the Chevrel phase. Similar to AZIBs, 
many Mn-based materials have been studied for recharge-
able AMIBs, including β-MnO2,[134] γ-MnO2,[135] δ-MnO2,[136] 
λ-MnO2,[137,138] Mn3O4,[139] spinel-type MgMn2O4,[140] and mag-
nesium octahedral molecular sieves (Mg-OMS).[141,142] Although 
AMIBs possess better intercalation capability than that of 
AZIBs for the Mn-based system, the crucial challenges for Mn-
based cathodes are to further enhance the specific capacity and 
ion diffusion kinetics without compromising the materials’ 
stability. To improve the stability and performance of Mn-based 
cathodes, many methods have been proposed recently, such as 
the introduction of crystal water, defects and morphology engi-
neering, etc.

The introduction of lattice water into the active host can 
reduce the dissolution energy loss at the electrode-electrolyte 
interface and effectively shield the charge, thus facilitating Mg2+ 
diffusion. Based on Birnessite MnO2, Choi et al. systematically 
studied the function of lattice water on the active host.[138] Their 
research directly observed the presence and dynamic rear-
rangements of lattice water during discharge–charge processes 

(Figure  11a), via annular bright field-scanning transmission 
electron microscopy (ABF-STEM). The proposed rearrange-
ments (Figure  11b) not only effectively shield the electrostatic 
interaction between Mg2+ ions and the active host, but also 
enhance the structural stability of the cathode material during 
the (de)intercalation.

Many investigations demonstrate that innovation in mor-
phology could improve the performance of Mn-based cath-
odes. Vullum–Bruer et al. successfully synthesized sponge-like 
porous Mn3O4 nanoparticles with a high content of intercon-
nected mesopores and well-dispersed nanoparticles (≈10  nm) 
(Figure  11c), which resulted in a remarkable enhancement 
in Coulombic efficiency and cyclic stability (94% retention, 
1000  cycles at 2C).[139] Besides, the development of nanocom-
posites is also a feasible methodology. Cao and colleagues 
incorporated reduced graphene oxide (rGO) with MgMn2O4 
using a sol–gel method, which optimizes the interfacial proper-
ties and increases the electric conductivity.[140] Compared with 
the pristine MgMn2O4, the MgMn2O4/rGO composite elec-
trode presents a significant enhancement in specific capacity 
(140.1 mAh g−1 at 1 A g−1) and stability (85.7% capacity retention 
after 1000 cycles at 1 A g−1) (Figure 11d).

In general, Mn-based cathodes are one of the most prom-
ising materials for rechargeable AMIBs, but they still need 
further exploration. For instance, various types of morpholo-
gies (nanorods, nanofibers, nanowires, and nanoflowers, etc.) 
and incorporated substances such as polyaniline (PAN) and 
poly(3,4-ethylenedioxythiophene) (PEDOT), have been proved 
as effective strategies for AZIBs, but have not been reported in 
AMIBs. The current theoretical investigations are not yet suf-
ficient to reveal the underlying mechanisms. For example, it is 
unclear whether the H+ co-intercalation or the conversion reac-
tion mechanisms occur in AMIBs. To the best of our knowl-
edge, there is no research on free-standing Mn-based cathodes, 

Figure 10. Chalcogenides cathode for MIBs. a) Schematic diagram of Chevrel phase compounds; schematic diagram of b) Cu replacement reaction in 
the Mo6S8, and c) the proposed Cu replacement reaction structure during Mg-ion insertion/extraction; Reproduced with permission.[43] Copyright 2015, 
American Chemical Society. d) band structure for TiS3. Reproduced with permission.[129] Copyright 2017, American Chemical Society.
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which we believe could be promising to address some of the 
current obstacles for AMIBs.

3.3. V-based Materials

Decades of intensive research have proven that V-based mate-
rials are one of the most promising cathode materials for 
rechargeable batteries, due to their extensive reserves, low price, 
chemical diversity, and excellent performance. Most of the cur-
rent widely studied V-based materials, including V2O5,[45,49,143–145] 
MgxV2O5·yH2O,[39] Li3V2(PO4)3,[36] and VOx nanotubes,[146] are 
mainly focused on non-aqueous systems. This is because of the 
compatibility issue between the aqueous electrolyte and metallic 
magnesium electrodes, as well as the excessive deformation of 
cathode materials. However, recent developed strategies are to 
increase lattice water and use WIS electrolytes to alleviate these 
issues, thus making the realization of similar charge storage 
behaviors as in aqueous electrolytes. This section focuses on 

the discussion of WIS electrolytes, lattice water introduction 
strategy and the current findings from theoretical studies.

As early as 1993, Novák  and  Desilvestro found that the 
kinetics of Mg2+ diffusion and specific capacity could be signifi-
cantly enhanced when adding 1 m H2O into the Mg(ClO4)2 ace-
tonitrile electrolyte.[147] Furthermore, in 1995, they proposed that 
this enhancement was due to a charge shielding effect, which 
resulted from the dipole molecule (H2O) converting Mg2+ into 
a less polarizing solvated ion.[148] Nevertheless, this strategy 
faced rapid capacity attenuation, owing to water ejection from 
the crystal structure of the host material. For example, Lee et al. 
synthesized Mg0.1V2O5·1.8H2O showing the 280 mAh g−1 dis-
charge capacity at 0.1 A g−1 via the sol–gel method, however, the 
as-assembled battery was stable for only 7 cycles.[39] To address 
this challenge, Mai and coworkers reported the graphene dec-
orated hydrated vanadium oxide nanocomposite (VOG-1) as 
the cathode material, which possesses a specific capacity of 
330 mAh g−1 (0.1 A g−1) and 81% retention after 200 cycles at 
1 A g−1.[143] Then, informed by the galvanostatic intermittent 

Figure 11. Mn-based and V-based materials for AMIBs a) ABF-STEM images of discharged manganese birnessite cathodes at low and high magnifica-
tions; b) schematic diagram of intercalation of hydrated Mg2+ and Mg/Mn mixing during discharging; Reproduced with permission.[138] Copyright 2015,  
American Chemical Society. c) Magnesiation process of sponge-like porous manganese (II, III) oxide. Reproduced with permission.[139] Copyright 2016,  
American Chemical Society. d) Rate performance and long-term cycling stability of MgMn2O4 and MgMn2O4/rGO. Reproduced with permis-
sion.[140] Copyright 2018, Royal Society of Chemistry. e) diffusivity versus state of discharge of MgxV2O5·1.42H2O. Reproduced with permission.[143]  
Copyright 2015, Elsevier. f) Proposed mechanism for the formation of dispersed vanadium oxide nanoclusters on the surface of porous carbon, and 
the reversible storage of Mg2+. Reproduced with permission.[45] Copyright 2015, Wiley. g) Charge redistribution pattern due to the interaction between 
V2O5-SL and Mg/Li. Reproduced with permission.[49] Copyright 2015, Elsevier.
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titration technique (GITT), they noticed that Mg diffusivity 
decreases from 9 × 10−10 to 1 × 10−12 cm2 s−1 as the Mg2+ con-
centration increases due to charge repulsion effect (Figure 11e). 
Meanwhile, the unique nanocomposite architecture alleviates 
water ejection from the host and provides efficient electron 
transport pathways.

Nevertheless, the introduction of lattice water faces several 
substantial issues: a) excessive structural deformations of host 
materials due to the large effective radius of the intercalated 
moieties; b) poor compatibility between the water and mag-
nesium anodes. To address these challenges, Wang et al. used 
4 м MgTSFI2 aqueous electrolyte to inhibit water activity and 
expand the electrochemical stability window.[36] Although the 
electrolyte exhibits a wide potential window of 2  V, as well as 
excellent safety and corrosion resistance properties, its high 
price is inappropriate for cost-sensitive applications. Recently, 
several research studies have focused on V2O5 nanoclusters,[45] 
ultrathin layers of V2O5

[145] and V2O5–P2O5  powders.[144] This 
has proven that nanoscaled V-based materials could shorten 
the Mg2+ diffusion path and provide high voltage revers-
ibility. Based on this strategy, Liu et  al. synthesized highly 
dispersed vanadium oxide (V2O5) nanoclusters supported on 
porous carbon frameworks, which demonstrates encouraging 
performance (300 mAh g−1 at 40  mA g−1, 70% retention after 
100 cycles at 320 mA g−1).[45] Additionally, the rich defective and 
reactive sites in this composite could react with Mg2+ through 
reversible chemical binding reactions (Figure  11f) and lead to 
capacitive behavior with outstanding rate performance.

Further research on unique divalent Mg2+ electrochemistry, 
especially Mg2+ storage mechanisms and their interaction and 
transportation with the host material, will provide new insights 
into the development of AMIBs. Based on amorphous V2O5 
xerogel/graphite composite, Mentus and colleagues compared 
capacity retention of different inserted ions and found the 
capacity decreased in the following order: Mg2+ > Li+ > Na+ > 
K+.[49] Through DFT calculations, they found that Mg2+ is more 
likely to generate a strong interaction with four oxygens from 
the VO groups (vanadyl oxygen) compared with other mon-
ovalent ions, therefore strengthening the VO(3) bonds and 
forming a more stable structure (Figure  11g). This stronger 
interaction resulted in stronger bonding of VO(3) bonds, 
thereby inhibiting the dissolution of vanadium ions in the 
crystal into the electrolyte and enhancing stability. It should be 
noted that existing mechanistic research is mainly focused on 
non-aqueous systems, with limited investigations into aqueous 
systems. As we try to translate the materials for non-aqueous 
system into the application of AMIBs, more mechanistic 
studies will be needed to guide materials optimization.

V-based materials for AMIBs are attractive and promising 
in both performances and development potentials. Although 
some of the materials discussed are applied to non-aqueous 
MIBs, it does not prevent them from inspiring AMIB research. 
Most of these strategies for non-aqueous systems can be 
adopted in AMIBs, such as defect engineering, size regula-
tion, the introduction of transition metal atoms, etc. It is 
worth noting that combining the lattice water strategy together 
with the application of WIS aqueous electrolyte, the perfor-
mance and feasibility of V-based AMIBs may have significant 
advances.

3.4. Other Materials

Organic cathodes are receiving increasing attention and many 
compounds are currently being developed as cathode materials 
for AMIBs, including quinone (C4Q),[105] poly(pyrene-4,5,9,10-
tetraone) (PPTO),[149] perylenetetracarboxylic dianhydride 
(PTCDA),[150] and polyaniline (PANI).[151] Ji et al. reported that 
the crystalline 3,4,9,10-perylenetetracarboxylic dianhydride 
(PTCDA) demonstrated intrinsically superior performance 
(138 mAh g−1 at 0.02 A g−1) in the affinity of divalent metal 
ions in aqueous electrolyte, due to the van der Waals structure 
and lack of ionicity.[150] Via ex situ  XRD and TEM characteri-
zations, they found the simultaneous contraction and expan-
sion along with different crystallographic directions during 
“magnesiation.” Then, by combining the DFT calculations 
with XRD analysis of hydronium-inserted PTCDA structures, 
it was confirmed that the expansion is due to the hydronium 
insertion. Additionally, they investigated the “magnesiation”-
induced PTCDA contraction via first-principles calcula-
tions and found that the distance between two oxygen atoms 
chelating with one Mg2+ decreases from 3.93 to 3.42 Å for 
pristine PTCDA and Mg-PTCDA, respectively (Figure  12a). 
Therefore, the insertion of Mg2+ alleviates carbonyl/carbonyl 
repulsion and becomes coordinated by three different carbonyl 
groups (Figure  12b), which results in the PTCDA molecules 
rotating in separate directions toward a more linear arrange-
ment (Figure 12c).

PBA-based cathodes have been regarded as promising mate-
rials for rechargeable batteries in aqueous systems since 2011, 
because of their merits including open-frameworks, low-cost 
and their environmentally friendly nature.[152] Xia and col-
leagues reported the first aqueous Mg-ion battery using a nickel 
hexacyanoferrate (NiHCF) cathode, and polyimide anode, 
which exhibits an operating voltage (1.6 V) equivalent to that of 
MIB using highly unstable organic electrolyte.[153] Meanwhile, 
the as-assembled aqueous MIB demonstrates impressive dura-
bility (65% after 5000 cycles) and a remarkable power density 
(45 Wh kg−1), which is close to the requirements for stationary 
energy storage applications.[154]

At present, the search for a metal-free cathodes for MIBs 
is mainly based on organic electrolytes, such as fullerene and 
fluorinated graphene.[155,156] Generally, functionalized carbon-
based materials could provide redox sites for cations on the 
surface, thus resulting in pseudocapacitance dominated 
behavior.[157] In 2007, graphite fluorides (CFx) were developed 
as an effective cathode when coupled with the Mg anode. How-
ever, its mechanism was unclear.[158] For fluorinated graphene 
nanosheets (FGSs), Guo et  al. investigated multiple cation or 
anion (de)intercalation processes during the initial few cycles, 
and proposed possible mechanisms (Figure 12d): 1) first charge: 
the insertion of ClO4

−, most of which are converted to Cl− based 
groups; 2) second discharge: the insertion of Mg2+ contained 
solvate cations; 3) second charge and deeper cycling: shuttle of 
cations including MgCl+, Mg2Cl3+, and Mg(DMSO)nClO4

+.[156] 
Benefiting from abundant surface reactions at fluorinated func-
tional groups, this material possesses many merits, including 
alleviated structural deformation, negligible voltage polariza-
tion and highly reversible pseudocapacitive behavior at a high 
voltage.
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3.5. Perspectives

Although it has been 20 years since the first MIB was reported, 
it is still quite a long way from being used in practical scenarios. 
In general, AMIBs are still facing the following challenges and 
opportunities:

1. It is a feasible and promising strategy to convert massive 
non-aqueous electrolyte based materials studies into aqueous 
systems. Nevertheless, there may be many challenges in 
implementing this strategy, such as compatibility issues 
between the electrode materials and aqueous electrolytes 
and narrow potential window. Additionally, current studies 
investigating electrode/electrolyte interphase properties in 
the aqueous systems are far from sufficient; hence, further 
studies are urgently needed. Meanwhile, due to the high 
similarity in many key properties between Zn2+ and Mg2+, 
the high-performance cathode candidates for AZIBs may be 
also suitable for AMIBs. After addressing the electrolyte chal-
lenges, promising studies on cathode materials are expected.

2. The mechanistic understanding of AMIBs is still in its in-
fancy and many potential possibilities remain unexplored. 
For example, the H+ co-intercalation could provide additional 
capacity and has been widely reported for AZIBs, however, its 
existence and mechanism have not been extensively investi-
gated in AMIBs. Therefore, advanced in situ characterization 
techniques and more comprehensive computational chemis-
try studies are highly recommended for future research.

3. Compared to commercial LIBs or AZIBs, few state-of-the-art 
cathode materials for AMIBs exhibit such promising merits 
in terms of specific capacity and durability. At present, no sin-
gle strategy can universally solve all problems. For instance, 
although the introduction of lattice water in the host materi-
als could enhance the Mg2+ diffusion kinetics and stability, it 
may also face several issues, including excessive structural 
deformations of host materials and poor compatibility be-
tween water and the magnesium anodes. The emergence of 
WIS aqueous electrolyte may broaden the potential window 
to ≈2  V; however, its current high cost is a barrier to cost-
sensitive applications. Therefore, a reasonable combination 
of several promising strategies will be an effective solution to 
further improve the performance of AMIBs.

4. Aqueous Rechargeable Aluminum-Ion Batteries

The concept of rechargeable aluminum-ion batteries (AIBs) 
was proposed in the 1970s; however, the overall electrochem-
ical performance of AIBs is still far from satisfactory com-
pared to LIBs.[88] Although AIBs provide the possibilities of 
low cost, high safety, and high performance for large-scale 
electrochemical energy storage, they suffer from substantial 
challenges including sluggish diffusion kinetics,[159] materials 
disintegration,[160] low discharge voltage (≈0.55  V),[161] poor 
durability (≈40–90% per 100 cycles)[160,162–168] and the forma-
tion of a passivating oxide film.[169] Basically, the energy storage 

Figure 12. Other cathode candidates for AMIBs. a) PTCDA unit cells simulation before and after magnesiation; b) schematic diagram of the PTCDA 
crystal lattice (three PTCDA molecules coordinated with one Mg2+; c) schematic diagram of the packing of the PTCDA molecules. Reproduced with 
permission.[150] Copyright 2017, American Chemical Society. d) schematic diagram of electrochemical reaction mechanisms of a Mg/FGS battery. 
Reproduced with permission.[156] Copyright 2015, Wiley.
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mechanisms for AIBs are similar to other AMVIBs ((de)interca-
lation and conversion reactions); however, Al3+ possess a rela-
tively higher charge density (364 C mm−3) and larger hydrated 
ionic radius (4.75 Å) compared to other multivalent metal ion 
charge carriers (Zn2+, Mg2+, Ca2+). The larger ions and the 
strong interaction between the Al3+ and the host materials ele-
vate the difficulties in designing suitable cathode materials.

One of the most important breakthroughs in the past 
30  years is the application of nonvolatile and nonflammable 
room-temperature ionic liquids (RTILs), through which many 
achievements (Table  5) have been made based on materials 
such as 3D graphene foam,[170] CuO,[171] Mo2.5+xVO9+y,[172] VS4/
rGO,[173] and SnS.[174] Nevertheless, there are some crucial draw-
backs when applying RTILs: a) RTILs are highly sensitive to air 
and moisture; b) potential reaction or corrosion between RTILs 
and the battery components; c) toxic gas emission (e.g., Cl2) 
from side reactions, such as the oxidation of AlCl4; d) Al den-
drite growth when using RTILs under high current densities; 
e) poor stability of cathode materials in RTILs may cause an 
uncontrollable shuttle effect; f). relatively high cost.[159,166,175,176] 
Therefore, many researchers have focused on the exploration of 
aqueous aluminum-ion batteries (AAIBs).

As early as 2012, Liu and coworkers reported that an anatase 
TiO2 nanotube array (NTA) as a cathode candidate that ena-
bles reversible (de)insertion of Al3+ in an aqueous electrolyte 
(1 м AlCl3).[159] Theoretical studies demonstrated that the (de)

insertion of Al3+ into TiO2 NTA undergoes a redox reaction 
between Ti4+ and Ti3+ (reversible) or Ti2+ (irreversible); there-
fore, the redox reaction pair of Ti4+/Ti3+ facilitates the storage 
of Al3+.[177] Then, Liu et  al. further investigated the syner-
gistic effect of Cl−  on Al3+ (de)insertion into TiO2 NTA in two 
aqueous solutions: a) 1.50 м NaCl and different concentrations 
of Al2(SO4)3 solutions; b) 0.25 м Al2(SO4)3 and different concen-
trations of NaCl solutions.[178] This revealed that the presence 
of Cl− can significantly affect the performance of the cathode 
(Figure  13a), and this synergistic effect is enhanced with an 
increase of Cl− concentration over a certain range.

The size regulation and introduction of conductive materials 
are effective methodologies to further improve the performance 
of anatase TiO2 cathodes. Based on these strategies, Das et al. 
synthesized TiO2@graphene to improve the electronic conduc-
tivity of electrode materials, thus successfully enhancing the 
Al3+ diffusion kinetics.[162] Their estimation revealed that the 
small fraction of graphene (<2 wt%) will induce ultrafast diffu-
sion of Al3+ in TiO2, which is 672 times higher than that of the 
pristine TiO2. Moreover, Tong et al. creatively synthesized black 
mesoporous anatase TiO2 nanoleaves with a high surface area 
(314.2 m2 g−1) and extraordinary electron-conducting properties, 
through a solution plasma process.[163] Owing to the interfacial 
Al3+ storage, the as-fabricated battery demonstrated a specific 
capacity of 278.1 mAh g−1 at 0.05 A g−1 and impressive stability 
(91.6% retention after 100 cycles at 0.05 A g−1).

Table 5. Representative cathode materials of rechargeable AIBs in recent years.

Materials Aqueous 
(Y/N)

Electrolyte Working 
potential 

[V]

Specific capacity 
[mAh g−1]  
at x A g−1

Capacity retention at  
y A g−1 after n cycles

Rate capability 
(capacity retention 

at z × x A g−1)

Strategies Reference

3D graphene foam N AlCl3/[EMIm]Cl 1.5–2.25 70 (x = 1) 100% (n = 7500, y = 4) – H [170]

CuO N AlCl3/[EMIm]Cl 0.1–2.0 250 (x = 0.05) 45% (n = 100, y = 0.2) – – [171]

Mo2.5+yVO9+z N AlCl3/[EMIm]Cl 0.0–1.6 340 (x = 0.002) – 8.9% (z = 50) – [172]

VS4/rGO N AlCl3/[EMIm]Cl 0.1–2.0 407 (x = 0.1) 20% (n = 100, y = 0.1) 75% (z = 3) G [173]

SnS N AlCl3/[EMIm]Cl 0.5–2.5 406 (x = 0.02) 91% (n = 100, y = 0.1) – G [174]

TiO2 nanotube Y 1 m AlCl3 0.0–1.2 72 (x = 0.1) – – F [159]

TiO2/graphene Y 1 m AlCl3 0.0–1.1 51 (x = 6.25) 68.6% (n = 125, y = 6.25) – G [162]

TiO2 nanoleaves Y 1 m Al(NO3)3 0.4–1.4 278.1 (x = 0.05) 91.6% (n = 100, y = 0.05) 52.1% (z = 40) F [163]

CuHCF Y 0.5 m Al2(SO4)3 0.2–1.05 62.9 (x = 0.05) 54.9% (n = 1000, y = 0.4) – – [164]

FeHCF Y 0.5 m Al(OTF)3 0.0–2.0 116 (x = 0.15) 61% (n = 100, y = 0.15) – A [165]

MnO2 Y 2 m Al(OTF)3 0.4–2.0 380 (x = 0.1) 44% (n = 40, y = 0.1) – A [166]

MnO2 Y 2 m Al(OTF)3 + 
0.5 m MnSO4

0.3–1.7 530 (x = 0.1) 60% (n = 65, y = 0.1) – A, B [160]

AlxMnO2·nH2O Y 5 m Al(OTF)3 0.5–1.8 467 (x = 0.03) 58% (n = 50, y = 0.03) – A, C [167]

FeVO4 Y 1 m AlCl3 0.0–1.8 350 (x = 0.06) 8.5% (n = 20, y = 0.06) – F [179]

Bi2O3 Y 1 m AlCl3 0.0–1.2 352 (x = 1.5) 29.8% (n = 30, y = 1.5) – – [180]

MoO3 Y 1 m AlCl3 0.0–1.6 680 (x = 2.5) 25% (n = 20, y = 2.5) – – [181]

Graphite Y 1 м AlCl3·6H2O: 
H2O = 12

−1.7–2.3 165 (x = 0.5) 82% (n = 1000, y = 0.5) – A [168]

*For the strategies employed: A (“water-in-salt” electrolyte), B (electrolyte additives), C (pre-intercalation strategy), D (heteroatom doping), E (defects engineering), F (size 
regulation), G (composites and free-standing configuration), H (advanced characterization and theoretical study).
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PBA is a promising electrode material for multivalent bat-
teries due to its excellent electrochemical properties. Gao and 
colleagues were first to investigate the electrochemical per-
formances of copper hexacyanoferrate (CuHCF) cathode in 
aqueous electrolyte (0.5 м Al2(SO4)3) in 2014.[164] Although it 
shows a limited specific capacity (62.9 mAh g−1 at 50  mA g−1) 
and stability (54.9% retention after 1000 cycles at 400 mA g−1), 
it provided a new candidate for AAIBs. To further improve the 
performance of PBA cathodes, Chen et  al. proposed a FeHCF 
cathode with a high concentration of 5 м (mol kg−1 H2O) 
Al(OTF)3 electrolyte (Al-WISE), which demonstrated an initial 
discharge capacity of 116 mAh g−1 at 150 mA g−1.[165] They also 
found that the high concentration Al-WISE electrolyte effectively 
inhibited the dissolution of the PBA cathode, and significantly 
enhanced the cycle life (39% capacity fading after 100 cycles).

Since 2019, Mn-based cathodes have made impressive pro-
gress.[160,166,167] Through an in situ electrochemical transforma-
tion reaction, Lu and co-workers synthesized AlxMnO2·H2O 
that was used as the cathode for AAIB using 5 м Al(OTF)3 elec-
trolyte. This material exhibits a specific capacity of 467 mAh g−1 
and a record high energy density (481 Wh kg−1).[167] Their further 
investigations revealed that the superior performance results 
from the large interlayer spacing and the shielding effects 
due to the lattice-water, reduces the strong electrostatic inter-
action between Al-ion and the host framework and facilitates 
fast Al3+ diffusion. Yu et  al. used a pre-added Mn2+ strategy 
(2 м Al(OTF)3 + 0.5 м MnSO4) to improve the performance and 
the stability of AAIB with a Birnessite-type MnO2 cathode and 
achieved a record-breaking specific capacity (530 mAh g−1 at 

100 mA g−1) and remarkable energy density (620 Wh kg−1).[160] 
Possible electrochemical reaction steps were proposed based 
in the study: a) during the first discharge, Birnessite MnO2 
cathode reduced as soluble Mn2+ into the electrolyte, while the 
Al anode is oxidized to Al3+ to balance the charge (Figure 13b); 
b) during the first charge process, Mn2+ ions are oxidized to 
higher valence state and form AlxMn(1−x)O2 on the cathode, 
accompanied by Al plating on the anode (Figure 13c); c) during 
the charge/discharge process in the following cycles, the revers-
ible dissolution/deposition of Mn2+/AlxMn(1−x)O2 and the 
stripping/plating of Al take place (Figure  13d). Therefore, the 
underlying mechanism of the pre-added Mn2+ strategy, possibly 
resulting from the increase in Mn2+, will facilitate the forma-
tion of AlxMn(1−x)O2 during the charge process.

In the recent 2 years, some new electrode candidates have 
also been developed. For instance, the Bi2O3, FeVO4, and 
MoO3 demonstrate very high initial Al3+ ion storage capacity 
of 352 mAh g−1 (1.5 A g−1), 350 mAh g−1 (0.06 A g−1), and 
680 mAh g−1 (2.5 A g−1), respectively; however, ≈70–80% of their 
initial capacity rapidly declined in ≈20–30 charge/discharge 
cycles.[179–181] Although the mechanisms of these severe capacity 
losses were not been thoroughly investigated, the authors sug-
gested the further improvement of these electrodes could be 
focused on: a) in situ tethering the active materials on a col-
lector (e.g., exfoliated graphite); b) electrode coating and the 
application of concentrated electrolyte to avoid the existence of 
an electrode–electrolyte interface.

Although the adoption of a WIS electrolyte substantially 
improved the performance of AAIBs, the current widely used 

Figure 13. Cathode candidates for AAIBs. a) CV of anatase TiO2 nanotube arrays at 0.1 mV s−1 in different electrolyte. Reproduced with permission.[178] 
Copyright 2014, Elsevier. Schematic diagram of aluminum-manganese battery in b) the first charge/discharge process, and c) charge/discharge pro-
cesses in the following cycles. Reproduced with permission.[160] Copyright 2019, Wiley.
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Al(OTF)3 electrolyte (766 USD/100  g) is too expensive to be 
utilized in a practical scenario, compared with typical ionic 
liquid electrolyte (e.g., AlCl3/[EMIm]Cl, 357 USD/100  g) and 
aqueous electrolyte (e.g., AlCl3, 5.8 USD/100  g).[157,158,168] Pan 
et al. reported an inexpensive WIS electrolyte (AlCl3·6H2O) and 
significantly expanded the electrochemical stability window of 
AAIBs to ≈4 V.[168] Meanwhile, the dual-ion intercalation mech-
anisms (Al3+ and AlCl4−) were observed by EDX and Raman 
spectroscopy, which revealed that the AlCl3·6H2O electrolyte 
possesses the properties of both an ionic liquid and an aqueous 
electrolyte. However, it is worth noting that the application of 
highly concentrated electrolyte would significantly increase 
the weight of the devices, thus reducing the energy and power 
density.

Overall, electrolyte breakthroughs including ionic liquids 
and WIS electrolytes have led to the booming development in 
AAIBs research between 2015 and 2020. The disadvantages of 
ionic liquid-based systems have emerged, but the recent devel-
opment of aqueous AIBs is exciting. Currently, to the best of 
our knowledge, only a few materials (graphite, TiO2, PBAs, 
MnO2) and aqueous electrolytes (AlCl3, Al(NO3)3, Al2(SO4)3, 
Al(OTF)3) have been investigated for AAIBs. In order to 
improve the performance of AAIBs, it is critical to design and 
synthesize cathode materials with promising properties (e.g., 
suitable cavity/channel sizes and the strength of interactions 
with the intercalated ions). This review recommends that the 
effective strategies extensively studied in other AMVIBs can 
be investigated in AAIBs, including size regulation and defect 
engineering.

5. Aqueous Rechargeable Calcium-Ion Batteries

Calcium-ion batteries (CIBs) are promising alternative candi-
dates for post-lithium-ion batteries, owing to their low redox 
potential (−2.87 V versus SHE), low cost, and massive reserves. 
The first rechargeable CIB was reported in 2015;[182] however, 

the number of achievements has been limited over the past 
5 years. Basically, the energy storage mechanisms of CIBs are 
similar to that for other kinds of AMVIBs. One of the major 
challenges is the tremendous difficulty in Ca2+ electroplating 
and stripping in the conventional aprotic organic electrolytes, 
due to the vast resistance of SEI to Ca2+ diffusion.[50] Although 
some innovations have been made to address this issue, such 
as Ca(PF6)2 or Ca(TFSI)2 in EC/PC mixed solvent,[183,184] the 
performance of non-aqueous CIBs is far from requirements. 
Meanwhile, it needs further investigation whether the Ca metal 
dendrites will form during the cycling.[185] In addition, although 
Ca2+ ions possess the same charge density to Li+ (52 C mm−3), 
its ionic radius (1 Å) is significantly larger than other multiva-
lent metal charge carriers (Table 1). Therefore, it is highly chal-
lenging to design and synthesis cathode materials with large 
and flexible channels for Ca2+ diffusion. To date, most research 
has focused on organic electrolytes, while aqueous CIB research 
has made remarkable achievements in recent years (Table 6).

In 2015, manganese hexacyanoferrate (MnHCF) was the 
first cathode adopted in CIBs with organic electrolyte, which 
exhibits a capacity of 80 mAh g−1 (at 10  mA g−1) and 59.3% 
capacity retention (after 30 cycles at 10  mA g−1).[182] However, 
work from Cui et al. has proven that the presence of water can 
reduce the charge density, thereby effectively promoting Ca2+ 
diffusion, which presents a new opportunity for ACIBs based 
on a PBA cathodes.[186] Jeong and Lee further studied the influ-
ence of aqueous electrolyte concentration (Ca(NO3)2) on the 
electrochemical performance of CIBs based on a CuHCF cath-
odes and found that the capacities gradually increase with an 
increase in electrolyte concentration (Figure  14a).[187] Raman 
spectroscopic studies and activation energy investigations 
revealed that the increase of electrolyte concentration decreases 
the activation energy, thus increasing the amount of NO3

− coor-
dinated by Ca2+. Inspired by previous work, Mitra and col-
leagues proposed a new ACIB system for stationary energy 
storage based on the CuHCF cathode, polyaniline anode, and 
aqueous electrolyte (2.5 м Ca(NO3)2).[188] This ACIB exhibits an 

Table 6. Representative cathode materials of rechargeable CIBs in recent years.

Materials Aqueous 
(Y/N)

Electrolyte Working 
potential 

[V]

Specific capacity  
[mAh g−1] at  

x A g−1

Capacity retention at y A 
g−1 after n cycles

Rate capability 
(capacity retention 

at z × x A g−1)

Strategies Reference

MnHCF N 0.2 м Ca(PF6)2 in 3:7 EC:PC 0.7–4.0 80 (x = 0.01) 59.3% (n = 30, y = 0.01) – – [182]

CuHCF Y 8.4 m Ca(NO3)2 0.1–0.9 77 (0.2 C) 90% (n = 5000, 10 C) 64.9 (z = 200) – [187]

CuHCF Y 2.5 m Ca(NO3)2 0.3–1.2 130 (x = 0.8) 95% (n = 200, y = 0.8) – – [188]

CaV6O16·7H2O Y 4.5 m Ca(NO3)2 0.0–1.3 170 (x = 2) 93% (n = 200, y = 5) 67.6% (z = 6) – [190]

Mg0.25V2O5·H2O N 0.8 m Ca(PF6)2 in  
2:3:2:3 EC:DMC:EC:PMC

−1.5–1.25 90 (x = 0.05) 88% (n = 500, y = 0.02) – C, H [213]

Ca2MnO4 Y 2 m Ca(NO3)2 0.0–1.8 196.5 (x = 0.05) 95% (n = 1500, y = 1) 22.9% (z = 20) – [189]

K2V6O16·2.7H2O Y 5 m Ca(NO3)2 0.0–1.0 113.9 (x = 0.02) 78.3% (n = 100, y = 0.05) – C [214]

PTCDA Y Saturated Ca(NO3)2 0.0–1.5 87 (x = 0.02) 70.1% (n = 10, y = 0.02) – H [150]

CaCo2O4 Y 1 m CaCl2 0.0–1.85 – – – – [215]

Graphite N Ca(BH4)2 in DMAc 0.2–1.6 87 (x = 0.1) 75% (n = 200, y = 0.1) – H [216]

*For the strategies employed: A (“water-in-salt” electrolyte), B (electrolyte additives), C (pre-intercalation strategy), D (heteroatom doping), E (defects engineering), F (size 
regulation), G (composites and free-standing configuration), H (advanced characterization and theoretical study).
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impressive specific capacity of 130 mAh g−1 and 95% retention 
after 200 cycles at 0.8 A g−1, which is vastly superior to those in 
non-aqueous PBA-based systems.

Besides PBAs, other types of cathode candidates have also 
been studied for ACIBs. Cao et al. reported an ACIB consisting 
of a CaMnO4 (cathode), poly(3,4,9,10-perylentetracarboxylic 
diimide) (PPTCDI) on SBA-15 (anode), and 2 м Ca(NO3)2, which 
exhibits ultrahigh stability (95% retention after 1500  cycles at 
1 A g−1).[189] They proposed that the impressive stability results 
from two major contributions: a) the unique structure of the 
anode material enhances the Ca2+ (de)insertion behaviors; 
b) the shielding effect of polar water molecules on calcium ions. 
Moreover, Simon and co-workers synthesized highly ordered 
1D CaV6O16·7H2O (CVO) via a high-yield and ultrafast (several 
grams in few minutes) molten salt method (Figure  14b).[190] It 
shows remarkable stability (88% after 500  cycles) under a low 
current density (20  mA g−1) and this was attributed to two 
aspects: a) the 1D-nanostructured architecture avoids volume 
expansion/contraction during charge/discharge cycles; b) the 
interlayer spacing is increased by crystalline water in the CVO 
layers.

In general, ACIBs research over the last 5 years has lacked 
a systematic approach. Theoretical investigations and machine 
learning methods are effective methodologies to accelerate the 
progress of finding suitable cathode candidates. By coupling 
first-principle DFT and nudged elastic band (NEB) approxi-
mations, Ceder et  al. predicted the migration energies (Em) of 
Li+ and multivalent ions (Ca2+, Mg2+, Zn2+, Al3+) in extensively 
studied intercalated structures, including spinel Mn2O4, olivine 
FePO4, layered NiO2, and orthorhombic δ-V2O5 (Figure 14c).[191] 
As expected, the migration barriers of Li+ in these four inter-
calation structures are well below or just above the ≈525 meV 
threshold, which is in good agreement with previous experi-

mental observations. It is noteworthy that the migration 
energies of Ca2+ in olivine FePO4 and orthorhombic δ-V2O5 
will occupy a minimum 50% diffusion path and are much 
lower than those of other multivalent ions. Also, machine 
learning is a highly effective method to make rapid predic-
tions of electrochemical properties for different materials and 
guide materials development for CIBs. However, to the best of 
our knowledge, there is no research for ACIBs reported to date 
based on machine learning predictions. In addition, this work 
recommends that the mainstream structural optimization strat-
egies which have been proven effective in other AMVIBs, such 
as hetero-atom doping, defects engineering, size regulation, 
should be attempted in ACIBs.

6. Conclusions and Perspectives

This review introduced and discussed the common challenges, 
extensively studied materials, and optimization strategies of 
typical rechargeable aqueous multivalent ion batteries for large-
scale energy storage applications. The development and per-
spectives of AMVIBs can be briefly summarized as follows:

6.1. Aqueous Rechargeable Multivalent Ion Batteries

Figure  15a provides a rough comparison of electrochemical 
performances between LIBs and AMVIBs. Although the efforts 
made in the past few years have greatly improved AMVIBs, 
there is still a huge gap in performance compared to commer-
cial LIBs. The energy and power density of ACIBs is 1/3 and 1/10 
to those of a typical commercial LIBs with a high energy density 
(250–693 Wh kg−1) and suitable power density (250–340 W g−1), 

Figure 14. Cathode candidates for ACIBs. a) EC of CuHCF cathode in different concentration of Ca(NO3)2. Reproduced with permission.[187] Copyright 
2018, Elsevier. b) TEM of SBA-15@PPTCDI. Reproduced with permission.[189] Copyright 2020, Wiley. c) Migration energies Em in the spinel Mn2O4, 
olivine FePO4, layered NiO2, and orthorhombic δ-V2O5. Reproduced with permission.[191] Copyright 2015, American Chemical Society.
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Figure 15. Summary and conclusion. a) The comparison among LIBs and aqueous rechargeable MIBs; multi-angle comparison among b) LIBs and 
aqueous rechargeable MIBs and c) widely investigated materials; d) functionalities and application of potentially useful strategies.

Adv. Funct. Mater. 2021, 2010445



www.afm-journal.dewww.advancedsciencenews.com

2010445 (30 of 35) © 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

respectively. AZIBs represent the closest electrochemical per-
formances compared to LIBs. For example, the AZIB using a 
high-performance Mn-based cathode (e.g., an energy density of 
280 Wh kg−1 and power density of 2100 W kg−1) and Zn anode 
with balanced capacity, is expected to possess a high device 
energy density (≈140 Wh kg−1) and power density (≈1450 W kg−1), 
which is close to or even higher than those of LIBs. In addition, 
its current production cost is only $25 per kWh (in the labora-
tory), which is much lower than that for LIBs at 2030 (≈$70 per 
kWh). Therefore, in the near future, AZIBs are expected to be 
employed in the fields with particular requirements, such as 
fast-charging, high safety, and low cost. However, most of the 
recent research is limited to coin cells and Swagelok-type cells, 
with limited progress at technological scale. Meanwhile, AAIBs 
and AMIBs have developed rapidly and significantly expanded 
their power density in recent years, but the energy density still 
needs to be further increased. In all cases, the transition from 
coin cells to technological formats will require a joint approach 
involving both scientists and engineers.

The safety, cost, and performance are the most important 
criteria for next-generation commercial energy storage systems; 
Figure  15b demonstrates the multi-angle comparison between 
LIBs and other AMVIBs. Clearly, AMVIBs are currently infe-
rior to LIBs in electrochemical performance, while they possess 
lower cost and higher safety level. However, there is great scope 
for advancement if the attention and volume of research effort 
can even begin to approach that of LIBs.

6.2. Cathode Candidates

First of all, it must be admitted that the current research in this 
field is mostly based on the over-sized anodes, which is metal 
or metal-hosting electrode. From the views of electrode design, 
balancing the capacity of anode and cathode (mass multiplied 
by specific capacity) is crucial to improve the voltage distribu-
tion and increase the utilization rate of the anode materials. 
Some methodologies, such as control of equilibrium poten-
tial by surface charge control (e.g., introduction of functional 
group, charge injection), are effective to facilitate the capacity 
balance. Currently, the researches on the capacity balance of 
anode and cathode of the AMVIB is still in the initial stage.

Figure  15c compares the widely studied cathode materials 
from the perspective of electrochemical performances (spe-
cific capacity, cycling stability, voltage, and energy density), the 
research depth, and material diversity. Current research toward 
mainstream materials are still far from sufficient; even for 
manganese oxides and vanadium oxides, the most widely inves-
tigated cathode candidates, hundreds of compounds remain 
unreported and several controversial energy storage mecha-
nisms are under fierce debate.

Some widely studied cathode candidates for non-aqueous 
MIBs and AIBs have not been widely reported in aqueous media. 
For instance, huge research interest in Chevrel phase compounds 
and TMDs since the discovery of MIBs, compared with only one 
report using the aqueous electrolyte. Meanwhile, some materials 
with excellent performance in AZIBs and AMIBs, such as manga-
nese oxides and vanadium oxides, have not received much atten-
tion in ACIBs and AAIBs. Theoretically, rechargeable multivalent 

ion batteries possess similar material design principles, owning to 
their similar intrinsic challenges. Therefore, it is of great impor-
tance for the development of a certain type of rechargeable MIB 
to learn from previous research based on non-aqueous batteries 
and the breakthroughs of other aqueous batteries.

6.3. Promising Strategies

Figure  15d summarizes the strategies that can be adopted to 
advance the technology; this can be divided into three catego-
ries: electrolyte optimization, material structure optimization, 
and theoretical research. The electrolyte optimization methodol-
ogies, including the use of WIS electrolyte and electrolyte addi-
tives, offer the potential to enhance material stability, increase 
the specific capacity, and broaden the voltage window. However, 
at present, only manganese oxide and vanadium oxide cathode 
materials have adopted this approach, and the mechanisms are 
not clear and need further exploration. Meanwhile, the cost of 
widely used WIS electrolytes (TSFI compounds) are too expen-
sive to be used for most large-scale energy storage applications. 
Therefore, some low-cost WIS electrolytes are being consid-
ered, such as ZnCl2 and AlCl3. In addition, some emerging 
electrolyte optimization strategies deserve more attention, such 
as the formation of the eutectic network by coupling hydrated 
Zn salts with a neutral ligand (e.g., succinonitrile).

There are five mainstream structure optimization methodolo-
gies, including pre-intercalation, defect engineering, heteroatom 
doping, size regulation, and fabrication of composites and free-
standing materials. However, they need further development. For 
instance, the current pre-intercalation strategy mainly focuses on 
the introduction of crystal water and transition metal ions into 
the host materials to facilitate the ion diffusion kinetics; however, 
this may lead to serious issues including excessive structural 
deformations, the influence from the type and the amount of 
pre-intercalated species to the stability of the structures and elec-
trochemical performance needs to be further investigated sys-
tematically. Also, future exploration based on the same principle 
but different molecules are recommended, for example, PANI 
intercalated V2O5 materials, to evaluate their feasibility. Although 
heteroatom doping and defects engineering are universal and 
effective methods for the innovation in cathode design, they 
still face a series of challenges, such as: a) precise control of the 
defects/doping concentration; b) exploration on novel synthetic 
techniques. Other than experimental methods, the relationships 
between the defects/doping concentration and electrochemical 
performance can also be studied and predicted via computational 
techniques (e.g., machine learning and DFT calculation).

The mechanistic understanding of AMVIBs is generally 
immature, especially the mechanisms of energy storage and 
capacity decay. A very limited number of materials have been 
explored by theoretical modeling and calculations; multi-scale 
characterization with a series of the advanced in situ characteri-
zation techniques, such as in situ NMR, in situ Raman, in situ 
SEM, synchrotron X-ray tomography, neutron scattering, etc., 
are powerful to promote the progress of theoretical research. In 
situ characterization techniques are particularly crucial in some 
cases, for example, the charge storage intermediates sensitive 
to the air and moisture may not be able to reflect the actual 
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situation when carried out ex situ evaluation. To further pro-
mote the application of advanced characterization techniques in 
AMVIBs, it is crucial to derive similar configurations and test 
procedures to relatively mature batteries (e.g., LIBs).

6.4. Perspectives

In general, AMVIBs have made remarkable progress in the past 
10 years but key challenges persist. To develop high-performance 
cathodes and realize the next-generation of large-scale energy 
storage based on these technologies, recommended approaches 
and research directions are summarized as follows:

1. Learn from transferring the experiences of previous research 
based on non-aqueous systems or the achievements of other 
types of AMVIBs.

2. Search for low-cost WIS electrolytes and conduct more stud-
ies to further elucidate the relationships between salt solu-
tion concentration and electrochemical properties.

3. Develop more suitable electrolyte additives for various types 
of cathode candidates and study their structure-performance 
relationship.

4. Deepen the understanding of the essence of various struc-
tural optimization strategies, thus discovering more oppor-
tunities and appropriately combining various strategies to 
fabricate the high-performance cathode candidates.

5. Deepen the understanding of the capacity balance of anode 
and cathode of AMVIBs, to promote the more appropriate 
voltage distribution and higher anode utilization rate.

6. Conduct more theoretical investigations and employ ad-
vanced characterization techniques required to further eluci-
date the fundamental mechanisms, especially in terms of en-
ergy storage, electrolyte additives, and the impacts of defects, 
vacancies, and heteroatom doping.

7. Conduct more electrochemical tests based on industrial sce-
narios and application requirements, rather than merely coin 
cells or Swagelok-type cells in small scale lab research.
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