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Abstract | Aqueous batteries have been considered as the most promising alternatives to the
dominant lithium-based battery technologies because of their low cost, abundant resources
and high safety. The output voltage of aqueous batteries is limited by the narrow stable voltage
window of 1.23 V for water, which theoretically impedes further improvement of their energy
density. However, the pH-decoupling electrolyte with an acidic catholyte and an alkaline anolyte
has been verified to broaden the operating voltage window of the aqueous electrolyte to over 3 V,
which goes beyond the voltage limitations of the aqueous batteries, making high-energy aqueous
batteries possible. In this Review, we summarize the latest decoupled aqueous batteries based on
pH-decoupling electrolytes from the perspective of ion-selective membranes, competitive redox
couples and potential battery prototypes. The inherent defects and problems of these decoupled
aqueous batteries are systematically analysed, and the critical scientific issues of this battery
technology for future applications are discussed.
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Non-aqueous Li-ion batteries (LIBs), characterized by
high energy density (250–400 Wh kg−1) and long cycle
life (2,000–3,000 cycles), have been widely promoted to
meet the global demand of portable electronic devices
and electric vehicles1,2. However, the highly toxic and
flammable organic electrolytes in LIBs raises potential
safety and environmental concerns2. Aqueous batteries,
in which non-flammable aqueous electrolytes replace
organic electrolytes, have been considered as the ideal
alternative to LIBs in the areas of electric vehicles and
electrical energy-storage systems3. Nevertheless, the
stable electrochemical stability window of water in
aqueous electrolytes is only 1.23 V, beyond which undesired water splitting persists4 (Fig. 1a). By contrast, continuous electrolyte decomposition does not occur in
organic electrolytes, even when operating at a voltage
beyond the operating voltage window of organic solvent.
Generally, the degradation reactions of organic electrolytes are inhibited by the passivation films on the cathode and anode surface formed upon first charging by
the decomposition of the electrolyte, which are known
as the cathode–electrolyte interface and the solid–
electrolyte interphase (SEI), respectively5 (Fig. 1a). This SEI
is practically unavailable in aqueous media because
water hydrolysis only produces volatile gases, including
oxygen (O2) and hydrogen (H2). Although the useful voltage range of aqueous electrolytes has been substantially
expanded by the limited reaction kinetics of degradation
reactions, it is still less than 2.0 V in most cases6, thus
making aqueous batteries insignificant and irrelevant.
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In typical aqueous electrolytes, numerous water
molecules — apart from those in a hydration shell —
are non-coordinated and freely form hydrogen-bond
networks with each other. In this case, water is highly
active because the strength of the O–H covalent bond
is weakened either by the hydrogen-bond interaction
among water molecules or by the solvation between ions
and water molecules7. Once the charge voltage is beyond
the operating voltage window of the aqueous electro
lytes, the water will split into H2 and O2 gas at the anode
and cathode sides, respectively (Fig. 1b). To expand the
electrochemically stable window of the aqueous electrolytes, it is critical to change the coordination environments of the water molecules, which can theoretically be
achieved through electrolyte engineering8–12. Currently,
a highly concentrated aqueous electrolyte (21 mol kg−1 lithium bis(trifluoromethane)sulfonimide (LiTFSI) aqueous
electrolyte), dubbed water-in-salt electrolyte, was used
as a new means to break through the voltage limitation
of aqueous batteries8. In such super-concentrated aqueous electrolytes, the high population of anions forces
them into the vicinity of the cation to form a novel
anion-containing solvation sheath for Li+ ion, which subsequently leads to a F-based SEI forming on the anode
surface via anion reduction13 (Fig. 1b). Furthermore, the
electronegative anion species (TFSI−) will absorb on
the cathode surface during the charging process because
of the effects of the electric field and the electrostatic
force, thus forming a hydrophobic organic anion-rich
double layer14. Such a hydrophobic layer repeals the
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Zn/Zn(OH)42− anode and an acidic MnO2/Mn2+ cathode17. The molecular
crowding electrolyte corresponds to 2 mol kg−1 LiTFSI-PEG (94 wt%)-water
(6 wt%) electrolyte in a Li4Ti5O12//LiMn2O4 cell10. The WIS electrolyte
corresponds to a super-concentrated solute of 21 mol kg −1 LiTFSI
electrolyte in a Mo6S8//LiMn2O4 cell8. μA, anode electrochemical potential;
μC, cathode electrochemical potential; CEI, cathode–electrolyte interface;
Ecell, battery voltage; Eg, electrolyte’s electrochemical stability window;
HER, hydrogen evolution reaction; HOMO, highest occupied molecular
orbital; LUMO, lowest unoccupied molecular orbital, OER, oxygen
evolution reaction; PEG, poly(ethylene glycol); SEI, solid–electrolyte
interphase; SHE, standard hydrogen electrode; TFSI–, bis(trifluoromethane)
sulfonimide anion.

adsorption of water molecules, consequently eliminating the oxygen evolution reaction (OER) (Fig. 1b).
Notably, both the SEI and the hydrophobic double layer
significantly widen the operating voltage window of the
aqueous electrolyte.
Recently, another stability-enhancement effect for
aqueous electrolytes was verified in the so-called molecular crowding electrolytes10. These molecular crowding
electrolytes contain a mixed solvent, which includes
low levels of water and high levels of crowding agents
such as poly(ethylene glycol). The molecular crowding
electrolytes trap and confine the water molecules within
the crowding agent network and reconstruct hydrogen
bonds between water molecules and the crowding agent
as well (Fig. 1b). The newborn hydrogen-bond structure
substantially suppresses the activity of water, such that
water hydrolysis requires a much higher overpotential,
namely, the electrochemical stability window of water
widens. Both the water-in-salt electrolytes and the
molecular crowding electrolytes could effectively extend
the electrochemically stable window of aqueous electrolytes, but they come at a high cost and sluggish reaction
kinetics. Theoretically, the potentials of the OER and
the hydrogen evolution reaction (HER) could be easily
adjusted by regulating pH, as they are heavily dependent
on it15, so the pH regulations of electrolytes are expected
to stabilize aqueous electrolytes in a more facile way.
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Recently, pH-decoupling electrolytes that simply couple a separated anolyte and catholyte with different pHs
were proposed and studied, which were able to widen
the operating voltage window of aqueous electrolyte
more efficiently12,16,17. Theoretically, a pH-decoupling
electrolyte with an acidic catholyte (pH = 0) and an alkaline anolyte (pH = 14) could enable an operating voltage
window of up to 2.06 V, as illustrated in the Pourbaix
diagram of water (Fig. 1c). Additionally, owing to the
sluggish reaction kinetics for both acidic OER and alkaline HER, the electrochemical stability window of the
pH-decoupling electrolyte could be further expanded
to 3.45 V (ref.17) (Fig. 1d), making it possible for aqueous batteries to break through their voltage and energy
density limitations.
To this end, a decoupled battery based on the
pH-decoupling electrolyte has been used in the recent
development of high-voltage aqueous batteries. In contrast to the common battery structure in which the
cathode and anode are in one electrolyte, the decoupled battery has its cathode in an acidic catholyte and
its anode in an alkaline anolyte, with an ion-selective
membrane (ISM) to prevent chemical crossover between
the acidic catholyte and the alkaline anolyte. The
redox reactions on both the cathode and the anode
sides are guaranteed by the mediator ions shuttling
through the ISM. Notably, unlike the charge carriers
www.nature.com/natrevchem
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in common batteries, the mediator ions in a decoupled battery generally do not participate in reactions
involving the cathode and the anode. In this Review,
we explore the state-of-the-art developments in the key
components of the decoupled battery, focusing mainly
on ISMs and competitive redox couples. We also present
an overview of potential high-voltage decoupled battery
prototypes and point out the remaining roadblocks, with
a prospective discussion on the fundamental research
and industrial implementation.

Permselectivity
A term to define the preferential
permeation of certain ionic
species through ion-exchange
membranes.

Donnan equilibrium
Also known as the Gibbs–
Donnan effect, the behaviour
of charged particles near a
semipermeable membrane,
which sometimes fail to
distribute evenly across the
two sides of the membrane.

the decoupled battery21,22. IEMs mainly consist of hydrophobic polymer substrates, fixed ion-functionalized
groups and mobile counterions, which are broadly
segmented into cation-exchange membranes (CEMs)
and anion-exchange membranes (AEMs), according
to the type of ionic groups23. Generally, after sufficient
water penetrates into the membranes, the ionic groups
fixed on the hydrophobic polymer chains will ionize
and release cations or anions, thereby conducting corresponding ions through the ionized groups with an
opposite charge23 (Fig. 2A,B). The ionic permselectivity
of the IEM is rooted in Donnan equilibrium rather than
the electrostatically repulsing or physically clogging
of specific ions24. Under such a conduction mechanism, the IEMs are insufficient to shield the crossover
of H+ and OH−, especially for a long time over several
months or even several years. The solid inorganic electrolyte (SIE) membrane is another type of ISM used in
the decoupled battery25,26. Generally, ionic transport
in SIEs depends on the concentration and distribution
of defects27,28 (Fig. 2C). According to the Schottky and
Frenkel point defects, the ion diffusion mechanisms

Ion-selective membranes
The essential prerequisite for the long-time operation
of the decoupled battery is that the two electrodes work
independently in their respective environments, which
requires suppressing the crossover of hydrogen (H+) and
hydroxyl (OH−) ions. Ion-exchange membranes (IEMs)
are commonly applied in electrodialysis or diffusion
dialysis to selectively transport specific cations or anions by means of an electrical potential or concentration
gradient18–20. This selective transport is meant to prevent
acid–base neutralization and keep ion conduction inside
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Bipolar membranes
(BPMs). A special class of
ion-exchange membranes
constituted by a cationexchange and an anionexchange layer, which allows
the generation of protons
and hydroxide ions via a water
dissociation mechanism.

Proton-exchange membrane
(PEM). A kind of semipermeable
membrane generally made
from ionomers and designed
to conduct protons.

mainly contain the vacancy mechanism, interstitial
mechanism, interstitial-substitutional exchange mechanism and so on28 (Fig. 2D). Although SIEs are characterized by a higher ion selectivity when compared with
IEMs, they may suffer from serious degradation in
strong acidic or alkaline environments.
Besides the single-membrane configuration
(Fig. 2Ea,Eb) , other membranes used in decoupled
batteries are the double-membranes configuration
(AEMǁCEM, where ǁ represents a double membrane)12,29
and bipolar membranes (BPMs) 17,30. In AEMǁCEM,
AEM and CEM are separated by a neutral electrolyte,
in which the AEM transports specific anions like SO42−
between the acidic electrolyte and the neutral electrolyte, and the CEM transports specific cations between
the alkaline electrolyte and the neutral electrolyte, such
as alkali metal ions12 (Fig. 2Ec). AEMǁCEM can potentially
suppress the chemical crossover more efficiently, given
that the buffered neutral electrolyte further isolates the
acidic and the alkaline electrolytes. Unlike the configurations of AEMǁCEM, BPMs are mainly composed
of a proton-exchange membrane (PEM) and an AEM, in
between which a catalyst layer promotes the dissociation of water. BPMs enable the dissociation/generation
of H2O and the transport of H+ and OH− through the
PEM and the AEM, respectively17 (Fig. 2Ed). The introduction of BPMs in the decoupled battery can make up
for the consumption of H+ and OH− in catholyte and
anolyte, respectively, because either H+ or OH− always
participates in the electrode reactions. Importantly
though, the ionization of water will consume part of the
energy derived from the battery reaction upon the discharge process, which will decrease the output voltage
of the battery31. Compared with the single membrane,
AEMǁCEM and BPMs provide more liquid-phase
interfaces, which alleviate the neutralization reaction
more efficiently. Theoretically, the isolation effects for
pH-decoupling electrolytes can enhance and the ion
diffusion resistance can also increase by increasing the
number of IEMs. Therefore, more IEMs inevitably catch
higher overpotential.
Although the multiple-IEMs strategies are able to
alleviate the issues that decoupled batteries face, the
fundamental challenges to prevent the chemical crossover of pH-decoupling electrolytes — that is, H+ in acidic
catholyte or OH− in alkaline anolyte diffuses across the
IEMs from one side to another side — remain insurmountable due to the limited ionic permselectivity of
IEMs. Therefore, upon cycling in most reported decoupled batteries, the pH of acidic catholyte increases and
the pH of alkaline anolyte decreases, which subsequently
narrow the operating voltage windows of pH-decoupling
electrolytes. Furthermore, as many redox reactions are
highly dependent on the pH of electrolytes, the pH
changes probably deteriorate the performance of decoupled batteries, leading to a low energy density and short
lifespan. Theoretically, ion conduction through a compact non-porous membrane is generally categorized into
two successive steps, including ion adsorption on the
membrane surface and ion diffusion through the membrane matrix32. Therefore, blocking either adsorption
or diffusion of ions like H+ and OH− will cut off their
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conduction. Both H+ and OH− are hydrophilic ions,
existing in the aqueous electrolyte as hydrated ions. The
hydrophobic membranes with a hydrophobic surface
can repulse the adsorption of hydrated ions and only
selectively transport hydrophobic ions like TFSI− and
trifluoromethanesulfonate (OTF−) anions (Fig. 2F), thus
stopping the transportation of H+ and OH− across the
membrane. To this end, hydrophobic membranes should
be able to prevent the chemical crossover between acidic
catholyte and alkaline anolyte, and, in the near future,
a well-designed hydrophobic membrane could afford the
decoupled battery with a long cycle life.
In such a decoupled battery, the diffusion of the ions
is simultaneously controlled by the electrical potential
and the concentration gradient of the electrolytes. The
different concentrations of electrolytes on both sides of
the ISMs would generate liquid junction potential, which
increases almost linearly with the natural logarithm of
the electrolyte concentration gradient between the two
reservoirs19,33 (Fig. 3A). As a result, the output or input
voltage of the battery (V) is equal to the sum of the battery
potential (VEC) and the liquid junction potential (Ej):

V = VEC + E j
In a cation-conduction system (Fig. 3Ba,Bb), when the
direction of the electric field is in accordance with that of
the concentration gradient, the liquid junction potential
promotes the diffusion of ions inside the battery, resulting in the increase of discharge voltage or the decrease
of charge voltage (Fig. 3Ba,Bb). Otherwise, the liquid
junction potential will decrease the discharge voltage
or increase the charge voltage (Fig. 3Ba,Bb). However,
owing to the opposite moving directions of anions and
cations in the same electric field, the final conclusions in
the anion-conduction system are just contrary to that
in the cation-conduction system (Fig. 3Bc,Bd).

Competitive redox couples
In conventionally developed aqueous battery configurations, such as zinc-manganese dioxide (Zn-MnO2)34,
nickel-metal hydride (Ni-MH)35 and nickel-cadmium
(Ni-Cd) batteries36, the cathode and anode are generally separated by a porous membrane, which allows
the liquid electrolyte to shuttle through. Under this cell
configuration, the electrode materials must be solid,
rather than liquid or gas, to prevent chemical crossover
between cathode and anode. This requirement exists
despite the fact that many low-cost and abundant materials, either in the liquid or the gas phase, are also considered as the promising electrode materials for aqueous
batteries. In contrast to the limited materials that can
be used in conventional aqueous batteries, any type of
material with high electrochemical capacity and appropriate voltage can be used in decoupled batteries. This
is possible because the ISMs can prevent the acid–base
neutralization reaction between catholyte and anolyte,
as well as the chemical crossover of liquid or gaseous
materials. Notably, each electrode material has different reaction mechanisms, and should be coupled with
different electrode structures as well. An integrated,
in-depth understanding of the intricacies of the reaction
www.nature.com/natrevchem
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mechanisms for solid, liquid and gas phases is required
to achieve the superior capacity, high voltage and
excellent electrochemical stability of decoupled batteries.
The electrode reactions for solid electrode materials take place either inside the bulk materials or at the
electrode–electrolyte interface by a faradaic or nonfaradaic behaviour37–41. Correspondingly, charge-storage
mechanisms can be classified as: surface adsorption/
desorption37 (Fig. 4Aa); surface redox38 (Fig. 4Ab); ion
insertion/extraction reactions 39 by a rocking-chair
mechanism (Fig. 4Ac); or solid–liquid phase transition
reactions40 by oxidation/reduction of charge carriers
(Fig. 4Ad). The surface adsorption/desorption reaction,
the so-called electrical double-layer capacitors process,
only stores charges through surface-controlled ion
adsorption and does not involve faradaic reactions37. The
other three mechanisms that involve pseudocapacitive
materials, insertion-type materials and electrolysis-type
materials are essentially faradaic processes; they obey
Faraday’s law and undergo charge-transfer reactions at
the electrochemical interface38. Notably, the pseudocapacitive materials show a different mechanism (Fig. 4Ab)
compared with capacitive charge storage, which involves
surface-controlled and faradaic reactions, exhibiting
comparable rates but higher energy density to those
of double-layer formations in electrical double-layer
capacitors37. Unlike the capacitive (Fig. 4Aa) and pseudocapacitive materials (Fig. 4Ab) with surface-controlled
reactions, the insertion-type materials (Fig. 4Ac) store
charges throughout the bulk of the active materials,
wherein the diffusion-limited and faradaic reactions
occur. Although the insertion-type materials demonstrate high energy density, the diffusion-limited redox
Nature Reviews | ChEMIsTRy

reactions are always featured by low power density
owing to their sluggish diffusion kinetics41. Similar to
the pseudocapacitive material, electrolysis-type materials store charges through surface-controlled and faradaic
reactions, but through another method of oxidation/
reduction of charge carriers40. Electrolysis-type materials (Fig. 4Ad) undergo a solid–liquid phase transition
via plating/stripping reaction, exhibiting a flat working voltage plateau and an ultra-high capacity, such as
with a metal anode42 or manganese dioxide in the acidic
electrolyte12. Generally, the solid materials are reduced
down in size to the micrometre or even the nanometre
scale43 to improve mass transfer efficiency, and these are
mixed with the conductive agent and binder to form a
composite electrode on metal foil (Fig. 4B). Certainly,
some materials with good conductivity, such as carbon
and metal materials, can be fabricated as a binder-free
electrode44 or directly used as an electrode45 without
further treatments.
Almost all liquid electrode materials undergo a
surface-controlled and faradaic reaction to store energy
in liquid phase46–48 (Fig. 4Ae). Compared with solid electrode materials, the liquid-phase materials dissolved
in electrolyte solutions provide better stability and
longer cycle life, because the liquid-phase reaction does
not block or swell the electrode. Additionally, the liquid materials theoretically enable faster redox kinetics
and higher power density than that of solid materials
with the insertion/extraction mechanism, because
the ion diffusion rate in liquid electrolytes is typically
around several orders of magnitude higher than that
in solids49. However, the actual reaction kinetics of the
liquid materials are limited by the specific surface area
volume 6 | July 2022 | 509
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(panel Af) and gas–solid phase transition reaction (panel Ag). B | Electrode configurations for solid, liquid and gas
materials. C | Current–voltage profile of cathode, anode and electrolytes. D | Summary of standard redox potentials
for various redox pairs in acidic and alkaline environments. All the potentials are relative to the standard hydrogen
electrode. μA, anode electrochemical potential; μC, cathode electrochemical potential; HER, hydrogen evolution reaction;
OER, oxygen evolution reaction; Voc, open-circuit voltage.

of the electrodes. The liquid-phase reactions are, thus,
always equipped with porous electrodes to enable rapid
transport of electrons to promote the fast redox reactions in liquid medium50 (Fig. 4B). The energy density
of liquid-phase reactions depends on the solubility of
liquid materials. As a result of the limited solubility in
aqueous solutions, most of the liquid materials deliver
inferior energy densities compared with those of solid
materials, which makes them less attractive, especially
for use in high-energy-demand energy-storage devices.
Among all types of electrode materials, the gas materials usually have the lowest molecular weights and can
undergo multiple electron transfer reactions, thereby,
providing the highest energy density51–53. However, the
gas materials are also characterized by a large overpotential related to the sluggish reaction kinetics. To overcome
510 | July 2022 | volume 6

the huge energy barrier of gas-phase reactions in aqueous
batteries, various catalysts are engaged in breaking the
covalent bond of gas molecules through a lower-energy
mechanism54. The gas-phase reactions occur at the solid–
liquid–gas (three-phase) interface formed by the gas,
electrode and electrolyte, which must simultaneously
manage the transport of electrons, water and gas reactants at the electrode55 (Fig. 4Af,Ag). The gas-diffusion
electrodes mainly consist of the gas diffusion layer, the
current collector layer and the catalyst layer (Fig. 4B),
which are used to mediate these critical processes56,57.
In a gas-phase reaction, gaseous starting materials are
usually converted into liquid or solid products58,59. The
liquid products dissolve into the electrolyte without
passivating the electrode58 (Fig. 4Af). As a consequence,
the non-passivated electrode maintains high activity
www.nature.com/natrevchem
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in subsequent reactions, providing a capacity without
degeneration. By contrast, the solid product will cover
the electrode surface (Fig. 4Ag) and then physically
clog the porous air cathode and chemically deactivate
the catalyst, leading to an inferior capacity and unstable
cycle performance59.
The voltage of a decoupled battery depends on the
compatibility among the anode, cathode and aqueous
electrolyte60,61. Specifically, the difference in chemical
potential between the cathode (μC) and anode (μA) is
termed as the open-circuit voltage (VOC), which is limited by the operating voltage window of the electrolyte
(Fig. 4C). That is, the suitable electrode of the decoupled
battery must follow the principle that the μC of the cathode lies below the potential of acidic OER and the μA
of the anode is located above the potential of alkaline
HER. Otherwise, the aqueous electrolyte will be split
into H2 and O2 gas at the anode and cathode sides,
respectively. In general, both working voltages of the
anode or the cathode are deviated from the chemical
equilibrium potential (μA or μC) owing to the sluggish
reaction kinetics for most of the electrode materials in
aqueous electrolytes. These deviations enable the generation of an overpotential whether in the charge or the
discharge process (Fig. 4C). As a result, VOC is greater than
the discharge voltage but less than the charge voltage
(Fig. 4C), such that the energy efficiency of the battery
must be below 100%. From the perspective of reaction
mechanisms, introducing redox couples that show fast
reaction kinetics, such as non-diffusion-limited surface
redox reaction, presents a feasible approach to improve
the energy efficiency of decoupled batteries.
The decoupling-electrolyte strategy expands the
operating voltage window of the aqueous electrolyte
beyond 3.0 V, thus providing a new platform to develop
high-voltage aqueous batteries by coupling various cathode and anode materials (Fig. 4D). To build high-voltage
aqueous batteries, desired candidates of the redox couples should exhibit high potential for the cathode in the
acidic electrolyte, such as Ce4+/Ce3+ (1.74 V versus standard hydrogen electrode (SHE)), PbO2/Pb2+ (1.68 V versus
SHE), O2/H2O (1.23 V versus SHE), MnO2/Mn2+ (1.23 V
versus SHE) and Br−/Br2 (1.05 V versus SHE); and low
potential for the anode in the alkaline electrolyte, such
as H2O/H2 (−0.83 V versus SHE), Fe(OH)2/Fe (−0.88 V
versus SHE), Zn(OH)42−/Zn (−1.21 V versus SHE) and
Al(OH)4−/Al (−2.31 V versus SHE). Notably, although
the potential of some redox couples, such as Ce4+/Ce3+,
PbO2/Pb2+ and Mn3+/Mn2+ in the acidic electrolyte or
Fe(OH)2/Fe and Zn(OH)42−/Zn in the alkaline electrolyte, exceed the theoretical operating voltage window
of pH-decoupling electrolyte, the corresponding redox
reactions still occur in decoupled batteries on the cathode or anode side because their fast kinetics suppress the
OER or the HER62. Recently, various decoupled batteries combined with competitive redox couples have been
generated and their feasibility has been evaluated in the
real energy-storage systems (Table 1). It should be noted
that some decoupled batteries deliver voltages exceeding their theoretical voltages, which is probably attributed to the liquid junction potential discussed above12.
Considering the comprehensive perspectives of voltage,
Nature Reviews | ChEMIsTRy

energy density and feasibility, cost and environment,
we mainly discuss three decoupled battery prototypes,
including decoupled Zn–MnO2, Zn–Br and Zn–air
batteries here.

Decoupled battery prototypes
Decoupled Zn–MnO2 battery. Traditional alkaline
Zn–MnO2 batteries are composed of MnO2, a proton insertion cathode and a Zn anode of the solution
type63,64. In a strong basic environment, the reduction
of MnO2 can be classified into two successive stages65
(Fig. 5a). In stage 1, protons from water molecules are
inserted into the MnO2 structure to form MnOOH,
causing the reduction of Mn4+ to Mn3+ with a capacity
of 308 mAh g−1. Subsequently, the generated MnOOH in
the first stage involves a dissolution reaction that releases
Mn3+ to the electrolyte. These Mn3+ species are then further reduced on the electrode surface to form insoluble
Mn(OH)2 at the end of the discharge process. The second stage covers the composition range from MnOOH
to Mn(OH)2, exhibiting another capacity of 308 mAh g−1
by a dissolution–precipitation mechanism (Fig. 5a).
However, owing to the poor reversibility of stage 2, the
alkaline Zn–MnO2 batteries are still only employed as
the primary battery. Limiting the depth of discharge state
of alkaline Zn–MnO2 batteries to stay at stage 1, the batteries are rechargeable66 but at the expense of the energy
density (theoretical voltage: 1.5 V; theoretical capacity:
~176 mAh g−1 based on the total mass of cathode and
anode). Even so, the alkaline Zn–MnO2 second batteries
still exhibit inferior cycle lifespan, due to the formation
of mixed Zn–Mn oxide phases upon discharge, which
are hardly decomposed63.
Unlike the complex reduction process in alkaline
solution, MnO2 can reversibly dissolve in a strong acidic
electrolyte with two-electron transfer12,17, achieving
superior specific capacity (616 mAh g−1) and voltage
(1.23 V versus SHE) with a redox pair of MnO2/Mn2+.
Therefore, a decoupled Zn–MnO 2 battery with a
pH-decoupling electrolyte has been generated recently
(Fig. 5b). This hybrid battery is composed of a cathodic
tank that contains a Mn2+-based acidic catholyte and
an anodic tank with a Zn2+-based alkaline anolyte,
and an ISM to isolate each of these two tanks. In these
hybrid batteries, both MnO2 and Zn electrode reactions
follow the plating/stripping mechanism by oxidation/
reduction charge carriers of Mn2+ and Zn2+ ions, respectively. Benefiting from the high voltage and capacity of
the MnO2/Mn2+, the decoupled Zn–MnO2 batteries
possess a high theoretical voltage of 2.44 V and capacity
of ~352 mAh g−1 (based on the total mass of cathode
and anode). Both AEM||CEM12 and BPM17 have been
tested as separators in these decoupled Zn–MnO2 batteries. Two early examples of cell systems presented in
2020 are MnO2|acidic electrolyte|AEM|neutral electrolyte|CEM|alkaline electrolyte|Zn and MnO2|acidic
electrolyte|BPM|alkaline electrolyte|Zn (| represents the
phase separation between the electrode and the electrolyte or the membrane and the electrolyte), both of which
deliver voltages approaching or even exceeding their
theoretical potential (a part of the voltage is contributed
by liquid junction potential).
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Table 1 | Comparison of different decoupled aqueous batteries
Battery type Electrochemical reaction mechanism
Redox flow

+: Ce2O6+ + 2H+ + 2e− ⇌ 2Ce3+ + H2O

Membrane

Theoretical
voltage (V)

Working
voltage (V)

Characteristics

AEM + CEM

3.08

~2.8

High energy density

−: Zn + 4OH− ⇌ Zn(OH)42− + 2e−

Ref.
16

Flexibility
Complex manufacture

Redox flow

+: Br2 + 2e− ⇌ 2Br−

BPM

−: Zn + 4OH ⇌ Zn(OH)
−

2−
4

2.26

~2.1

+ 2e

High energy density

30

Flexibility

−

Complex manufacture
Redox flow

+: Fe3+ + e− ⇌ Fe2+

AEM + CEM

−: Zn + 4OH ⇌ Zn(OH)
−

2−
4

1.99

~1.8

+ 2e

Limited energy density

96

Flexibility

−

Complex manufacture
Zn–MnO2

+: MnO2 + 4H + 2e ⇌ Mn + 2H2O
−

−

−: Zn + 4OH ⇌ Zn(OH)
−

BPM

2+

2−
4

2.44

~2.44

+ 2e

High energy density

17

High power density

−

Complex manufacture
MH–MnO2

+: MnO2 + 4H + 2e ⇌ Mn + 2H2O
−

−

2+

CEM

2.03

~2.20

AEM + CEM

2.89

~2.95

−: 2MH + 2OH ⇌ 2M + 2H2O + 2e
−

Zn–PbO2

+: PbO2 + 2e− + 4H+ + SO42− ⇌ PbSO4 + 2H2O
−: Zn + 4OH ⇌ Zn(OH)
−

2−
4

Low power density

21

Memory effect

−

+ 2e

High energy density

68

Severe side reaction

−

Environmental issue
Complex manufacture
MH–PbO2

+: PbO2 + 2e + 4H + SO
−

+

2−
4

⇌ PbSO4 + 2H2O

AEM + CEM

2.48

~2.10

−: 2MHx + 2OH ⇌ 2MHx−1 + 2H2O + 2e
−

Environmental issue

97

Complex manufacture

−

Memory effect
Metal–air

+: O2 + 4H + 4e ⇌ 2H2O
+

−

SIE

2.44

~1.92

−: Zn + 4OH− ⇌ Zn(OH)42− + 2e−

High energy density

25

Low energy efficiency
Severe side reaction

Metal–air

+: O2 + 4H+ + 4e− ⇌ 2H2O

SIE

2.11

~1.60

−: Fe + 2OH− ⇌ Fe(OH)2 + 2e−
Metal–air

+: O2 + 4H + 4e → 2H2O
+

−

Low energy density

90

Low energy efficiency
AEM

3.54

−: Al + 4OH− → Al(OH)4− + 3e−

~2.56

High energy density

91

Low energy efficiency
Severe side reaction

Under the electrochemical reaction mechanisms, + and − stand for cathode reaction and anode reaction, respectively. AEM, anion-exchange membrane;
BPM, bipolar membrane; CEM, cation-exchange membrane; SIE, solid inorganic electrolyte.

The main challenge associated with decoupled
Zn–MnO2 batteries is the poor conductivity of MnO2.
Theoretically, the deposition weights of charge/discharge
products are highly dependent on their conductivity.
Owing to the poor conductivity, only a thin layer of
MnO2 can be plated on the surface of conductive substrates during the charging process, which leads to a low
mass loading of active materials. The plated MnO2 is also
unable to be fully utilized upon the subsequent discharge
process, because the inner layer of MnO2 that is directly
contacted with the conductive substrates will be dissolved first. The dissolution of this inner layer of MnO2
then causes the outer layer of MnO2 to exfoliate from
the electrode. Therefore, to date, decoupled Zn–MnO2
batteries have shown unsatisfied real capacity and low
energy density, especially in the fast charge/discharge
process. A recent study demonstrates that such issues
can be avoided by a 3D array electrode, thus allowing
a high MnO2 loading to be used to develop a more
practical, high-specific-energy Zn–MnO2 battery67.
512 | July 2022 | volume 6

Similar to the MnO2 cathode, the PbO2 cathode also
undergoes a two-electron transfer reaction in acidic electrolyte with a theoretical voltage of ~1.68 V versus SHE
and a theoretical capacity of ~224 mAh g−1. Recently,
a decoupled Zn–PbO2 battery was generated by simply coupling an acidic PbO2 cathode with an alkaline
Zn anode68, affording a high theoretical energy density of
~509 Wh kg−1 (based on the total mass of PbO2 and Zn).
However, using such lead-contained batteries will damage the environment if they are handled improperly.
Consequently, the decoupled Zn–PbO2 batteries can
hardly be applied to future electrical energy-storage
systems or electric vehicles, which require batteries that
are environmentally friendly and safe.
Decoupled Zn–Br battery. The Zn–Br battery consists of a
solid Zn anode and a liquid Br2 cathode in a ZnBr2 aqueous electrolyte, which was first patented in 1885 and was
developed as a hybrid flow battery in the 1970s69,70. The
battery reaction contains the reduction of Br2 or oxidation
www.nature.com/natrevchem
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of Br− on the cathode sides and the stripping/plating of
Zn onto the anode side, exhibiting a theoretical cell voltage of ~1.8 V. Although the liquid Br2 cathode provides
a relatively high potential (1.05 V versus SHE), fast redox
kinetics and excellent stability71,72, the low potential
of the redox pair of Zn2+/Zn (−0.74 V versus SHE) limits
the working voltage of a Zn–Br battery and devalues its
potential application in practical devices. Recently, an
alternative decoupled Zn–Br battery was developed by
simply changing the anolyte from a neutral one to an
alkaline one30 (Fig. 5c). Owing to the more negative potential (−1.21 V versus SHE) of the Zn(OH)42−/Zn redox pair
that occurs in alkaline electrolytes, this decoupled Zn–Br
battery achieves an actual output voltage of ~2.1 V (close
to the theoretical voltage of ~2.26 V), a high reversible discharge capacity of 395 mAh g−1 and a long-term
lifespan of up to 2,000 cycles30. Therefore, the decoupled
a

b
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Zn–Br batteries are considered as the most promising
candidates for use in large-scale energy-storage systems.
However, due to the volatility and corrosivity of the Br2
cathode, the practical applications of the decoupled
Zn–Br batteries are confronted with potential safety and
environmental concerns.
Generally, Br2 is hardly soluble in water, but it can
complex with Br − ion to form highly soluble polybromide anion (Br 2n+1−) 73,74. Nevertheless, both Br 2
and its Br2n+1− form are easily volatile even at ambient
temperature75, limiting the concentration of the active
materials in the catholyte and raising serious safety and
environmental concerns. Organic quaternary ammonium cation compounds, so-called bromine complexing agents (BCAs), can convert polybromides into a less
volatile form to stabilize them76–78. Specifically, the highly
soluble BCAs are complexed with polybromide to form

MnO2 + 4H+ + Zn + 4OH– ⇌ Zn(OH)42– + Mn2+ + 2H2O (Eθ = 2.44 V)
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Fig. 5 | Decoupled battery prototypes. a | The theoretical discharge
profiles of MnO2 in alkaline and acidic electrolytes. b | Decoupled Zn–MnO2
battery with a solid MnO2 in acidic catholyte and solid Zn metal in alkaline
anolyte. c | Decoupled Zn–Br battery with a liquid Br2 cathode and solid Zn
metal in alkaline anolyte. d | The typical six building blocks for bromine
complexing agents and the hierarchical structure of aqueous Br2 electrolyte
with bromine complexing agents. e | Different morphological characteristics
for air-cathode catalysts in alkaline and acidic electrolytes. f | A decoupled
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ISM, ion-selective membrane; OER, oxygen evolution reaction; ORR,
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tetraethylammoniumbromide.
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a less soluble or insoluble product in aqueous media,
thus enabling the Br2 solution to generate a heavy second phase in solution76,79 (Fig. 5d). This heavy phase is
commonly known as the fused salt phase, which allows
for a highly concentrated Br2 catholyte and reduces
the Br2 vapour pressure in the gas-phase layer (Fig. 5d).
Consequently, the BCAs are expected to stimulate the
development of high-security and high-energy-density
decoupled Zn–Br batteries.
Decoupled Zn–air battery. Zn–air batteries represent
one of the most viable future options for powering
electric vehicles owing to their potential low cost, good
safety and high energy density. The typical configuration
of Zn–air batteries consists of a porous carbonaceous air
cathode loaded with a noble metal catalyst and a metal
Zn anode in alkaline aqueous electrolytes80–82. During
discharge, O2 from the air reacts with H2O to form OH−
at the cathode side, and the generated OH− migrate to
the anode side and react with metal zinc to produce
zincate [Zn(OH)42−]. Upon charging, reverse processes
occur on the cathode and anode sides, respectively.
Based on the Nernst equation, the theoretical voltage of
Zn–air batteries is calculated to be 1.65 V, while almost
all practical devices deliver a voltage less than 1.4 V
(even after optimization)81,83. Generally, 6–7 M KOH
alkaline electrolytes are used to sustain both optimized
ionic conductivity and superior oxygen reduction reaction (ORR)/OER kinetics84. However, the side reaction
between alkaline electrolytes and CO2 from air produces
insoluble carbonate salts, which irreversibly consumes
electrolyte and physically clogs the porous air cathode
and chemically deactivates the catalyst59,82 (Fig. 5e). Using
neat O2 (not air) is expected to prolong the cell life, but
it inevitably induces complicated cell designs, increased
manufacturing/maintenance costs and substantial
underutilization of its theoretical energy density85.
Theoretically, acidic electrolytes offer the more positive potential for the O2 redox reaction and simultaneously make the air cathode immune to CO2 poisoning
issues25 (Fig. 5e). A decoupled Zn–air battery with dual
electrolyte, which consists of an alkaline anolyte to support the Zn plating/stripping reaction on the anode side
and an acidic catholyte to sustain the OER/ORR on the
cathode side, was generated25,86,87 (Fig. 5f). Benefiting from
the advantages of acidic electrolytes, the thermodynamic
voltage of the decoupled Zn–air batteries is significantly
increased from 1.65 V to 2.44 V, which is higher than that
of commercial lead-acid batteries and comparable with
lithium titanate batteries. However, this hybrid battery
can only provide an output voltage less than 2 V, even
at low current density. This unsatisfied electrochemical
performance might be induced by the sluggish kinetics
of the ORR in the acidic electrolyte88, which should be
circumvented in the near future by novel ORR catalysts
with high activity and stability.
In conventional Zn–air batteries, it is common for
a bifunctional air electrode to serve as both the ORR
and the OER catalyst. However, the OER and ORR have
different preferences in terms of active sites and electrochemical reaction environments89. Specifically, the ORR
prefers hydrophobic sites, which are favourable for gas
514 | July 2022 | volume 6

absorption, while the OER prefers hydrophilic sites to
promote gas desorption from the electrode surface89.
Therefore, it is challenging for a single electrode to
achieve high activity for both the OER and the ORR.
To this end, ORR and OER electrodes were decoupled
recently in a decoupled Zn–air battery25. In this cell configuration, a second electrode independent of the ORR
electrode is directly loaded with catalyst on a metal
mesh, such as nickel, stainless steel and titanium, to
serve as an OER electrode. This decoupled design strategy optimizes catalyst activity for the ORR and the OER,
but also overcomes carbon corrosion and catalyst dissolution during the OER. Therefore, this novel decoupling
strategy is considered an efficient means to improve
the energy efficiency and prolong the cycle life of the
decoupled Zn–air battery at the present state.
Importantly, other decoupled metal–air batteries
(beyond decoupled Zn–air batteries) are able to be
designed and fabricated applying the same principle.
For instance, decoupled Fe–air90 and Al–air batteries91
have been fabricated recently by simply changing the
Zn anode with Fe and Al, respectively. Compared with
the Zn–air batteries, the decoupled Al–air batteries offer
advantages, such as the ultra-high theoretical voltage of
3.54 V and energy density of ~10,550 Wh kg−1 (based
on the mass of Al). However, the plating of Al metal in
an aqueous electrolyte is considered to be impossible,
because the potential of Al(OH)4−/Al (−2.31 V versus
SHE) is far below the theoretical potential of the HER in
the alkaline electrolyte (pH = 14). As a result, the decoupled Al–air batteries are not rechargeable. Additionally,
the strong alkaline electrolytes are known to corrode Al
metal, thus resulting in a high self-discharge rate and
causing a low utilization of Al anode.

Summary and outlook
Overall, pH-decoupled electrolytes work beyond
widening the operating voltage window of aqueous
electrolytes. They also enable the formation of new
energy-storage systems from any forms of materials with
both high capacity and suitable voltage. Therefore, strategies that use decoupled batteries have great potential to
break through the voltage and energy density limitations
of aqueous batteries. Encouragingly, significant progress
has been made regarding the designs of decoupled batteries in recent years. Implementing decoupled batteries
across practical applications will require further research
and developments across its components, such as ISMs,
electrodes and possible cell configurations.
Next-generation ion-selective membranes. The viability of decoupled batteries hinges on the advancement of ISMs. Generating ISMs with high selectivity,
high conductivity and good electrochemical stability
requires a comprehensive approach towards experiments and theories, coupled with the use of advanced
state-of-the-art characterization techniques to reveal the
intricate ion-transport mechanisms. To date, almost all
of the ISMs, including IEMs and SIEs, used in decoupled
batteries are unable to afford a long cycle life owing to
their poor permselectivity or their unstable structure
in strong acidic/alkaline solution. There are a couple of
www.nature.com/natrevchem
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Grotthuss mechanism
Also known as proton-hopping
mechanism, a proton transport
mode in the hydrogen-bond
network of water molecules
or other hydrogen-bonded
liquids, which is completed via
the cooperative breaking and
formation of hydrogen bonds
and O–H covalent bonds.

approaches that sustainably and efficiently inhibit the
crossover of hybrid electrolytes. For instance, the ionic
permselectivity of IEMs must improve, such as increasing the crosslinking degree of polymer matrix. Or the
chemical stability of SIEs in acidic/alkaline solutions
can be boosted, improving the corrosion resistance of
SIEs by doping or construction of an artificially protective layer to protect SIEs. Another approach is to design
tailored ISMs for decoupled batteries. For example, a
polymeric single-Zn2+-ion conductor that could only
selectively absorb and transport Zn ions was recently
generated. Such an ISM prevents the crossover of hybrid
electrolytes, making high-performance decoupled
metal–air batteries possible86. Developing a hydrophobic membrane that selectively transports hydrophobic
ions seems to be the most efficient way to overcome the
challenges facing decoupled batteries owing to the fact
that H+ and OH− are hydrophilic. However, the hydrophobic ions, such as TFSI− and OTF−, usually possess
large sizes — hundreds or even thousands of times larger
than that of the proton. It is difficult to transport these
huge ions across the hydrophobic membrane via the traditional conduction strategies in a ‘vehicular’ manner92.
Like the Grotthuss mechanism for protonic conduction92,
the diffusion-free conductive pathways are expected
to enable the hydrophobic ion to be conductible in a
hydrophobic membrane.
The use of ISMs in decoupled batteries also captures
larger charge-transfer resistance than that of conventional batteries with one electrolyte due to the introduction of additional electrolyte–electrolyte interfaces.
The ionic conductivity of current ISMs need to be
improved to reduce the overpotential originating from
ISMs. However, given that the ionic conductivity and
the ionic permselectivity of ISMs are basically opposites
of each other, a balance between them is required for
an optimal overall ISM performance. Additionally, the
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large overpotential for most of the reported decoupled
batteries mainly arises from the sluggish kinetics of the
electrode reaction25,90. Therefore, improving the reaction
kinetics of redox couples can compensate for the voltage
losses caused by ISMs.
Reformative electrode. Strong acid or strong alkaline
electrolytes will corrode the electrode, especially the
metallic anode in an alkaline environment; electrode
protection, therefore, represents one of the core challenges in decoupled aqueous batteries. Many sophisticated strategies for electrode protection strategies in
metal–air and metal-ion batteries include electrode
architecture designs, electrolyte additives and artificially constructed protective layers. These strategies are
expected to be transplanted in decoupled batteries93,94,
promoting the practical application of decoupled batteries in the real world. Currently available ORR/OER
catalysts have demonstrated low catalytic activity
and insufficient durability in the acidic electrolytes.
Consequently, the existing decoupled metal–air batteries show inferior rate capability and unsatisfied lifespan.
Fortunately, since ORR/OER catalysts are crucial for
many important reactions, including (reversible) PEM
fuel cells and (reversible) electrolysers, the activity
breakthrough of ORR/OER catalysts in these fields will
certainly accelerate their development for decoupled
metal–air batteries.
Optimal cell configuration. In most of the decoupled
aqueous batteries, H+ and OH− participate in electrochemical reactions at the cathode and anode, respectively. For instance, in a decoupled Zn–air battery, H+
reacts with oxygen to form water during the ORR, which
is accompanied by an anode reaction between OH− and
Zn metal. The acidic ORR makes the pH of the catholyte
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causes a decline in the pH of the anolyte. Since the voltage of the ORR is highly dependent on the pH of the
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