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Abstract 
Aqueous rechargeable batteries (ARBs) have become a lively research theme due to their advantages of low cost, safety, 
environmental friendliness, and easy manufacturing. However, since its inception, the aqueous solution energy storage sys-
tem has always faced some problems, which hinders its development, such as the narrow electrochemical stability window 
of water, poor percolation of electrode materials, and low energy density. In recent years, to overcome the shortcomings 
of the aqueous solution-based energy storage system, some very pioneering work has been done, which also provides a 
great inspiration for further research and development of future high-performance aqueous energy storage systems. In this 
paper, the latest advances in various ARBs with high voltage and high energy density are reviewed. These include aqueous 
rechargeable lithium, sodium, potassium, ammonium, zinc, magnesium, calcium, and aluminum batteries. Further chal-
lenges are pointed out.
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1 Introduction

In recent years, the continuous consumption of non-renew-
able energetic resources (oil, coal, natural gas, etc.) has 
caused serious environmental problems and a continuing 
energy crisis. The development and utilization of renewable 
energies (solar, wind, tidal, etc.) can alleviate these problems 

effectively, but because of the intermittent nature of renew-
able energy, it is not conducive to effective grid supply, so 
there is an urgent need for safe and reliable energy storage 
devices to store energy [1]. Rechargeable battery technolo-
gies, such as the lead–acid batteries, nickel–cadmium batter-
ies, nickel–metal hydride (Ni–MH) batteries, redox flow bat-
teries (RFCs) and lithium-ion batteries (LIBs), have found 
practical application in various fields, but the inherent limi-
tations of these systems hinder their wider application in the 
large-scale energy storage field, among which operational 
safety and other ideal characteristics (such as low installation 
cost, long cycle life, high energy efficiency, and sustainabil-
ity) are the main constraints [2]. For example, the energy 
densities of a lead–acid battery and a nickel–cadmium 
battery are limited (~ 30 Wh  kg−1); in addition, the elec-
trode material contributes to environmental pollution, and 
the main problems of the Fe–Ni battery are its low charge/
discharge efficiency (about 50%–60%) and self-discharge 
caused by negative iron electrode corrosion (20%–40% per 
month). Although the MH–Ni battery has a high energy den-
sity, its low temperature performance, rate performance, and 
coulombic efficiency are not ideal. Redox flow cells are easy 
to assemble, but they have low power/energy densities and 
special requirements for heat/temperature control, which 
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greatly limit their wide application. Lithium-ion batteries 
have higher energy densities, lower weight, and longer ser-
vice life and have great application prospects. However, the 
organic electrolyte used is very flammable, and the electrode 
material will react with the organic electrolyte in the case 
of overcharge or short circuit, which leads to serious safety 
problems such as combustion and explosion. In addition, the 
cost of lithium ion batteries remains high and the manufac-
turing process is complex, which greatly restricts its wide 
application in large-scale energy storage systems. Because of 
the poor ionic conductivity of organic electrolyte solutions, 
the power density of a lithium ion battery is limited. To sum 
up, the development of new battery systems has become an 
urgent need. These systems should have the advantages of 
safety, environmental compatibility, and low cost.

Aqueous rechargeable batteries (ARBs) make up for these 
shortcomings. Although they are restricted by the electro-
chemical stability window of water and their energy den-
sity is limited, in recent years (since 2007), several research 
groups have done some pioneering work, greatly improv-
ing their energy density, making this research direction full 
of vitality, setting off another wave of research expansion. 
Although there are some comprehensive literature reviews 
in this area, there are still some areas in need of closer 
inspection.

In this review, we summarize new ARB systems with 
high voltage and high energy density. As there have appeared 
many good reviews on ARBs, negative electrode/positive 
electrode materials, battery systems, challenges, and solu-
tions over the past several years, we here focus only on the 
advances mainly over the last five years.

ARBs are categorized usually according to their charge 
carriers during the redox reactions as follows: aqueous 
rechargeable lithium, sodium, potassium, ammonium, zinc, 
magnesium, calcium, and aluminum batteries. Major recent 
advances comprise electrolytes and electrode materials that 
enable higher voltages and higher energy densities. Fur-
thermore, we will discuss the main challenges of these new 
electrochemical energy storage systems so that further devel-
opment of these systems can be boosted.

2  Strategies to Improve the Energy Density 
of Aqueous Rechargeable Batteries

According to the equation E = C·Ucell (where E is the energy 
density, C is the specific capacity of the electrodes and Ucell 
is the working voltage), we can increase the energy density 
of ARBs in two ways: (1) by increasing the battery voltage 
and (2) by using electrode materials with higher specific 
capacity. It is well known that the main reason for the lim-
ited energy density of ARBs is the voltage stability window 
of water (1.23 V), and the available electrode materials are 

limited. Therefore, finding ways to widen the voltage win-
dow of aqueous electrolytes is the key to improving the per-
formance of ARBs. So far, many research groups have done 
outstanding work in this area, along the following strate-
gies: (a) regulating the pH of the electrolyte; (b) constructing 
artificial interphase layers; (c) using concentrated aqueous 
electrolytes; and (d) introducing electrolyte additives with 
interphase-forming capability. However, a wide voltage 
window does not necessarily guarantee the construction of 
high-voltage, high-energy density ARBs. It only makes it 
possible to select electrode materials with large voltage dif-
ferences for pairing. Finally, the working voltage of an ARB 
can be determined by choosing the right negative electrode 
and positive electrode materials [3]. These strategies are 
summarized in Fig. 1. In the context, we will combine these 
strategies together with the latest research on various ARBs.

3  Aqueous Rechargeable Batteries

3.1  Aqueous Rechargeable Lithium Batteries 
(ARLBs)

Aqueous rechargeable lithium batteries (ARLBs) have been 
developed since 1994 [4]. They have an average discharge 
voltage of about 1.5 V and function reversibly. They can 
deliver an energy density of 75 Wh  kg−1 (based on the com-
bined mass of the active materials), which is comparable to 
the performance of lead–acid and nickel–cadmium batteries. 
As pointed out in this pioneering research paper, hydrogen 

Fig. 1  Schematic diagram of strategies for improving the electro-
chemical performance of aqueous rechargeable batteries



3Electrochemical Energy Reviews (2021) 4:1–34 

1 3

(HER) and oxygen (OER) evolution redox potentials are 
important reference factors in the selection of two electrode 
materials for ARLBs. That is to say, the working potential of 
the electrode material should be between the OER and HER 
to avoid the electrolysis reaction of water. More recently, 
there have been many comprehensive reviews on the elec-
trode materials of ARLBs [3, 5–9]. Therefore, we will not 
elaborate on these here. In this part, we only summarize the 
current work on high voltage and energy density ARLBs.

In order to construct high-voltage and high-energy-
density ARLBs, there are several strategies: (1) improving 
the electrolyte such as using superconcentrated electrolytes 
and (2) using negative electrode materials (such as sulfur, 
lithium, zinc and graphite) with high specific capacity and/
or low redox potential [10].

3.1.1  Superconcentrated Electrolytes

3.1.1.1 “Water‑in‑Salt”/“Water‑in‑Bisalt” Electrolytes A “water-
in-salt” (WiS) electrolyte was first used in ARLBs in 2015 
by Wang and co-workers, which expanded the electrochemi-
cal stability window to ca. 3.0  V (1.9–4.9  V vs.  Li+/Li) and 
opened new avenues in aqueous electrochemistry [11]. Lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI) was chosen as the 
salt because of its high solubility in water (> 20 m; in this paper, 
the unit m refers to mol kg−1), and because of its high concen-
tration with hydrated water having high hydrolytic stability. The 
WiS definition applies when weight and volume of salt exceed 
those of the solvent in a binary system. When the concentration 
of LiTFSI reaches 21 m, its electrochemical stability window 
extends to 3 V (Fig. 2a). In this report,  LiMn2O4 and  Mo6S8 
were used as negative electrode materials to assemble ARLBs, 
which confirmed the feasibility of the 21 m WiS electrolyte. It is 
worth noting that the redox potentials of these electrode materi-
als move to a positive potential with the increase in salt concen-
tration. According to the Nernst equation, this is mainly due to 
the change in  Li+ activity therein. These ARLBs can deliver up 
to 2.3 V and have a median discharge voltage of 1.83 V, which 
is significantly higher than the traditional or the 1st generation 
ARLBs using ordinary aqueous electrolyte solutions. There are 
two reasons why the WiS electrolyte has such a wide voltage 
window (see Fig. 2b). On one hand, there are enough free water 
molecules to fully hydrate lithium ions in dilute aqueous solu-
tion. With an increase in salt concentration, fewer non-coordi-
nated water molecules become available, and the solvation or the 
hydrated layer of the lithium ion changes dramatically. When the 
concentration increases to 21 m, the ratio of water to lithium ion is 
only 2.6, signifying that  Li+ is partially dehydrated and the elec-
trostatic field generated by the formal charge on lithium ion can 
no longer be neutralized by coordination with water. As a result, 
 TFSI− ions enter the solvation layer of  Li+. Since the reduction 
potential of  TFSI− is lower than that of water,  TFSI− decom-
poses on the surface of the negative electrode material to form a 

dense protective SEI layer (mainly LiF) before water decomposi-
tion. On the other hand, the activity of water is decreased due 
to few free water molecules downstream of the high concentra-
tion, which is helpful to increase the electrochemical stability of 
positive and negative electrodes. Therefore, it can be seen that 
the cooperation of these two factors widens the voltage window 
of the electrolyte appreciably. However, the positive and nega-
tive electrode materials selected for the battery do not make full 
use of the voltage window of the LiTFSI WiS electrolyte. The 
 Mo6S8/LiFePO4 battery [12] and the  TiS2/LiMn2O4 battery [13] 
behave similarly. Therefore, further optimization of the positive 
and negative electrode materials is needed for further enhance-
ment of the voltage and energy density of the ARLBs. For posi-
tive electrode materials, materials with higher potential and/
or higher specific capacity can be selected, such as  LiVPO4F, 
 LiCoO2, and  LiNi0.5Mn1.5O4. For negative electrodes, materi-
als with lower potential and/or higher specific capacity, such as 
 LiVPO4F,  TiO2 and sulfur, can also be chosen.

Tavorite-type  LiVPO4F can be used as both positive 
and negative electrode materials for ARLBs [14]. The con-
stant-current charge–discharge curve (Fig. 2c) shows that 
 LiVPO4F has two sets of charge and discharge plateaus, 
which, respectively, correspond to the intercalation and 
deintercalation of lithium ions. The high potential group 
corresponds to the  V4+/V3+ redox pair (about 4.26 V vs. 
 Li+/Li), and the low potential group corresponds to the  V3+/
V2+ redox pair (about 1.8 V vs.  Li+/Li). Using this material 
as both positive and negative electrodes, respectively, and 
the LiTFSI “water-in-salt” gel electrolyte, a flexible sym-
metric battery was assembled with 2.46 V output voltage 
(average discharge voltage up to 2.4 V), showing excellent 
rate performance.

The performance of the symmetrical cell using the 21 m 
LiTFSI WiS electrolyte is poor, and the coulombic efficiency 
is 96% after only 50 cycles. A 25 m LiTFSI WiS gel electro-
lyte was prepared by adding PVA, and the voltage stability 
window was widened. The symmetric battery assembled in 
this way was cycled at a low rate of 0.2 C. After only ten 
cycles, the coulombic efficiency reached 100%. At a rate of 
20 C, the capacity of the battery was still 87% after 4000 
cycles, and the coulombic efficiency was close to 100% dur-
ing the whole cycle (Fig. 2d). It was also found for the first 
time that the SEI film on the surface of the positive elec-
trode material in the LiTFSI WiS electrolyte was a mixture 
of 49%  Li2CO3 and 51% LiF. This discovery revealed the 
secret of how  Li+ can be transported in the SEI, since LiF 
is an insulator for both ion and electron conduction. If the 
SEI consists of mainly LiF, it is obvious that it will not be 
conducive to  Li+ transmission. Because  Li2CO3 has better 
conductivity than LiF, an ultra-high concentration carrier 
region is generated by space charge at the interface between 
 Li2CO3 and LiF, which is the channel of fast  Li+ ion trans-
port. Therefore, even in a dense SEI film,  Li+ ions can still 
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be transported rapidly along the LiF/Li2CO3 grain boundary, 
explaining the good performance of  LiVPO4F. The results 
of AC impedance testing show that the interface resistance 
of the negative electrode increases only 50% after 20 cycles, 
which shows that the LiF–Li2CO3–SEI still provides a high 
conductivity for  Li+ ions.

Layered  LiCoO2 electrodes deliver a specific capacity of 
140 mAh  g−1 when charged to 4.2 V (vs.  Li+/Li), corre-
sponding to 50% Li extraction to  Li0.5CoO2, which has been 
regarded as a relatively stable positive electrode material in 
ARLBs [15–18]. In organic electrolytes, when charged to 

4.5 V (vs.  Li+/Li), a higher specific capacity of 180 mAh 
 g−1 (corresponding to 70% Li extraction) is delivered. How-
ever, the electrode suffers from serious capacity decay dur-
ing cycling in aqueous electrolytes due to Co dissolution 
and the side reaction between  Li0.3CoO2 and the electrolyte. 
Tris-(trimethylsilyl)borate (TMSB) was introduced into the 
WiS electrolyte as an additive and was continuously oxi-
dized and decomposed to form a stable cathode electrolyte 
interphase (CEI) film on the surface of the  LiCoO2 positive 
electrode during the charge process. Wang et al. found that 
after oxidation, the TMSB formed a protective interphase on 

Fig. 2  a Electrochemical stability window of LiTFSI-H2O electro-
lytes with various concentrations. b Schematic diagram of the evolu-
tion of the  Li+ primary solvation sheath in dilute solution and “water-
in-salt” electrolyte. Reproduced with permission from Ref. [11]. 

Copyright 2015, AAAS. c Charge and discharge voltage profiles of 
 LiVPO4F full cells at various rates. d The long cycling performance 
of  LiVPO4F full cells at 20 C. Reproduced with permission from Ref. 
[14]. Copyright 2017, John Wiley and Sons
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the  LiCoO2 positive electrode [19]. At a high cutoff voltage, 
the interphase-protected  LiCoO2 delivered a high capacity of 
170 mAh  g−1 with remarkable cycling stability. An ARLB 
coupling the  LiCoO2 positive electrode with the  Mo6S8 neg-
ative electrode exhibited 2.50 V open circuit voltage and 
1.95 V midpoint voltage, achieving an energy density up 
to 120 Wh  kg−1 and a low capacity decay rate of 0.013% 
per cycle, as the protective interphase effectively suppressed 
OER and cobalt dissolution from the positive electrode into 
the electrolyte solution.

Commercial spinel  LiNi0.5Mn1.5O4 has two crys-
tal structures, P4332 and fd-3  m. Among them, P4332 
 LiNi0.5Mn1.5O4 has a higher redox lithiation/de-lithiation 
potential plateau, and because of the high salt concentra-
tion of the WiS electrolyte, the redox intercalation/de-
lithiation potential platform of  LiNi0.5Mn1.5O4 has a posi-
tive shift of about 0.2 V to 4.8–5.0 V (vs. Li/Li+), which 
is outside the stability window of the WiS electrolyte. 
The redox potential of fd-3  m  LiNi0.5Mn1.5O4 is lower 
than that of P4332  LiNi0.5Mn1.5O4. The redox potential 
of fd-3 m  LiNi0.5Mn1.5O4 is different from that of P4332 
 LiNi0.5Mn1.5O4 because there is a small amount of  Mn3+ 
in fd-3 m  LiNi0.5Mn1.5O4, and the ion radius of  Mn3+ is 
larger than that of  Mn4+, which makes the lattice expand 
and the diffusion of  Li+ increase. In the WIS electrolyte, the 
two voltage platforms of fd-3 m  LiNi0.5Mn1.5O4 move to 
4.8–5.0 V. Although they exceed the voltage stability win-
dow of electrolytes, they can make full use of their capac-
ity by adjusting the pH value of electrolytes to inhibit the 
oxygen evolution reaction. It is well known that with the 
decrease in pH, the potential of HER and OER in water 
electrolytes will move to higher voltage. When 0.1% (in 
volume fractions) of 1 m bis(trifluoromethylsulfonyl)imide 
(HN(SO2CF3)2, HTFSI) was added to the WiS electrolyte, 
the pH value of the WiS electrolyte decreased to 5 and the 
window shifted 0.1 V. However, the lowest redox potential 
(2.1 V) of  Mo6S8 is still higher than that of HER (1.9 V) of 
WiS electrolytes (pH adjusted to 5). The positive material 
fd-3 m  LiNi0.5Mn1.5O4 can be charged to 5.05 V (vs.  Li+/Li), 
and it can work stably. Therefore,  Mo6S8//LiNi0.5Mn1.5O4 
full cells can be assembled, which has an average discharge 
voltage of up to 2.35 V and an energy density of 126 Wh 
 kg−1 [20].

When 7 m LiOTf (lithium trifluoromethanesulfonate) 
was continuously added to 21 m LiTFSI WiS electrolytes 
(note the original term “dissolve” is not pertinent since it 
is impossible to get such a real aqueous solution) to obtain 
“water-in-bisalt” (WibS) electrolytes, in which the  Li+-ion 
concentration reached 28 m, the corresponding ratio of water 
molecules to salt ions was about 2 [21]. Owing to the higher 
salt concentration, the density of the SEI layer increased 
and the activity of water was reduced further, so that it had 
a wider electrochemical stability window of about 3.1 V 

(Fig. 3a). Based on this WibS electrolyte, an ARLB was 
prepared with  TiO2 as the negative electrode and  LiMn2O4 
as the positive electrode, with 2.5 V open circuit voltage, 
a voltage plateau of 2.07 V, and an energy density of 100 
Wh  kg−1 (calculated based on the combined mass of elec-
trodes) (Fig. 3b). An acetate-based WibS electrolyte was 
constructed by mixing inorganic salts of LiOAc and KOAc, 
which had a water-to-cation ratio as low as 1.3 [22]. The 
results show that conventional negative electrode materials 
such as  Li4Ti5O12 and  TiO2 can intercalate/deintercalate  Li+ 
reversibly in this WibS electrolyte, and the assembled  TiO2/
Mn2O4 ARLB has a 2.10 V flat discharge plateau (Fig. 3c). 
The electrolyte is inexpensive, environmentally friendly, 
can be adjusted conveniently, and is highly adaptable and 
universal.

3.1.1.2 Hydrate‑Melt Electrolytes The definition of hydrate 
melting is similar to that of WibS. In fact, the design of the 
WibS electrolyte was inspired by the hydrate-melt electro-
lyte [23]. The hydrate-melt electrolyte is actually an exten-
sion of the superconcentrated electrolyte in a system in 
which water is the solvent. Superconcentrated electrolytes 
have been used in lithium-ion batteries. It has been found 
that they can not only improve the stability of batteries, but 
also increase the operating voltage (4 V). This concept was 
first applied by Yamada et  al. to aqueous energy storage 
systems and is known as “hydrate-melt.” They explored the 
eutectic composition of lithium salts Li(SO2CF3)2 (LiTFSI) 
and lithium salts Li(SO2C2F5)2 (LiBETI), both of which 
have an organic imide anion. The results show that when the 
composition is Li (TFSI)0.7(BETI)0.3, the mixture solubil-
ity with water is the highest, a stable transparent solution 
can be obtained, and the concentration of water molecule is 
only 10.1 m (Fig. 4a). A large number of TFSI/BETI anions 
isolate free water molecules from each other, and all water 
molecules can participate in the hydration shell of lithium 
ions, thus reducing the activity of water molecules and wid-
ening the electrochemical stability window of electrolytes. 
In this solution, all water molecules are coordinated with 
lithium ions, and intramolecular hydrogen bonds are almost 
negligible (Fig. 4b). Further, it was found that the equilib-
rium potential of the lithium ion insertion/delamination 
reaction was 0.25 V in the hydrate-melt electrolyte, which 
was greater than the value in the 22  m LiTFSI (Fig.  4c). 
The thermodynamic mechanism (which reduces HOMO 
levels) and the kinetic mechanism (passivation induced by 
anions) further widen the potential difference between the 
anode and the cathode, thus widening the voltage window 
to 3.8 V (Fig. 4d). Based on the hydrate-melt electrolyte, the 
 Li4Ti5O12//LiCoO2 and the  Li4Ti5O12//LiNi0.5Mn1.5O4 full 
ARLBs were established, which exhibited high discharge 
cell voltage plateaus at 2.26  V and 3.10  V, respectively. 
Up to now, there are few other studies on the application 
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of hydrate-melt electrolytes in aqueous batteries. Recently, 
Wu et al. have applied electrolytes to Li–O2 batteries, which 
has been shown to effectively avoid solvent degradation and 
by-product formation, thus improving the cycle life of Li–
O2 batteries [24]. In order to further evaluate and improve 
the practicability of the electrolyte, more and more in-depth 
research is needed.

3.1.1.3 Hybrid Aqueous/Nonaqueous Electrolyte 
(HANE) By introducing a nonaqueous solvent, dimethyl car-
bonate (DMC), into a WiS electrolyte, a hybrid aqueous/non-
aqueous electrolyte (HANE) with an expanded electrochem-
ical window of 4.1 V has been developed. This is a neutral 
solvent that is less sensitive to negative electrode repulsion 

and hence participates more easily in interspatial chemis-
try than anions [25]. Based on this hybrid electrolyte, an 
ARLB consisting of a  LiNi0.5Mn1.5O4 positive electrode and 
a  Li4Ti5O12 negative electrode was established. This ARLB 
with a flat discharge plateau at 3.2 V (Fig. 5a) had an energy 
density of up to 165 Wh  kg−1 and cycling stability of more 
than 1000 cycles (Fig. 5b). In a similar approach, a hybrid 
“acetonitrile (AN)/water-in-salt” electrolyte (AN–WiS) sys-
tem was also reported, providing increased ionic conduc-
tivity, reduced viscosity, and expanded temperature ranges 
[26]. Increasing the LiTFSI salt concentration in AN–WiS 
to the level of superconcentration (15.3 m) expands the elec-
trochemical stable window to 4.5 V [27]. This AN–WiSE 
enabled ARLBs, such as  Li4Ti5O12/LiMn2O4 and  Li4Ti5O12/

Fig. 3  a Electrochemical windows of WibS and WiS electrolytes 
at a scanning rate of 10  mV  s−1, and the first CV traces of active 
electrodes (C-TiO2 and  LiMn2O4) at a scanning rate of 0.1  mV  s−1 
in WibS electrolytes. b The charge–discharge profiles of C-TiO2/
LiMn2O4 batteries in the the 5th, and the 100th cycles. Reproduced 

with permission from Ref. [21]. Copyright 2016, Wiley–VCH. c 
Charge–discharge profile of c-TiO2/LiMn2O4 batteries at 0.5 C in ace-
tate-based WibS electrolytes. Reproduced with permission from Ref. 
[22]. Copyright 2018, Royal Society of Chemistry
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LiNi0.8Co0.15Al0.05O2 full batteries, with high voltage, high 
energy density, and excellent cycling performance.

3.1.1.4 Water‑in‑Ionomer Electrolyte A new type of 
“water-in-ionomer” electrolytes was introduced by He 
et  al. [28]. The “water-in-ionomer” electrolyte containing 
50 wt% ionomer has an electrochemical stability window 
of 2.7 V (Fig. 5c). A  LiTi2(PO4)3/LiMn2O4 full cell based 
on this electrolyte showed excellent cycling performance 
and provided an average discharge voltage > 1.5 V and spe-
cific energy of 77 Wh  kg−1. Moreover, using an Al current 
collector, a  TiO2/LiMn2O4 full battery with average output 
voltage of 2.1 V and initial specific energy of 124.2 Wh  kg−1 
was obtained (Fig. 5d).

3.1.2  The Role of the SEI

3.1.2.1 Decomposition of  Electrolyte Additives Adding 
additives to the electrolyte can also form a protective, an 
SEI-like interface phase in situ. Additives shall meet the fol-
lowing requirements: (1) having chemical stability, that is, 
stability in a given electrolyte solution, and (2) having elec-
trochemical stability, so that the electrochemical process can 
occur during decomposition to form interfacial components.

A LiTFSI-HFE (highly fluorinated ether) gel was applied 
to negative electrode surfaces as an interphase precursor 
coating, which was consumed to yield a solid interphase 
consisting of both organic fluorinated hydrocarbon and inor-
ganic fluorides, hence allowing high-capacity/low-potential 
negative electrode materials (such as silicon, graphite, and 

Fig. 4  a Liquidus line of LiTFSI + LiBETI mixtures in water. b First-
principle DFTMD simulates the equilibrium trajectory snapshot of 
Li(TFSI)0.7(BETI)0.3·2H2O hydrate melt and dilute LiTFSI/H2O. c 
The relationship between the change of equilibrium potential of lith-
ium intercalation and  Li+-concentration of electrolytes. d The volt-

age windows of conventional LiTFSI/H2O electrolytes and hydrated 
melt electrolytes, and the redox potential of  Li4Ti5O12,  LiCoO2, 
 LiNi0.5Mn1.5O4 in hydrated melt electrolytes. Reproduced with per-
mission from Ref. [23]. Copyright 2016, Nature Publishing Group
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Li metal) to cycle reversibly in 21 m LiTFSI + 7 m LiOTf 
WibS gel polymer electrolytes (GPEs) (Fig. 6a) [29]. Cou-
pling the coated negative electrodes with different positive 
electrode materials, a series of 4.0 V ARLBs with high effi-
ciency and reversibility was obtained, comparable to com-
mercial lithium ion batteries (Fig. 6b–d). Furthermore, an 
ARLB with an ultrahigh energy density of 460 Wh  kg−1 was 
developed by coupling an HFE gel graphite negative elec-
trode and a conversion–intercalation-type positive electrode 
 (LiBr0.5Cl0.5)–graphite (LBC–G) (Fig. 6e, f) [30].

3.1.2.2 Artificial SEI To realize a functional lithium metal 
electrode in an aqueous electrolyte system, a thin and com-
pact protective interface layer or an artificial SEI can be 
coated on its surface. This artificial SEI should not only have 
high ionic conductivity, so that the electrochemical process 
can be carried out, but also prevent water penetration, so 

that water molecules cannot pass through, so as to avoid the 
reaction between water molecules and lithium metal.

Our group introduced a lithium superionic conduc-
tor (LISICON) film on a lithium metal negative electrode 
(Fig. 6g) [31]. In this study, LISICON served as a com-
bined separator and solid electrolyte with room temperature 
ionic conductivity about 0.1 mS  cm−1. With  LiMn2O4 as a 
positive electrode and 0.5 M  Li2SO4(the unit M is the tradi-
tional molar concentration, which is mol  L−1) as electrolytes, 
lithium ions are transported through the aqueous electrolyte 
from the positive electrode side, pass through the LISICON 
coating layer, and reach the lithium metal negative electrode. 
Thanks to the low lithium metal stripping/plating potential, 
the operating voltage of the resulting ARLBs thus extended 
to over 4 V with plateaus at 4.06 V and 3.85 V (Fig. 6h). 
Similar high-voltage ARLBs with high energy densities 
were also developed, based on a gel polymer membrane with 

Fig. 5  a Discharge curves of the LTO-LNMO cell at various rates. 
b Cycling performance of LTO-LNMO full cells at 6 C. Repro-
duced with permission from Ref. [25]. Copyright 2018, Elsevier B. 
V. c Comparison of charging termination voltage of various salts 

for ARLB. d Charge–discharge curves of a  TiO2/LiMn2O4 cell at 5 
C; the inserted graph is the cycle performance of the battery [28]. 
Reproduced with permission from Ref. [28]. Copyright 2018, Nature 
Publishing Group
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a LISICON-coated lithium metal graphite negative electrode 
and a  LiCoO2/LiFePO4 positive electrode [32, 33]. However, 
the unsatisfactory ionic conductivity of LISICON could be 
a challenge in achieving good rate performance. The ionic 
conductivity of the perovskite structured Al-substituted lith-
ium lanthanum titanite (A-LLTO) electrode developed by Le 
and co-workers was increased to 0.317 mS  cm−2, which is 
much higher than 0.1 mS  cm−2 obtained with LISICON [34]. 
When A-LLTO was applied as an artificial SEI to a lithium 
metal negative electrode and this was combined with a 
 LiCoO2 positive electrode, the resultant ARLB had an open 
circuit voltage of nearly 4.2 V and a high specific capacity of 

164 mAh  g−1 at 0.1 C (Fig. 6i). Yet, its rate performance was 
still not comparable to that of conventional ARLBs and the 
problem of the low ionic conductivity of the artificial SEI 
still needs to be solved. Moreover, to develop an artificial 
SEI on a lithium metal surface, an extra layer is normally 
needed to prevent direct contact between lithium metal and 
the conductive separator layer (LISICON, A-LLTO, LATP, 
etc.), because the latter would otherwise be reduced by lith-
ium metal due to their chemical instability. The extra layer 
usually is a gel polymer electrolyte consisting of such a thin 
polymer layer (PVDF/PMMA/PVDF, and PEO, etc.) satu-
rated with organic electrolytes (1 M  LiClO4 in EC/DMC).

Fig. 6  a Charge–discharge curves of graphite electrodes pre-coated 
with LiTFSI-HFE gel. The voltage profiles of b Li/LiVPO4F batter-
ies, c graphite/LiVPO4F batteries, and d Li/LiMn2O4 batteries at 0.3 
C. e Typical charge–discharge curves (the third cycles) of graphite//
LiBr/LiCl batteries (blue) or graphite//LiBr/LiCl monohydrates bat-
teries (red). f Cycling stability of these full batteries during cycling. 
Reproduced with permission  from Ref. [29]. Copyright 2017, Else-

vier B. V. g Schematic illustration of the LISICON film-coated lith-
ium metal. h Constant-current charge–discharge curve of Li/LiMn2O4 
batteries in the first cycle. Reproduced with permission from Ref. 
[31]. Copyright 2013, Nature Research. i Constant-current charge–
discharge curves in the second and the tenth cycles of the Li/LiCoO2 
battery. Reproduced with permission from Ref. [32]. Copyright 2013, 
Royal Society of Chemistry
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A rechargeable Ni–Li battery system was made with 1 M 
 LiClO4 in ethylene carbonate/dimethyl carbonate (EC/DMC) 
as organic electrolytes for the metallic lithium negative elec-
trode, and 1 M LiOH + 1 M KOH as aqueous electrolytes for 
a Ni(OH)2 positive electrode [35]. The organic and aqueous 
electrolytes were separated by a thin LISICON film. The bat-
tery had a plateau voltage of 3.47 V and a specific capacity 
of 268 mAh  g−1, resulting in a very high energy density of 
935 Wh  kg−1 based on the combined mass of active materi-
als. This battery utilized a conversion-type NiO/CNT posi-
tive electrode and a metallic lithium negative electrode with 
a hybrid organic–aqueous electrolyte, separated by a lith-
ium-ion-conductive LATP film  (Li1+x+yAlxTi2−xSiyP3−yO12) 
[36]. It had a stable discharge plateau at 3.38 V, but further 
development is needed to boost its cycling stability.

3.1.3  Using Negative Materials with High Specific Capacity 
or Low Redox Potential

An aqueous rechargeable hybrid battery (ARHB) using a 
 LiMn2O4 positive electrode and a Zn metal negative elec-
trode was first proposed in 2012 and operates at about 2 V 
exhibiting an acceptable energy density (50–80 Wh  kg−1) 
and good cycling performance (95% capacity retention after 
4000 cycles) [37]. However, its electrochemical properties 
such as coulombic efficiency need to be further improved. 
So far, the following measures have been taken: (1) surface 
modification and protection of positive electrode materials; 
(2) improvement of electrolytes; and (3) treatment of the 
zinc negative electrode.

Due to the low conductivity of  LiMn2O4 and the struc-
tural change caused by Jahn–Teller distortion, the hybrid Zn/
LiMn2O4 battery has poor power performance and under-
goes serious capacity degradation. Since carbon can be 
used generally to prepare composites, it was found that the 
use of graphene films as an artificial SEI on the surface of 
 LiMn2O4 suppresses the structural distortion of the  LiMn2O4 
effectively and greatly increases the ionic conductivity of 
 LiMn2O4, thus improving the cycling and rate performance 
of the hybrid battery [38, 39].

Due to the limitation of the electrochemical stability win-
dow, the formation of zinc dendrites, and the corrosion of 
the negative zinc electrode, modification of the electrolyte is 
another effective way to improve the electrochemical perfor-
mance of aqueous Zn/LiMn2O4 hybrid batteries. Many addi-
tives, including thiourea (TU) [40],  SiO2 [41], cyclodextrin 
(CD) [42], and fumed silica (FS) [43], were introduced into 
the electrolyte to improve the electrochemical performance 
of hybrid batteries. Although there are some improvements, 
the effects are still not satisfactory and further improvement 
is needed.

Recently, Wang and co-workers reported a WiS electro-
lyte consisting of 1 m Zn(TFSI)2 + 20 m LiTFSI, in which 
the zinc negative electrode is highly reversible. The hybrid 
Zn/LiMn2O4 battery achieved the highest energy density 
when the Zn/LiMn2O4 mass ratio was decreased to 0.25:1. 
In addition, the charge/discharge curves of different cycles 
for the hybrid battery are highly coincident, which shows 
that it has good electrochemical reversibility. At the rate of 
4 C, the capacity retention after 4000 cycles was 85%, with 
CE as high as 99.9%, which is better than all the work on 
Zn–Li batteries reported before [44]. However, the high cost 
of using large amounts of organic salt may hinder the appli-
cation of mixed Zn/Li ion batteries in large-scale energy 
storage systems.

A new “water-in-deep eutectic solvent (WiDES)” electro-
lyte has been reported, which can inhibit the reaction of the 
negative zinc electrode, reduce the corrosion and passiva-
tion of the zinc negative electrode, increase the utilization 
ratio of zinc, and improve the cycle life [45]. Hence, the 
Zn/LiMn2O4 hybrid battery using this WiDES electrolyte 
exhibits excellent cycling performance.

In addition to  LiMn2O4, other commercial posi-
tive electrode materials for lithium ion batteries, such as 
 LiFePO4,  LiNi1/3Co1/3Mn1/3O2,  Li3V2(PO4)3 (LVP), and 
 LiMn0.8Fe0.2PO4, were also studied as potential positive 
electrode materials for aqueous rechargeable Zn–Li hybrid 
batteries. Since several articles have reviewed the relevant 
work in this area, we will not elaborate here. These works 
are summarized in Table 1 and Fig. 7a.

3.2  Aqueous Na‑Ion Batteries

The development of aqueous sodium-ion batteries (ASIBs) 
is mainly due to the fact that the resources of sodium in the 
Earth’s crust are far more abundant than those of lithium. 
In addition, there are many positive and negative electrode 
materials available for ASIBs, which show very good elec-
trochemical performance [49–52]. There are many reviews 
on the research progress of electrode materials, and they 
are also comprehensive [3, 6, 9]. However, there are no sys-
tematic studies on how to build high-energy-density ASIBs. 
Table 2 and Fig. 7b provide details of the performance of 
ASIBs reported to date.

As mentioned above, there are two ways to improve 
the energy density of the aqueous battery chemistry. One 
is to widen the voltage window, and the other is to select 
the appropriate negative electrode and positive electrode 
materials with large potential differences and high specific 
capacity.
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3.2.1  Superconcentrated Electrolytes

The development of appropriate WiS sodium electro-
lytes remains a major challenge for the development of 
sodium ion batteries in aqueous solutions, as the exist-
ing sodium electrolytes do not yet meet the requirements 
of high salt solubility, SEI containing chemical sources 
(fluorine-containing salts), and high chemical and elec-
trochemical stability in water. Similar to the ARLBs, WiS 
electrolytes can also be applied to ASIBs to broaden the 
electrochemical window. It is found that the force between 
 Na+ and  TFSI− is much stronger than that between  Li+ 
and  TFSI−, so although the aqueous solution of NaTFSI 
salt can only reach 9.26 m, it can form an SEI of  Na+ con-
ductivity, and the electrochemical stability window can 
reach 2.5 V [53]. Based on this electrolyte, a  NaTi2(PO4)3//
Na0.66[Mn0.66Ti0.34]O2 full battery was assembled with sta-
ble cycling performance and an energy density of 31 Wh 
 kg−1. At room temperature, sodium trifluoride (NaOTf) 
and bis(trifluoromethanesulfonyl)imide (NaTFSI) solu-
tion concentrations are low (9–10 m) and the advantage of 
superconcentrated electrolytes cannot be fully exploited. 
Therefore, in order to further develop high-voltage ASIBs, 
appropriate sodium salts are needed to produce high-con-
centration WiS electrolytes. It is found that NaFSI has a 
high solubility (up to 37 m) in aqueous solution and a sta-
ble electrochemical window of 2.6 V when the concentra-
tion is up to 35 m. Further studies show that  NaTi2(PO4)3 
cathodes and  Na3(VOPO4)2F cathodes can be used in 
ASIBs with a voltage of more than 2 V [54]. Mixed cati-
onic disodium mixtures can be used to prepare electrolytes 
at higher concentrations, such as 9 m NaOTf + 8 m KOTf 
and 22 m KOTf + 4 m NaOTf. However, the presence of 
multiple cations may cause the mixed cations to be embed-
ded in the electrode material, affecting the performance of 
the cell. To address this problem, the researchers devel-
oped a new class of interaction-assisted WiS electrolytes 
containing tetraethylammonium trifluoride (TEAOTf) 
salts that, because of the large ionic radius of  TEA+, are 
difficult to be intercalated into most electrode materials 
[including Prussian Blue analogue (PBA)], thereby avoid-
ing multi-cation co-intercalation in the cyclic process [55]. 
This interaction-assisted WiS electrolyte has a concen-
tration of up to 31 m (9 m NaOTf–22 m TEAOTf) and 
an electrochemical stabilization window of up to 3.3 V 
(Fig. 8a). A  Na1.88Mn[Fe(CN)6]0.97·1.35H2O//Na-based 
IC-WiS//NaTiOPO4 full battery with high cutoff voltage 
(2.5 V) and high energy density of 71 Wh  kg−1 was estab-
lished, which showed outstanding cycling stability at both 
low and high rates (Fig. 8b–e).

Theoretical calculations have shown that the deposi-
tion of the  Al2O3 film on Al or the  TiO2 film on Ti can 
increase the energy barrier of water splitting (Fig. 9a) [56]. Ta
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At the thicknesses of about 3 nm and 5 nm, respectively, 
for the  Al2O3 and  TiO2 films, the electrochemical stability 
window is widened to 3.5 V when the metals covered by 
these oxide films are used as collectors and 15 m  NaClO4 
aqueous solution is used as the electrolyte (Fig. 13b). 
Moreover, in concentrated electrolytes (15 m  NaClO4), 
a dense electrode–electrolyte interphase is formed on 

 TiS2 surfaces. Therefore,  TiS2, which has a low reaction 
potential, was demonstrated for the first time as negative 
electrode material in an aqueous battery (Fig. 9c). The 
resultant ASIB using  TiS2 as the negative electrode and 
MFCN (sodium manganese hexacyanoferrate) as the posi-
tive electrode delivers an energy density of 100 Wh  kg−1 
with an open circuit voltage (OCV) of up to 2.6 V and was 

Fig. 7  Energy density and average discharge capacity of various a ARLBs, b ASIBs, AKIBS and ANIBs with high voltage and energy density

Table 2  Electrochemical properties for various ASIBs, AKIBS, and ANIBs with high voltage and energy density

Electrochemical couple Electrolyte Average dis-
charge voltage 
(V)

Actual energy 
density (Wh 
 kg−1)

Capacity retention Reference

ASIBs
NaTi2(PO4)3/Na0.66(Mn0.66Ti0.34)

O2

9.26 m  NaCF3SO3 1.0 31 92.7% (1200 cycles at 1 C) [53]

NaTiOPO4/
Na1.88Mn[Fe(CN)6]0.97·1.35H2O

9 m NaOTF + 22 m TEAOTf 1.74 71 90% (200 cycles at 0.25 C)
76% (800 cycles at 1 C)

[55]

TiS2/Na2MnFe(CN)6 15 m  NaClO4 aqueous solution 1.54 100 90% (150 cycles) [56]
Zn/Na0.95MnO2 0.5 M Zn(CH3COO)2 + 0.5 M 

 CH3COONa
1.39 78 92% (1000 cycles at 4 C) [57]

Zn/Na3V2O2x(PO4)2F3−2x 10 m  NaClO4 1.7 84 75% (400 cycles) [58]
Zn/Na2MnFe(CN)6 1 M  Na2SO4 and  ZnSO4 hybrid 

electrolytes + SDS
1.45 170 75% (2000 cycles) [59]

AKIBs
PTCDI/

KxFeyMn1−y[Fe(CN)6]w·zH2O
22 m  KCF3SO3WiS electrolyte 1.3 80 73% (2000 cycles) [60]

ANIBs
PTCDI/(NH4)1.47Ni[Fe(CN)6]0.88 1.0 M  (NH4)2SO4 aqueous 

solution
1 43 67% (1000 cycles) [61]

PI/PTMA 1.0 M  (NH4)2SO4 aqueous 
solution

1.12 51.3 86.4% (10000 cycles) [62]

Zn//Na-FeHCF 1 M  (NH4)2SO4 + 20 mM 
 ZnSO4

1.3 81.7 92.1% (2000 cycles) [64]

Zn/CuHCF 1 M  (NH4)2SO4 + 0.1 M  ZnSO4 ~ 1.76 114 72.8% (1000 cycles) [65]
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cycled at nearly 100% coulombic efficiency for up to 1000 
cycles (Fig. 9d).

3.2.2  Zn–Na Hybrid Batteries

Because sodium salts are less expensive than lithium salts, 
an aqueous Zn–Na hybrid ion battery is a very promising 
prospect to replace aqueous Zn–Li hybrid batteries and has 
become an attractive sustainable energy storage device. 
The first aqueous Zn–Na hybrid ion battery was reported 
by our group and consisted of rod-like  Na0.95MnO2 positive 
electrode material and a Zn metal negative electrode, which 

exhibited an average discharge voltage of 1.4 V and energy 
density of up to 78 Wh  kg−1 (Fig. 10a, b) [57].

Na+-ion superionic conductor (NASICON)-structured 
 Na3V2(PO4)3 (NVP) with a high theoretical capacity of 
118 mAh  g−1 has become a new potential candidate as a 
positive electrode for aqueous Na–Zn hybrid batteries. The 
Zn-NVP hybrid battery can deliver an energy density of 67 
Wh  kg−1. However, the capacity of  Na3V2(PO4)3 in Zn–Na 
hybrid aqueous rechargeable batteries remains a significant 
challenge. Apart from NVP/C positive electrode materi-
als, other polyanion compounds [such as carbon-coated 
 Na3V2(PO4)2F3] have been considered as positive electrodes 
to further improve the voltage of aqueous Na–Zn hybrid 

Fig. 8  a Electrochemical stability window of 9 mol kg−1 NaOTf elec-
trolytes and Na IC-WiS electrolytes (9 m NaOTf + 22 m TEAOTf) 
at the scanning rate of 10  mV  s−1, in which Ti and Al are used as 
the positive and the negative collectors, respectively. b The first-
cycle charge–discharge curves of NaMnHCF (1 C) positive electrodes 
and  NaTiOPO4 (0.2 C) negative electrodes in 9  m NaOTf and 9  m 
NaOTf + 22 mTEAOTf electrolytes, respectively. c CV curves of 

 NaTiOPO4 negative electrodes and NaMnHCF positive electrodes at 
1  mV  s−1 in 22  m TEAOTf and 9  m NaOTf + 22  m TEAOTf elec-
trolytes, respectively. d Charge–discharge curves of NaMnHCF//
NaTiOPO4 batteries in the first, the fourth, and the tenth cycles. e 
Cycling performance of the NaMnHCF//NaTiOPO4 battery at 1 C 
[55]. Reproduced with permission from Ref. [55]. Copyright 2019, 
Wiley–VCH
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batteries [58]. The hybrid Zn–Na3V2O2x(PO4)2F3−2x battery 
possesses a high output voltage of 1.7 V and a high energy 
density of 84 Wh  kg−1.

Prussian blue and its analogues are the most attractive 
materials for aqueous-based hybrid batteries due to their 
large channel and open framework structure, which facili-
tates the rapid diffusion of ions. The working voltage of the 
aqueous Na–Zn hybrid batteries is high, and the cycle life of 
the battery is greatly affected by the side reaction of hydro-
gen evolution or oxygen evolution. It has been found that the 
electrochemical stability window of the electrolyte can be 
increased from 1.8 to 2.55 V by adding surfactants into the 
mixed electrolyte (Fig. 10a, b) [59]. Through density func-
tional theory simulation, it is found that the energy barrier of 
water molecules passing through the SDS adsorption layer 

is higher than that of sodium ions passing through the SDS 
adsorption layer. Sodium ions are easier to pass through the 
hydrophobic layer than water molecules, thus inhibiting the 
decomposition of water, thus improving the electrochemical 
stability window of the electrolyte. Based on this electrolyte, 
a water-based rechargeable mixed zinc sodium ion battery 
with  Na2MnFe(CN)6 nanocubes as cathodes and zincs sheets 
as negative electrodes was successfully assembled. The bat-
tery has a working voltage of up to 2 V and a high energy 
density of 170 Wh  kg−1 (Fig. 10c, d). The design strategy 
of improving the electrochemical stability window of elec-
trolytes by adding additives achieves the efficacy close to 
that of WiS electrolytes, and the cost is low. It provides new 

Fig. 9  a Electrochemical stability window of 15 m  NaClO4 aqueous 
solution when Pt, Ti, Al coated with  Al2O3 with different thicknesses 
and Ti coated with  TiO2 with different thicknesses are used as current 
collectors. b The adsorption energy of O* and HO* on the surface of 
Ti or  TiO2 and  H2O* and H* on the surface of Al or  Al2O3, respec-

tively. c CV curve of  TiS2 negative electrodes when using aluminum 
foil with variable heat treatment time as current collectors. d Cycling 
performance of  TiS2/MFCN batteries at 5 C [56]. Reproduced with 
permission from Ref. [56]. Copyright 2019, Elsevier B. V.
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enlightenment for the further development of low-cost and 
high-voltage aqueous solution batteries in the future.

3.3  Aqueous K‑Ion Batteries (AKIBs)

The high ionization potential and the large ion radius 
(0.138 nm) of K are the main reasons for the limited devel-
opment of high-performance AKIBs electrode materials. Up 
to now, the most promising positive electrode materials for 
AKIBs are Prussian Blue analogues (PBAs).

Among various positive electrode materials, the PBA 
has a broad application prospect because of its stability in 
water, easy preparation, and excellent electrochemical per-
formance. A variety of PBA positive electrodes have been 
reported in AKIBs, but few materials have completely sat-
isfactory properties. Due to the lack of candidate materials 
with suitable redox potentials, few promising materials have 

been reported as the negative electrode material of AKIBs. 
The previously reported WiS electrolyte based on potassium 
acetate has a wide electrochemical stability window, but the 
pH of the electrolyte is slightly alkaline (pH = 9), which is 
not suitable for positive electrode materials. Therefore, it 
is of great significance to explore a new type of electrodes 
with better compatibility with a  K+-based WiS electrolyte. 
Overall, due to the limitations of electrodes and electrolytes, 
there are few reports about the variety of AKIBs. Recently, 
a full AKIB was fabricated, and it consisted of a Fe-substi-
tuted Mn-rich PBA {KxFeyMn1−y[Fe(CN)6]w·zH2O} positive 
electrode, an organic 3,4,9,10-perylenetetracarboxylic diim-
ide (PTCDI) negative electrode, and a 22 m  KCF3SO3WiS 
electrolyte [60]. The 22 m  KCF3SO3WiS electrolyte has a 
wide voltage window of 3 V, which not only inhibits the dis-
solution of both positive electrodes and negative electrodes 
during cycling, ensuring good cycling stability of the full 

Fig. 10  a CV curves of Zn and  Na0.95MnO2 in 0.5  M 
Zn(CH3COO)2 + 0.5 M  CH3COONa aqueous solution (0.5 mV s−1). b 
Cycling performance of the Zn//Na0.95MnO2 ASIB at 4 C rates [56]. 
Reproduced with permission from Ref. [57]. Copyright 2014, Royal 
Society of Chemistry. c CV curve of  Na2MnFe(CN)6 positive elec-

trodes in electrolytes with added SDS (5 mV s−1). d Charge/discharge 
curves of  Na2MnFe(CN)6 positive electrodes in SDS-added electro-
lytes (0.5 C) [59]. Reproduced with permission from Ref. [59]. Copy-
right 2017, Royal Society of Chemistry
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battery, but also enables the full battery to operate above 
2 V at the low rate of 0.1 C (Fig. 11a). Moreover, both posi-
tive and negative electrodes have high capacity, high rate 
performance, and good cycling stability. Therefore, the full 
battery achieved a high energy density of 80 Wh  kg−1 and 
excellent cycling stability, with 73% capacity retention over 
2000 cycles at 4 C (Fig. 11b). Although this battery system 
has many advantages, there are still many areas to be further 
improved to promote its practical application. First of all, for 
electrode materials, although Fe is the best choice to replace 
the Mn rich PBA positive electrode, the negative electrode 
materials should be optimized with high capacity and low 
redox potential to further increase the energy density of 
AKIBs. In addition, to reduce the cost of the whole bat-
tery and at the same time to ensure its superior high-power 
performance and high working voltage, less expensive salts 
with high solubility should be explored such as lowering the 
electrolyte concentration by changing the interface and using 
mixed water/nonaqueous solvents.

3.4  Aqueous Ammonium‑Ion Batteries (ANIBs)

The aqueous ammonium-ion battery (ANIB, ANIB is used 
to distinguish from aqueous aluminum ion batteries) is a 
new type of battery using NH+

4
 as charge carriers. Com-

pared to other charge carriers (including  Li+,  Na+,  K+, 
 Mg2+,  Ca2+,  Al3+, and  Zn2+), NH+

4
 is a sustainable charge 

carrier, because NH+

4
 can be synthesized from hydrogen 

and nitrogen, which are essentially unlimited on the Earth. 
Although the ion radius of  NH4

+ is very large (1.48 Å, 
CN = 6), its hydrated ion size is the smallest, which is 
conducive to its rapid diffusion in aqueous electrolytes. 
In recent years, some pioneering work on the topological 
chemistry of NH+

4
 ions in half-cell electrodes has been 

reported. Table 2 and Fig. 7b provide details of the per-
formance of AAIBs reported to date.

It has been found that the Prussian Blue analogue 
KM[Fe(CN)6] (M=Ni and Cu) can reversibly intercalate 
and deintercalate NH+

4
 ions. Moreover, the intercalation 

potential of NH+

4
 is higher than those of  Na+ and  K+ ions, 

and the cycling performance of KM[Fe(CN)6] (M=Ni and 
Cu) in NH+

4
 aqueous electrolytes is comparable to sam-

ples in  Na+ and  K+ aqueous electrolytes. The first NH+

4
 

ion battery was reported by Wu and coworkers in 2017, 
with  (NH4)1.47Ni[Fe(CN)6]0.88 as the positive electrode, 
and PTCDI (3,4,9,10-perylenetetracarboxylic diimide) as 
the negative electrode (Fig. 12) [61]. This battery had an 
average working voltage of only 1.0 V and a low energy 
density of 43 Wh  kg−1. An aqueous ammonium dual-ion 
battery with maximum operating voltage of 1.9 V and a 
high energy density of 51.3 Wh  kg−1 was constructed by 
using organic polymer electrodes [62]. However, the volt-
age and the energy density of these batteries were limited 
and need further improvement. This can be achieved in two 
ways: (a) widening the electrochemical stability window of 
the electrolyte and (b) selecting negative electrode materials 
with higher specific capacities and lower redox potentials 
because all the reported embedded NH+

4
 positive electrodes 

have higher redox potentials.
As is the case with ARLBs, WiS electrolytes can be used 

to widen the voltage window. Recently, a new WiS elec-
trolyte (25 m  CH3COONH4) was used in an AAIB, which 
has a potential window of 2.95 V (Fig. 12d) [63]. An amor-
phous titanic acid  [TiO1.85(OH)0.30·0.28H2O] was applied as 
negative electrodes with a relatively negative redox potential 
and a reversible capacity of 70 mAh  g−1. It exhibited good 
rate performance and stable cycling performance (Fig. 12e). 
Using zinc metal as negative electrode material to assemble 
a  Zn2+/NH+

4
 hybrid ion battery is also an effective way to 

Fig. 11  a Electrochemical stability window of 1  m and 22  m 
 KCF3SO3 electrolytes at a scan rate of 10 mV  s−1 when using Ti 
mesh as the current collector. b Cycling performance of PTCDI/

KxFeyMn1−y[Fe(CN)6]w·zH2O full cells at 4 C. Reproduced with per-
mission from Ref. [60]. Copyright 2019, Nature Publishing Group
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increase the energy density of the AAIB [64, 65]. Our group 
was the first to report an aqueous rechargeable ammonium 
zinc hybrid battery (ARAHB) comprising a highly durable 
sodium iron hexacyanoferrate  NaFeIIIFeII(CN)6 (Na-FeHCF) 
nanocube positive electrode and a low-cost zinc negative 
electrode, with a working voltage of 1.3 V and high energy 
density of 81.7 Wh  kg−1 (based on the total mass of active 
materials) (Fig. 12f, g). We then further increased the energy 
density of the ARAHB to 114 Wh  kg−1 using CuHCF nano-
particles as the positive electrode material (Fig. 12h, i).

3.5  Aqueous Zn‑Ion Batteries (AZIBs)

Zinc is the most ideal negative electrode material for aque-
ous batteries because of its low redox potential (− 0.76 V 
vs. SHE), high specific capacity (820 mAh  g−1), abundant 
reserves, and nontoxic properties. It is widely used as nega-
tive electrodes in alkaline Zn-based batteries (such as alka-
line zinc–MnO2 batteries [66], zinc-nickel batteries [67, 
68], and Zn//Co3O4 batteries [69, 70], zinc-air batteries [71, 
72], zinc-ion batteries, and zinc hybrid batteries. Recently, 
there have been many reviews on these aspects, so we will 
not elaborate on them from the perspective of electrode 

Fig. 12  a Schematic diagram of the working principle of aqueous 
 NH4

+ion batteries based on Prussian White positive electrodes and 
PTCDI negative electrodes. b Charge–discharge curves of the aque-
ous  NH4

+-ion battery in the first, the second, the fifth, and the tenth 
cycles (60 mA g−1). c Cycling performance at a 3 C rate [61]. Repro-
duced with permission from Ref. [61]. Copyright 2017, Wiley–VCH. 
d Electrochemical stability window of 1 M and 25 m AmAc electro-
lytes (1 mV s−1). e Cycling performance of  TiO1.85(OH)0.30·0.28H2O 
electrode in 25 m AmAc (1 A  g−1) [63]. Reproduced with permission 

from Ref. [63]. Copyright 2017, Wiley–VCH. (f) CV curves of Zn 
and Na-FeHCF electrodes in 1 M  (NH4)2SO4 + 20 mM  ZnSO4 aque-
ous solution at the scan rate of 3 mV s−1. g Charge–discharge curves 
of Zn/Na-FeHCF hybrid batteries. Reproduced with permission from 
Ref. [64]. Copyright 2019, John Wiley and Sons. h Charge–dis-
charge curves at various current densities and i cycling performance 
of Zn/CuHCF hybrid batteries at the current density of 1800 mA g−1. 
Reproduced with permission from Ref. [65]. Copyright 2019, Ameri-
can Chemical Society
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materials [73–86]. Here, we summarize the recent progress 
on zinc-based batteries with high voltage and high energy 
density. Table 3 and Fig. 13 provide details of the perfor-
mance of AZIBs reported to date.

Zn–MnO2 batteries based on mild zinc salt aqueous elec-
trolytes are currently an important research topic [87–89]. 
Despite significant progress, the reaction mechanism of  Zn2+ 
storage in Mn-based materials remains controversial. A pre-
vious review summarized three charge storage mechanisms 
[73]: (a) reversible insertion/extraction of Zn ions in bulk 
materials; (b) reversible proton reactions accompanied by 
zinc hydroxide sulfate deposition; and (c)  H+ and  Zn2+ suc-
cessively embedded/de-embedded at different charge–dis-
charge stages. Based on these mechanisms (Fig. 14a), the 
Zn–MnO2 battery utilizes only the capacity and voltage 
provided by the redox reaction of the  Mn4+/Mn3+ pair, lim-
iting the battery capacity and output voltage. This puts for-
ward new requirements for the electrochemistry of zinc and 

Table 3  Electrochemical properties of various AZIBs, AMIBs, ACIBs, and AAIBs with high voltage and energy density

Electrochemical couple Electrolyte Average dis-
charge voltage 
(V)

Actual energy 
density (Wh 
 kg−1)

Capacity retention Reference

AZIBs
Zn–MnO2 3 M Zn(CF3SO3)2 + 0.1 M  MnSO4 1.294 254 92% (5000 cycles at 5 C) [88]
Zn–MnO2 1 M  ZnSO4 + 1 M  MnSO4 + 0.1 M 

 H2SO4

1.95 409 92% (1800 cycles) [90]

Zn–MnO2 Alkaline (1 M NaOH and 0.01 M 
Zn(Ac)2) -mild (2 M  ZnSO4 + 0.1 M 
 MnSO4) hybrid electrolyte

1.7 487 [92]

Zn–Mn2+ battery 2.4 M KOH and 0.1 M Zn(CH3COO)2; 
0.5 M  H2SO4 and 1.0 M  MnSO4

~ 2.3 836 97.5% (1500 cycles) [93]

Zn/CoFe(CN)6 4 M Zn(OTf)2 1.75 250 100% (2200 cycles) [94]
Zn/Co0.247V2O5.0.944H2O 0.5 M  ZnSO4 ~1 458.7 (0.1 A  g−1) 90.26% (7500 cycles) [102]
Zn/Na3V2(PO4)2F3 2 M Zn(CF3SO3)2 1.62 97.5 95% (4000 cycles) [104]
Zn/Co3O4 2 M  ZnSO4 + 0.2 M  CoSO4 ~ 1.8 ~290 92% (5000 cycles) [105]
AMIBs
PPMDA/Li3V2(PO4)3 4 m Mg(TFSI)2 1.2 62.4 92% (6000 cycles) [106]
Mg/LiFePO4 1 M PhMgBr and 0.1 M LiBr in tetrahy-

drofuran (negative electrode); 0.5 M 
 Li2SO4 (positive electrode); LISICON 
film

2.1 245 90% (20 cycles) [107]

Mg/V2O5 0.5 M Mg(TFSI)2/PC + 3 M  H2O elec-
trolyte

~ 1.1 ~144 ~ 71% (40 cycles) [108]

ACIBs
PNDIE//Ca0.3CuHCF Ca(NO3)2 aqueous solution 1.24 54 88% (1000 cycles) [112]
AAIBs
Al/AlxMnO2·nH2O 5 m Al(OTf)3 1.1 481 58% (60 cycles) [116]
TAl||MnO2 2 m Al(OTf)3 1.3 500 50% (40 cycles) [117]
T–Al/Bir-MnO2 1 m Al(OTf)3 + 0.5 m  MnSO4 1.35 620 67% (65 cycles) [133]
Al/graphite “Water-in-salt” aqueous  AlCl3 1.44 220 > 95% (1000 cycles) [134]
Al-S 1 m Al(OTf)3 + 17 m LiTFSI + 0.02 M 

HCl
~ 0.6 ~ 574 29.8% (30 cycles) [135]

Fig. 13  Energy density and average discharge capacity of various 
AZIBs, AMIBs, ACIBs, and AAIBs with high voltage and energy 
density
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manganese. Since the Mn ion is multivalent (+2, +3, and 
+4), a two-electron  Mn4+/Mn2+ reaction with a capacity of 
616 mA g−1 and a higher voltage platform can be postulated. 
Recently, a new mechanism has been proposed that includes 
 Mn2+/MnO2 reversible deposition/dissolution, chemical 
conversion (between  MnO2 and MnOOH), and  Zn2+ inser-
tion [90]. Based on the unique two-electron redox reaction 
of  Mn4+/Mn2+, a high-voltage electrolytic zinc manganese 
battery was assembled, which had a high discharge plateau 
of 1.95 V, high energy density of 409 Wh  kg−1, and excel-
lent cycling performance (92% capacity retention after 1800 
cycles) (Fig. 14b, c).

To further increase the voltage and energy density of a 
Zn–MnO2 battery, we can use a hybrid electrolyte with dif-
ferent pH values, such as alkaline–neutral electrolytes and 
alkaline–acidic electrolytes. Recently, our group reported a 
Zn//MnO2 battery with an alkaline (1 M NaOH and 0.01 M 
Zn(Ac)2)-neutral (2  M  ZnSO4 + 0.1  M  MnSO4) hybrid 
electrolyte and a  Na+–Nafion membrane from DKJ Co. 
Ltd. Its working principle is shown in Fig. 15a. Using a Zn/
Zn(OH)4

2− negative electrode in alkaline solution, which has 
a relatively low redox potential, the voltage of the battery is 
greatly increased. The assembled battery possesses an aver-
age discharge voltage plateau of 1.7 V and energy density 
of 487 Wh  kg−1 [92]. In addition, by combining the two dis-
solution/deposition electrode redox reactions of  MnO2/Mn2+ 
and Zn/Zn(OH)4

2− using acid–alkaline dual electrolytes and 
an ion-selective membrane, a high-energy Zn–MnO2 battery 
was constructed [93]. The working mechanism is illustrated 

in Fig. 15b. When charging, Zn(OH)4
2−is reduced to Zn and 

 Mn2+ is oxidized to  MnO2. At the same time, the cations 
 (K+) and anions  (SO4

2−) stored in the BPM return to the 
positive and negative electrodes, respectively, achieving 
charge balance. During the discharge process, these two 
processes develop in the opposite direction. The Zn–Mn2+ 
battery had a high operating voltage of 2.44 V, high coulom-
bic efficiency of 98.4%, and discharge capacity retention of 
97.5% after 1500 cycles. Specifically, its energy density is 
extremely high (≈ 1503 Wh  kg−1, calculated based on posi-
tive electrode material), which is the highest among all the 
aqueous Zn-based batteries reported so far and is even com-
parable to those of Zn-air batteries.

PBAs have a three-dimensional open framework and a 
large gap structure and are considered to be reversible  Zn2+ 
intercalation/deintercalation host materials with fast charge 
and discharge ability, high working potential, and ideal elec-
trochemical properties. In PBA electrode materials, usually 
only a single transition metal ion (in most cases iron) is 
considered to be electrochemically active in the aqueous 
electrolyte system, resulting in its limited specific capacity 
in  Zn2+ aqueous solution (≈ 60 mAh  g−1), whereas in most 
cases the voltage is low (~ 1.2 V Zn/Zn2+) and therefore the 
energy density of the battery is low. Recently, a new kind of 
Co/Fe PBAs cubes (cobalt hexacyanoferrate, CoFe(CN)6) 
were developed, in which both Co and Fe ions are expected 
to effectively contribute to the two-electron energy storage 
process, resulting in enhancement of the specific capacity 
[94]. As illustrated in Fig. 16a, the vacancies produced by 

Fig. 14  a Diagram of three-step galvanostatic discharge processes. 
b Galvanostatic discharge curves. c Cycling performance at 30 mA 
 cm−2. Zn–MnO2 electrolytic cells are charged at a constant voltage 

of 2.2 V (vs. Zn/Zn2+) [91]. Reproduced with permission from Ref. 
[91]. Copyright 2017, American Chemical Society)
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K-ion de-embedding from the CoFe(CN)6 skeleton tend to 
give preference to  Zn2+ intercalation. Intercalation/deinter-
calation of  Zn2+ requires two steps due to different activa-
tion energy of the active Co(III)/Co(II) and Fe(III)/Fe(II) 
couples, which is confirmed by the CV curves (Fig. 16b). 
The assembled Zn/CoFe(CN)6 battery not only had excel-
lent rate and cycling performance, but also operated on a 
plateau of 1.75 V (Fig. 16c) and showed an energy density 
of 250 Wh  kg−1.

Vanadium-based oxides, which possess multiple oxi-
dation states and a high capacity (> 300 mAh  g−1), are 
widely used as positive electrode materials for aqueous 
zinc-ion batteries. There are various vanadium-based 
oxides that provide considerable capacity and present 
excellent cycling stability, which have been intensively 
studied, such as  V2O5·nH2O [95],  NaV3O8·1.5H2O 
[96],  Ca0.24V2O5·0.83H2O [97],  H2V3O8 [98, 99], 
 K2V6O16·2.7H2O [100], and aluminum vanadate [101]. 
However, a frustrating aspect is that 80% of their capacity 
is situated below 1.0 V, resulting in low energy density 

(< 250 Wh  kg−1), which is in sharp contrast to their large 
capacity. Zhi and coworkers reported a zinc-ion battery 
based on a  Co0.247V2O5·0.944H2O nanobelt positive elec-
trode, which delivered 52.5% of the total capacity above 
1.0 V, and hence a high energy density of 432 Wh  kg−1 
was obtained [102]. The results show that the large capac-
ity of  Co0.247V2O5·0.944H2O is due to its stronger adsorp-
tion capacity for  Zn2+, and the high voltage of the battery 
is mainly due to the interaction between the  Co3d and  V3d 
orbitals, which moves the relative redox potential of the 
 V5+/V4+ pair to a higher level (Fig. 16d).

NASICON-type materials have large channels and rapid 
ion diffusion capability and are very appealing as  Zn2+-ion 
storage hosts.  Na3V2(PO4)3 was reported as an aqueous 
Zn-ion battery positive electrode, with 1.1 V voltage, 97.5 
mAh  g−1 capacity but inadequate cyclability (74% capac-
ity retention after 100 cycles) [103]. Recently, another 
NASICON-type material,  Na3V2(PO4)2F3, was reported as 
a high-voltage positive electrode (more than 1.6 V) for a 
zinc-ion battery, with a redox potential 0.5 V higher than 

Fig. 15  a Schematic diagram of the designed aqueous zinc–manga-
nese battery [92]. Reproduced with permission [92]. Copyright 2020, 
American Chemical Society. b The principle diagram and the mech-

anism of the Zn–MnO2 battery using the acid–base dual electrolyte 
under charge and discharge conditions. [93] Reproduced with permis-
sion from Ref. [93]. Copyright 2020, Wiley–VCH
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that of  Na3V2(PO4)3 [104]. The assembled zinc-ion battery 
has a high potential of 1.62 V and high energy density of 
97.5 Wh  kg−1 (Fig. 17a). More importantly, at a current den-
sity of 1 A  g−1, the zinc-ion battery showed highly stable 
cycling performance, maintaining 95% capacity over 4000 
cycles (Fig. 17b).

Generally, zinc/cobalt batteries use an alkaline elec-
trolyte, which displays poor cycling stability and causes 
environmental pollution. A redox reaction between CoO 
and  Co3O4 was revealed in a Zn/Co3O4 battery with a mild 
aqueous electrolyte [105]. The CoO layer formed during the 
discharge process reveals the conversion process of  H+ ion 
insertion into  Co3O4. The Zn/Co(III)-rich  Co3O4 battery 
using a mild aqueous electrolyte showed a voltage window 
of about 2.2 V (Fig. 17c, d), much broader than that of a 
battery with alkaline electrolytes (about 1.9 V).

3.6  Aqueous Magnesium‑Ion Batteries (AMIBs)

Magnesium-ion batteries are gradually becoming another 
popular research area, because the Earth’s resources are 

rich in magnesium, which is inexpensive and suitable for 
the development of energy storage devices. The magnesium 
ion is similar to that of the lithium ion. However, the main 
problems of nonaqueous rechargeable Mg-ion batteries hin-
der their development: (a) their electrolyte is water-sensitive 
and has complex chemical properties; (b) lacking high-per-
formance electrode materials also limits the practicability 
of Mg batteries due to the slow diffusion of  Mg2+ in sol-
ids. In contrast, aqueous magnesium-ion batteries (AMIBs) 
have many advantages, such as low cost, no corrosion, good 
safety, and good conductivity. However, due to the lack of 
suitable negative and positive electrode materials, most of 
the reported electrode materials for AMIBs were only evalu-
ated in the half-cell setup. Limited by the voltage stability 
window of traditional aqueous electrolytes (1.23 V), the 
voltage and energy density of AMIBs are also very limited 
[106]. It is common knowledge that Mg can hardly be depos-
ited and stripped reversibly in aqueous solution because Mg 
is an active metal and has a low redox potential (-2.37 V vs. 
SHE). Recent research has shown that reversible magnesium 
metal deposition/stripping in a  H2O-containing electrolyte 

Fig. 16  a Schematic diagram of reversible  Zn2+ intercalation/dein-
tercalation in the CoFe(CN)6 framework during charging and dis-
charging processes. b First three cycles of CV curves (1 mV s−1). c 
Constant-current charge–discharge curves at various current densi-
ties [94]. Reproduced with permission from Ref. [94]. Copyright 

2019, Wiley–VCH. d Schematic diagram of the relationship between 
energy and density of states (DOS) in  Co0.247V2O5·0.944H2O and 
 V2O5·nH2O positive electrodes. Reproduced with permission from 
Ref. [102]. Copyright 2019, Wiley–VCH
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Fig. 17  a Charge–discharge curves of the first three cycles of 
CFF-Zn//Na3V2(PO4)2F3@C batteries (0.08 A  g−1). b Cycling 
performance of CFF-Zn (carbon film functionalizing Zn)//
Na3V2(PO4)2F3@C batteries (1 A  g−1) [104]. Reproduced with per-
mission from Ref. [104]. Copyright 2018, Elsevier B. V. Performance 

comparison of Zn/Co(III) rich-Co3O4 batteries in 1 M KOH and 2 M 
 ZnSO4 with 0.2 M  CoSO4: a charge–discharge curves, b cycle perfor-
mance of the first 500 cycles (1 A  g−1) [105]. Reproduced with per-
mission from Ref. [105]. Copyright 2018, Royal Society of Chemistry

Fig. 18  a Schematic illustration of an aqueous Mg/LiFePO4 battery. 
b Charge–discharge curve of the first cycle (50 mAh  g−1, 1.7–3.4 V). 
c Cycling performance (50 mAh  g−1, 1.7–3.4 V) [107]. Reproduced 
with permission  from Ref. [107]. Copyright 2015, Nature Publish-
ing Group. d Comparison of cycling performance of Mg/V2O5 and 

Mg (interphase-protected)/V2O5 in 0.5 M Mg(TFSI)2/PC electrolytes 
without/with water. e Charge–discharge curves of Mg/V2O5 and Mg 
(interphase-protected)/V2O5 in 0.5 M Mg(TFSI)2/PC + 3 M  H2O elec-
trolytes (0.5–2.5 V, 29.4 mA g−1). Reproduced with permission from 
Ref. [108]. Copyright 2018, Nature Publishing Group
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is possible by introducing an artificial solid interface. Our 
group has reported a hybrid Mg/LiFePO4 battery, in which a 
Mg-based Grignard reagent was applied as a negative elec-
trode for a nonaqueous electrolyte, while LISICON served as 
a combined separator/solid electrolyte. This hybrid battery 
exhibited an average discharge voltage of 2.1 V with a stable 
discharge plateau and good cycling behavior (Fig. 18a–c) 
[107].

Recently, an artificial  Mg2+-conductive interphase on a 
Mg negative electrode surface was synthesized by thermal 
cycling of polyacrylonitrile and Mg(OTf)2. The artificial 
interphase enabled the reversible cycling of a Mg/V2O5 
full cell in a water-containing, carbonate-based electrolyte 
(Fig. 18d, e) [108]. Table 3 and Fig. 18 list details of the 
performance of AMIBs reported to date.

3.7  Aqueous Ca‑Ion Batteries (ACIBs)

The chemical properties of  Ca2+ are very similar to those of 
 Mg2+. Although the  Ca2+cation radius (0.100 nm) is larger 
than those of  Li+ (0.076 nm) and  Mg2+ (0.072 nm) cations, 
its redox potential is low (–2.87 V vs. SHE), rich in reserves, 

and low in ionic charge density, making it an alternative 
anode material for post Li-ion batteries. The ACIB is also 
a potential electrochemical system. Few calcium intercala-
tion electrode materials are known, mainly due to the slug-
gish diffusion of  Ca2+. At present, the few reported positive 
electrode materials for ACIBs are mainly PBAs [including 
NiHCF [109],  K2BaFe(CN)6 [110] and CuHCF [111]], and 
the reported negative materials are mainly organic electrode 
materials, such as PNDIE {poly-[N,N′-(ethane-1,2-diyl) 
1,4,5,8-naphthalenetetracarboxi-imide]} [112].

So far, only one ACIB was reported, consisting of the 
PNDIE negative electrode and the PBA, copper hexacyano-
ferrate {CuHCF,  K0.02Cu[Fe(Cu)6]0.66·3.7H2O}, as the posi-
tive electrode and Ca(NO3)2 aqueous solution as the elec-
trolyte (Fig. 19) [112]. The full battery exhibited a specific 
capacity of 40 mAh  g−1 at 1 C (1 C = 40 mAh  g−1) with an 
average operating voltage of 1.24 V, corresponding to an 
energy density of 54 Wh  kg−1, and 88% capacity retention 
with almost 100% coulombic efficiency after 1000 cycles 
at 10 C.

Fig. 19  a Schematic diagram of charge and discharge principles of 
an aqueous rechargeable Ca-ion battery (PNDIE//Ca0.3CuHCF). b 
CV curves of the electrodes and the electrochemical stability of the 
electrolyte [2.5  M Ca(NO3)2, 1  mV  s−1]. c Voltage–time curve of 

PNDIE//Ca0.3CuHCF batteries (450 mAh  g−1). d Cycling perfor-
mance of PNDIE//Ca0.3CuHCF batteries (400 mAh  g−1). Reproduced 
with permission from Ref. [112]. Copyright 2017, Wiley–VCH
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3.8  Aqueous Aluminum‑Ion Batteries (AAIBs)

Aluminum possesses a high specific volumetric capacity 
(8046 mAh  cm−3) and high gravimetric capacity (2980 mAh 
 g−1), which is comparable to that of Li metal, and it has high 
abundance (ca. 8 wt% of the Earth’s crust) and is cheapest in 
production except iron. In addition, aluminum metal has bet-
ter air stability than lithium, reducing potential safety risks, 
and it is also environmentally friendly. The introduction of 
room-temperature ionic liquids (RTILs) with a wide electro-
chemical window of stability improved the reversibility of 
the stripping/plating process of Al—a breakthrough opening 
up a viable track for rechargeable aluminum-ion batteries 
(AIBs) [113–115]. In recent years, successful preparation of 
new electrolytes and improved understanding of the nature 
of the SEI led to the development of AAIBs [116, 117]. 
Many researchers have explored new electrode materials for 
AAIBs such as  TiO2 [118–121],  MoO3 [122, 123],  WO3 
[124],  FeVO4 [125] and PBAs [126–128]), and some reviews 
have summarized this work comprehensively [129–132]. We 

therefore discuss this aspect only briefly and focus on recent 
research progress on high-energy rechargeable AAIBs based 
on Al metal. Table 3 provides details of the performance of 
AAIBs reported to date.

Using aluminum as the negative electrode of an AAIB is 
an exciting breakthrough. 5 m aluminum trifluoromethane-
sulfonate [Al(OTf)3] aqueous solution was reported as an 
electrolyte with a potential window of − 0.3 to 3.3 V (vs. 
 Al3+/Al) and ability to obtain reversible deposition/stripping 
of aluminum (Fig. 20) [116]. Based on this electrolyte, an 
AAIB was assembled with an Al metal negative electrode 
and an  AlxMnO2·nH2O positive electrode, which had an 
average potential (1.1 V) and an outstanding energy density 
of 481 Wh  kg−1 [117].

It is well known that a passivating  Al2O3 layer is formed 
rapidly and irreversibly on the surface of Al metal in air, 
which hampers efforts to make highly reversible water-
based aluminum electrochemical cells. Recently, it was 
reported that an ionic liquid (IL)-enriched interphase on an 
Al surface could be obtained by immersing Al in the acidic 

Fig. 20  a Electrochemical stability window of 5 m Al(OTF)3 aqueous 
solution (glassy carbon, 10 mV s−1). b Constant-current charge–dis-
charge curve of Al–Al symmetrical cell (5 m Al (OTF)3). c Charge–

discharge curve of the first five cycles of Al-MnO2 battery. d Cycling 
performance of Al–MnO2 battery. Reproduced with permission from 
Ref. [117], Copyright 2019 Nature Publishing Group
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IL electrolyte consisting of  AlCl3-[EMIm]Cl for more than 
1 day, which corroded the passivation film of  Al2O3 and 
prevented its subsequent formation [117]. In addition, 
this kind of interface is permanent and conducive to the 
migration of  Al3+. Using this artificial SEI, a T–Al (a IL-
treated Al anode)//MnO2 aqueous battery was built up by 
using aqueous Al(CF3SO3)3 electrolytes, which could be 
recycled and exhibited no significant hydrogen evolution. 
This AAIB showed a midpoint voltage of 1.37 V and a 
plateau voltage of 1.40 V, providing specific energy of 
about 500 Wh  kg−1 (Fig. 21). The performance was fur-
ther improved by pre-addition of 0.5 m  MnSO4 into the 
Al(OTf)3 aqueous electrolyte, which is similar to the Zn/
MnO2 battery where a  Mn2+ salt improves both capacity 
and cycling performance of the manganese oxide elec-
trode [133]. This T–Al/0.5Mn/Bir-MnO2 battery exhibited 
a remarkable energy density (620 Wh  kg−1 based on the 
mass of birnessite-type  MnO2) and high capacity retention.

WiS aqueous  AlCl3 as electrolytes was applied to build 
AAIBs based on Al metal, whose formulation managed to 
lower the onset potential of the hydrogen evolution reac-
tion to ca. –2.3 V (vs. Ag/AgCl), which enabled  Al3+ to 
deposit onto the aluminum negative electrode and expand 
the electrochemical stability window of AAIBs to roughly 
4 V [134]. Based on this electrolyte, an Al/graphite bat-
tery with a high specific capacity of up to 165 mAh  g−1, 
excellent stability with nearly 99% capacity retention, and 
a specific energy of 220 Wh  kg−1 was successfully assem-
bled (Fig. 22).

Due to the limited solubility of Al(OTf)3 in water, 
it is very hard to obtain an analogous WiS electrolyte 
for AAIBs. However, other highly soluble salts, such 
as LiTFSI, can be introduced to form WiS electro-
lytes. For example, a mixed electrolyte comprising 1 m 
Al(OTf)3 + 17 m LiTFSI + 0.02 m HCl was used to estab-
lish a rechargeable aqueous Al–S battery [135]. In this 
mixed electrolyte, the superconcentrated LiTFSI not only 

Fig. 21  a SEM image of Al foil (left) and T–Al foil (right). b Con-
stant-current charge–discharge curve of Al–Al and T–Al/T–Al sym-
metrical cells [2 m Al(CF3SO3)3]. Reproduced with permission from 
Ref. [116]. Copyright 2018, AAAS. c Galvanostatic discharge/charge 
curves of aqueous Al batteries [2 m Al(CF3SO3)3, 100  mA  g−1]. d 

The second constant current discharge–charge curves of the Al/Bir-
MnO2, T–Al/Bir-MnO2, and T–Al/0.5Mn/Bir-MnO2 batteries (100 
mAh  g−1). e Cycling performance of the T–Al/Bir-MnO2 and T–
Al/0.5Mn/Bir-MnO2 batteries. Reproduced with permission from 
Ref. [133]. Copyright 2019, Wiley–VCH
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inhibited the hydrolysis of polysulfide on the positive 
electrode, but also reduced the hydrogen evolution side 
reaction on the negative electrode, while the HCl addi-
tive prevented the formation of a passivation layer on the 
negative electrode surface. The assembled Al–S battery 
delivered an initial capacity of 1410 mAh  g−1 (based on 
the mass of sulfur) and maintained a reversible capacity 
of 420 mAh  g−1 after 30 cycles with acceptable coulombic 
efficiency of 97% (Fig. 23).

4  Conclusions and Challenges

Compared with the traditional organic LIBs, aqueous bat-
teries have many unique advantages, such as low cost, high 
power, safety, and environmental protection. They have 
great potential in the large-scale fixed energy storage and 
small-scale electronic fields involving wearable applica-
tions. The introduction of aqueous electrolytes results in 
great advantages, eliminating the use of expensive, flam-
mable, and toxic organic electrolytes. However, due to the 
narrow electrochemical stability window (1.23 V) of water, 

Fig. 22  a Schematic diagram 
of an Al graphite battery during 
discharge. b Constant-current 
charge–discharge curves of Al 
graphite cells at different cur-
rent densities. c Cycling perfor-
mance of Al graphite batteries 
(500 mA g−1). Reproduced with 
permission from Ref. [134]. 
Copyright 2019, Royal Society 
of Chemistry

Fig. 23  a Galvanostatic charge–discharge curves of the first two 
cycles of Al‖Al(OTf)3 + LiTFSI + HCl‖S/C batteries (200  mA  g−1). 
b Cycling performance of Al‖Al(OTf)3 + LiTFSI + HCl‖S/C batteries 

(200 mA g−1). Reproduced with permission from Ref. [135]. Copy-
right 2020, Royal Society of Chemistry
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the working voltage of aqueous batteries is inevitably limited 
by an aqueous electrolyte. Therefore, compared with organic 
electrolyte-based batteries, ARBs usually exhibit lower 
energy densities. In order to alleviate this problem, effec-
tive strategies are proposed to widen the electrolyte solu-
tion voltage window, so that ARBs have a higher working 
voltage. Although many effective strategies were developed 
for high-voltage ARBs, these strategies are often complex 
or expensive. Specifically, the effect of adjusting the pH of 
the electrolyte is moderate, and the requirements for the cell 
structure may be higher, leading either to side reactions of 
electrode materials or to corrosion or to safety problems. 
Artificial interfaces are much more complex to construct, 
often requiring an extra layer of lithium-ion conductors 
and organic electrolytes to enable the use of low-potential 
lithium metals or carbon negative electrodes, which means 
that cost and safety issues are actually not well addressed. 
The new-generation WiS/WibS electrolytes and hydrate-
melt electrolytes have wide voltage windows and low redox 
potentials, enabling cycling of electrode materials in aque-
ous solution. However, costly salts containing large organic 
groups are mostly used, and too high a concentration can 
further increase costs. The SEI-like interphase formed by the 
decomposition of the electrolyte additives is usually com-
posed of organic components and WiS/WibS electrolytes. 
Consequently, less expensive and more practical approaches 
must be followed. Much experience has been gained in 
building artificial SEIs in existing LIBs, which can be 
applied to ARBs with appropriate tweaking to meet the cost 
and simplicity aiming for industrial application. In addition, 
many projects utilizing WiS/WibS electrolytes and hydrate-
melt electrolytes are based on only a few kinds of organic 
salts, so that less expensive and more efficient alternatives 
can be found for building affordable high-voltage batteries. 
It was reported that some ionic liquids provide good sup-
porting electrolytes, and mixing with water can reduce the 
disadvantage of high viscosity and low ionic conductivity, 
which may turn out to be a promising research direction. 
In addition, gel polymer electrolytes (GPEs) were found to 
tolerate high voltages, due to water molecules either being 
“locked” in molecular cages and interacting with polymer 
chains, or due to ionic conduction facilitated by polymer 
O → B− coordination bonds. Although more comprehensive 
studies are needed to uncover the underlying mechanism, 
it would be encouraging to find a GPE that has a stronger 
inhibitory effect on water electrolysis.

To further develop high-energy aqueous batteries, some 
challenges should be solved:

1. Further understanding of the energy storage mechanism. 
Although great progress has been made in the develop-
ment of high-energy aqueous batteries, the understand-
ing of the electrochemical reaction mechanism is not 

very deep, and there are still many controversies on 
the interpretation of some electrochemical processes. 
Therefore, it is necessary to find a consistent theoreti-
cal basis for the relationship between electrode config-
urations and electrochemical performance, which will 
provide a convincing basis for further improvement in 
electrochemical performance. Considering the diver-
sity of electrochemical systems and electrode materi-
als, it seems nearly impossible to establish a general 
theoretical system based on the general empirical rules. 
Although the embedding and deblocking processes of 
ions in electrode materials are similar, common mecha-
nisms are rare in different ARBs, so most of the existing 
explanations for the electrochemical mechanisms are put 
forward one by one. From the point of view of volt-
age, it can provide a theory with high generality and 
practicability to build a high-energy ARB system from 
different perspectives, without considering the type of 
batteries and electrodes. For example, if the material 
has a flat discharge plateau, it means that it can release 
energy stably and has high energy efficiency. If instead 
the material has an inclined discharge curve, it means 
that its electrochemical kinetics is relatively slow. There-
fore, development of a general method to manage the 
electrochemical performance of ARBs may be possible 
by studying the general strategy of modifying the dis-
charge plateau and other voltage features. To this end, 
accurate analysis technology and conclusive theoretical 
calculation/simulation are essential.

2. Exploring new electrode materials. New electrode mate-
rials should expand the output voltage and energy den-
sity of ARBs effectively. Because the voltage windows 
of aqueous electrolytes are narrow, it is very important 
to make full use of the voltage window by using appro-
priate electrode materials. The redox potential of elec-
trode materials is affected by the pH, concentration of 
electrolyte salt, and crystal orientations of materials, 
so it is necessary to control the whole electrochemical 
system more comprehensively and accurately. When 
choosing suitable electrode materials, materials with a 
high stable voltage plateau and/or high specific capac-
ity should be selected. In addition, the stability of the 
material in the electrolyte solution should be considered, 
which is very important for good cycling performance 
of the assembled ARB. As a result, further modification 
methods should also be considered such as doping, coat-
ing, and hybridization.

3. Electrolyte additives. So far very little work has been 
published on the choice of additives. However, they can 
greatly influence the stability of active electrode mate-
rials, the charge transfer process, and electrochemical 
performance, such as capacity, rate capability, and cycle 
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lifes. If further theoretical calculations can be used to 
guide this aspect, great progress can be achieved.

4. Optimization of battery chemistry. According to Volta’s 
classic theories, a battery can be built if there is a redox 
potential difference between two electrode materials. 
However, there is a great variety of battery chemistry. 
As a result, an optimization should be carried out by 
considering the above-mentioned mechanisms, electrode 
materials, electrolytes, the electrochemical window of 
water, oxygen/hydrogen evolution, and possible corro-
sion of current collectors.

5. Possible demonstrations. So far, few actual ARBs have 
been demonstrated. However, the current energy and 
environmental challenges provide a good opportunity for 
large-scale energy storage. With government assistance, 
some demonstration systems will be useful to show the 
advantages of ARBs, so that their further commerciali-
zation can be promoted.

When these challenges are solved, a bright future for 
ARBs will lie ahead.
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