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Pursuit of reversible Zn electrochemistry: a time-
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Abstract
The world’s mounting demands for environmentally benign and efficient resource utilization have spurred

investigations into intrinsically green and safe energy storage systems. As one of the most promising types of batteries,

the Zn battery family, with a long research history in the human electrochemical power supply, has been revived and

reevaluated in recent years. Although Zn anodes still lack mature and reliable solutions to support the satisfactory

cyclability required for the current versatile applications, many new concepts with optimized Zn/Zn2+ redox processes

have inspired new hopes for rechargeable Zn batteries. In this review, we present a critical overview of the latest

advances that could have a pivotal role in addressing the bottlenecks (e.g., nonuniform deposition, parasitic side

reactions) encountered with Zn anodes, especially at the electrolyte-electrode interface. The focus is on research

activities towards electrolyte modulation, artificial interphase engineering, and electrode structure design. Moreover,

challenges and perspectives of rechargeable Zn batteries for further development in electrochemical energy storage

applications are discussed. The reviewed surface/interface issues also provide lessons for the research of other

multivalent battery chemistries with low-efficiency plating and stripping of the metal.

Introduction
With climate warming caused by burning fossil fuels,

highly efficient energy storage systems, particularly sec-

ondary (i.e., rechargeable) batteries, used for storing

intermittent energy from sustainable resources have

gained worldwide attention and are bound to increase in

demand. Although lithium-ion batteries (LIBs) are cur-

rently being considered the most promising technology

for transportation-electrification propulsion1,2, research-

ers have never stopped exploring alternative and com-

plementary battery chemistries with more distinctive

features such as sustainability, safety, and environmental

friendliness. Viewed from this perspective, multivalent

metal (Zn, Mg, Ca, etc.) batteries (MMBs), based on

metallic anodes coupled with cation-intercalation cath-

odes, are especially attractive because of their resource

availability and promising multielectron redox capacity3,4.

Of the various MMBs, the Zn battery (ZB) family has

experienced the longest and richest research history. In

1800, Volta constructed the first battery by stacking

alternating Ag and Zn discs separated by a brine-soaked

cloth, which produced a steady electric current. In 1836,

Daniel introduced the first practical galvanic battery (Zn/

ZnSO4+CuSO4/Cu), which also employed Zn as the

electrode material. The next breakthrough was the

invention of the Zn/NH4Cl/(MnO2/C) battery by Georges

Leclanchè in 1866, which significantly promoted the

development of single-use energy-storage devices5.

Despite the current popularity of LIBs, primary ZBs

remain available commercially by virtue of the high cost
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performance, innate use/material safety, and mature

technology of scale-up production. However, ZBs cur-

rently can hardly meet the requirements of cyclic utili-

zation in electronic devices, electric vehicles or large-scale

energy storage systems. For an ideal rechargeable ZB, the

Zn anode is oxidized to generate Zn2+ or Zn(OH)4
2−,

depending on the type of electrolyte, upon discharge,

while a reduction reaction takes place on the cathode

side5. During recharging, an external electrical potential is

applied to deposit Zn and oxidize the cathode, as illu-

strated in Fig. 1. The cathode materials vary from tran-

sition metal-based oxides, Prussian salts, and organic

compounds to O2
6.

While recent years have witnessed a renewed focus in

the development of advanced ZB systems designed by

various electrode couples and an array of electrolytes,

critical issues at the electrolyte-Zn interface remain

unsolved. The most commonly used electrolytes for ZBs

are routine aqueous solutions, which seem compatible but

are detrimental to the Zn metal from both electro-

chemical and thermodynamic aspects7. Aqueous electro-

lytes, even under neutral or mildly acidic conditions,

corrode and passivate Zn, blocking effective Zn2+ trans-

port. Moreover, the competitive H2 evolution at the anode

side inevitably disturbs the normal recharging process; the

resulting change in local pH increases the accumulation

of Zn2+-insulating byproducts on the anode surface.

Another main obstacle encountered in the recharging

process of Zn anodes lies in the notorious uneven Zn

deposition, as represented by dendrite formation and

shape change. Zn dendrites often pierce the separator and

short-circuit the battery, while the morphology change of

Zn anodes induces the formation of “dead” Zn and hence

low Coulombic efficiency (CE). Therefore, the realization

of “practically” reversible Zn anodes relies on the fulfill-

ment of two requisites: homogenous Zn deposition and

side-reaction suppression.

So far, several previous studies have provided excellent

reviews on ZBs covering Zn2+-storage electrodes and the

corresponding electrolyte systems4,6,8,9. Nevertheless, in

light of the latest progress, an up-to-date account of the

current status and challenges of reversible Zn chemistry

has become highly necessary. In this review, we focus on

recent progress in achieving homogenous Zn deposition

and side-reaction suppression with an emphasis on elec-

trolyte modulation, artificial interphase engineering, and

electrode structure design. Furthermore, we present per-

spectives on the current limitations and attempt to point

out future research directions to overcome challenges on

the way to utilizing Zn anodes in rechargeable systems.

Novel electrolyte systems
Since the invention of rechargeable ZBs, most studies

on Zn plating/stripping or Zn2+ ion (de)intercalation in

host materials have been performed in routine salt-in-

water aqueous electrolytes. To solve the problems of Zn

dendrite growth and severe side reactions during cycling,

many kinds of additives including polymers, surfactants,

and metal ions have been developed. The adsorption of

polymers and organic molecules has been demonstrated

to increase the polarization for Zn reduction and enable

high-quality Zn deposition, while the prior reduction of

metal ion additives could serve as the substrate for Zn

deposition and suppress Zn dendrites by optimizing the

current distribution10. Very recently, concentrated aqu-

eous electrolytes have been proposed as promising can-

didates to suppress hydrogen evolution and expand the

electrochemical stability window of aqueous ZBs11.

However, the utilization of neither additives in electro-

lytes nor concentrated aqueous electrolytes can com-

pletely prevent side reactions in most instances,

particularly in alkaline medium. Consequently, a series of

nonaqueous electrolyte systems have been developed,

including organic electrolytes, ionic liquids, and deep

eutectic solvents, since the problems associated with H2

evolution and other water-induced side reactions can be

avoided12. On the other hand, the precise influence of the

present liquid electrolytes on dendrite suppression

remains ambiguous. Meanwhile, with the ever-increasing

demand for flexible or stretchable batteries in foldable

electronic devices, polymer electrolytes have been intro-

duced and can also address the corrosion and dendrite

formation of Zn anodes6. In the following section, we

summarize and discuss novel electrolyte systems for

reversible Zn stripping/deposition.

Concentrated aqueous electrolytes

Aqueous Zn redox chemistry has been extensively stu-

died since aqueous electrolytes are safer, less expensive

and more facile than nonaqueous counterparts. Moreover,

the high ionic conductivity of the aqueous electrolytes is

beneficial for high-rate battery operation. However, as

mentioned in the previous section, the challenges asso-

ciated with Zn electrodes in aqueous electrolytes are

mainly induced by dendrite growth, corrosion, and other

side reactions, resulting in poor rechargeability. Recently,

Fig. 1 Schematic representation of modification strategies for long-

term cycling rechargeable Zn batteries.
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the superconcentrated “water-in-salt” electrolyte (WiSE)

has been demonstrated to be a promising candidate to

suppress hydrogen evolution and expand the electro-

chemical stability window of aqueous electrolytes in

LIBs13. WiSEs, a subclass of solvent-in-salt electrolyte

systems, are defined as those in which the dissolved salt

outnumbers water by both volume and mass. Our group

first applied the concept of WiSE for reversible Zn redox

chemistry in an aqueous Zn/LiMn0.8Fe0.2PO4 battery

containing 21m (the unit m, namely, mol-salt in kg-sol-

vent, means that the solvent weight, instead of the elec-

trolyte volume, is used as the denominator during the

calculation of concentration) LiTFSI (TFSI: bis(tri-

fluoromethanesulfonyl)imide) and 0.5 m ZnSO4 as elec-

trolyte14. The resultant battery could withstand more than

150 cycles (0.3 C) without obvious capacity fading and

enable a high operating voltage exceeding 1.8 V. Subse-

quently, Wang et al.11 presented a highly concentrated

electrolyte (HCZE) composed of 1 m Zn(TFSI)2 and 20 m

LiTFSI to solve the problems of low CE and undesired

dendrite growth during Zn plating/stripping. Combining

molecular dynamics (MD) simulations with small-angle

neutron scattering (SANS) measurements, they deduced

that this excellent Zn reversibility stemmed from the

unique solvation-sheath structure: Zn2+ is surrounded by

TFSI− instead of water, as shown in Fig. 2. A similar work

has been reported by Zhang et al.15, who adopted a 3M

Zn(CF3SO3)2 aqueous solution that enabled ∼100% Zn

plating/stripping efficiency and Zn dendrite-free mor-

phology with long-term stability.

Although the concept of WiSEs is scientifically

enlightening for further research, they can hardly be

employed in practical ZBs because of their high cost due

to expensive organic metal salts such as Zn(TFSI)2 and

Zn(CF3SO3)2, which lessens the economic benefits

anticipated for ZBs. Thus, zinc chloride (ZnCl2), a rather

inexpensive compound and one of the most water-

soluble inorganic metal salts, has been used for WiSEs16.

Very recently, Zhang et al.17 reported that in a 30 m

ZnCl2 electrolyte containing a very small amount of free

water molecules, a densely plated Zn metal was pro-

duced during the plating/stripping process, while in the

dilute ZnCl2 aqueous electrolyte, the Zn anode suffered

from a fluffy morphology accompanied by pronounced

side reactions that led to the formation of Zn(OH)2 and

ZnO. Consequently, the 30 m ZnCl2 electrolyte

improved the average CE of Zn plating/stripping to

95.4%, compared to 73.2% in 5 m ZnCl2. Similar

observations have been obtained by Chen et al.18, in

which a hydrated ZnCl2 molten salt was developed as

the electrolyte for dendrite-free Zn plating/stripping.

Raman results suggested that all water molecules par-

ticipated in Zn2+ hydration shells. The resultant Zn-air

cell adopting this electrolyte delivered a potentially high

energy density and good cyclability, with a reversible

capacity of 1000 mAh g(catalyst)
−1 over 100 cycles. It

should be noted that since Cl− can be oxidized at high

voltages, the possible formation of Cl2 gas evolution

should be carefully checked. An effective method to

alleviate this side reaction is to select cathode materials

Fig. 2 Molecular dynamics studies of the Zn2+-solvation structure. a Molecular dynamics simulation for HCZE containing 1 m Zn(TFSI)2 and 20m

LiTFSI at 363 K. b Illustration of Zn2+-solvation structures in the electrolytes with 1 m Zn(TFSI)2 and varied concentrations of LiTFSI (5 m, 10 m, and

20m). c Zn2+-O(TFSI) and d Zn2+-O(water) coordination numbers for HCZE containing 1 m Zn(TFSI)2 and three different concentrations of LiTFSI

(5 m, 10 m and 20m). e The small-angle neutron scattering (SANS) curve (green dots) and the simulated results (black line) for HCZE containing 1 m

Zn(TFSI)2 and 20m LiTFSI electrolyte in D2O (ref. 11).
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with high overpotentials for Cl2 evolution. The ionic

conductivity of concentrated aqueous electrolytes can

generally satisfy the demands of most ZBs, and their

influence on the rate performance is not significant.

However, the salt precipitation and high viscosity from

highly concentrated solutions cannot be neglected,

especially in the low-temperature range.

Organic electrolytes

Another strategy to alleviate Zn dendrite growth and H2

evolution relies on utilizing nonaqueous electrolytes

consisting of Zn salts and organic solvents. To date, most

studies on Zn plating/stripping or Zn2+ ion (de)inter-

calation for rechargeable ZBs have been performed in

aqueous electrolytes, while very little information is

available in the literature on nonaqueous ZBs4,19. Han

et al.12 compared the electrochemical properties of several

nonaqueous Zn electrolytes including diglyme-Zn(TFSI)2,

acetonitrile-Zn(CF3SO3)2, and propylene carbonate-Zn

(TFSI)2 electrolytes. They verified that the CE of Zn

deposition/dissolution generally exceeded 99% because of

the high (electro)chemical stability of metallic Zn in these

organic solvents (Fig. 3). Very recently, Naveed et al.20

reported the adoption of Zn(CF3SO3)2 dissolved in trie-

thyl phosphate (TEP) as the electrolyte to achieve a

dendrite-free Zn anode with superior cycling stability.

Stable Zn plating/stripping with a CE of ~99.7% for over

3000 h can be achieved. In addition, the TEP electrolyte,

which is intrinsically nonflammable, could alleviate safety

concerns associated with organic solvents. However,

organic electrolytes always suffer from relatively large

voltage hysteresis and poor rate performance. Combining

electrochemical studies, operando XRD and theoretical

calculations, Kundu et al.21 showed that the desolvation

penalty of Zn2+ ions at the cathode/electrolyte interface is

higher in an organic electrolyte composed of Zn

(CF3SO3)2/acetonitrile than in the aqueous Zn(CF3SO3)2
electrolyte, which explains the sluggish interfacial charge

transfer in the nonaqueous electrolyte. This work also

suggested that the development of nonaqueous Zn ion

batteries should focus on methods to reduce the deso-

lvation penalty and inhibit ion pair formation. Given the

high charge density of Zn2+ ions, polar aprotic solvents,

which are commonly used in nonaqueous electro-

chemistry, such as carbonates and lactones, cannot easily

disassociate routine Zn salts. This situation tremendously

hinders the number of viable salts that can be used for

nonaqueous ZBs.

Ionic liquids and deep eutectic solvents

Ionic liquids (ILs) are another promising alternative to

conventional aqueous electrolytes since the problems

associated with H2 evolution and other water-induced side

reactions can be avoided. Moreover, ILs are usually non-

volatile and thermostable with no harmful vapors even at

high temperature, properties that are preferable for safety

concerns22–24. Notably, many reports revealed that the Zn/

Zn2+ redox couple could be supported in ILs and that the

anions of ILs play a significant role in defining their

properties. Of the many anions that have been investigated

(such as PF6
−, BF4

−, TFSI−, CF3SO3), TFSI
− has attracted

the most attention and has been studied by several

groups25–30. In particular, Steichen et al.31 reported that

highly reversible Zn deposition/stripping behavior was

achieved at high current densities of more than 200mA

cm−2 in a new IL with a neutral N-alkylimidazole (AlkIm)

ligand, denoted as [Zn(AlkIm)6][TFSI]2. Furthermore,

compact and highly crystalline Zn deposits were obtained.

Despite the fact that the TFSI-based ILs have high sta-

bility and low viscosity beneficial to ion transport, the

economic consideration of using TFS− has prompted

researchers to explore alternative ILs32. One class of low-

cost and low-viscosity ILs containing the dicyanamide

(dca−) anion has been developed. A recent report by

Simons et al.33 showed that while various Zn salts (Zn

(dca)2, Zn(ac)2, Zn(Cl)2, and ZnSO4) were soluble in the

IL 1-ethyl-3-methylimidazolium dicyanamide ([EMIM]

[dca]), the difference of these anions is of vital importance

Fig. 3 CV curves of different concentrations of nonaqueous electrolyte. a AN-Zn(TFSI)2, b AN-Zn(CF3SO3)2, and c PC-Zn(TFSI)2. The

corresponding CE of Zn deposition/dissolution is also shown. The CV scan rate was 0.1 V s−1 (ref. 12).
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for Zn electrodeposition. It was concluded that Zn(dca)2
yielded an 85% Zn plating/stripping CE, and the response

current for the Zn redox reaction was 10-fold greater than

those found in the studies of Xu34 and Deng35, based on

Zn(TFSI)2 and ZnCl2, respectively. Since then, the same

research group investigated Zn(dca)2 in dca-based ILs

both electrochemically and spectroscopically and indi-

cated that the formation of Zn(dca)x
2−x complex anions is

responsible for the improved electrochemical

properties32. The researchers also compared the Zn

electrochemistry in imidazolium ([C2mim][dca]) and

pyrrolidinium ([C4mpyr][dca]) systems (Fig. 4)36 and

found that the imidazolium system could sustain over 90

deposition/stripping cycles at 0.1 mA cm−2. Xu et al.34

presented the viewpoint that both cations and anions in

ILs exert effects on the Zn redox reactions, while the

kinetic behavior of the Zn species is mainly controlled by

the type of anions.

ILs are often contaminated with water from manu-

facturing. In some cases, water is regarded as an impurity

that destabilizes the electrochemical window of ILs37.

However, the addition of water in controlled amounts can

reduce the viscosity of the solution, improve the con-

ductivity and thus modify the metal deposition beha-

vior32,33,35,38–42. It was confirmed that by introducing

3 wt% H2O into the IL [C4mpyr][dca], a higher current

density was achieved for the Zn redox reaction along with

a more compact and dendrite-free morphology of Zn

deposits43. In the presence of an alkoxy-ammonium-based

IL containing 2.5 wt% H2O, stable charge/discharge

cycling with a reduced activation barrier for Zn deposition

can be observed44. Recent investigations revealed that the

structures and electrochemical properties of the IL-water

mixtures are strongly dependent on the interactions

between IL components and water37,45,46. Specifically,

upon the addition of water, the liquid structure gradually

changes from that of an IL-like system to that of a typical

aqueous solution.

Unfortunately, the current ILs are generally expensive

and toxic, which has limited their commercial exploita-

tion47. Deep eutectic solvents (DESs) have been recog-

nized as a potential candidate to replace ILs because they

are less expensive, biodegradable, and usually promote a

high solubility of various metal compounds (such as

oxides, sulfides, and chlorides) under mild conditions.

Importantly, desirable metal electrodeposits can be

obtained in metal ion-containing DESs without any

additives48. Compared to the study of classical ILs, the

research into DESs is comparatively in its infancy, with

the first paper on this subject published in 200147. Sub-

sequently, a series of papers have been reported to char-

acterize the physical properties of DESs containing ZnCl2
and diverse H-bond donors such as choline chloride,

amides, urea, alcohols, and carboxylic acids47,49–54. The

Fig. 4 CV curves of glass carbon electrodes in the presence of different electrolytes. a [C2mim][dca] and [C4mpyr][dca]+ 3 wt% H2O.

b [C2mim][dca] and [C4mpyr][dca]+ 3 wt% H2O+ 9 mol% Zn(dca)2. c [C2mim][dca]+ 3 wt% H2O+ 9 mol% Zn(dca)2. d [C4mpyr][dca]+ 3 wt%

H2O+ 9mol% Zn(dca)2. A coiled Zn wire is used as the counter electrode, and the scan rate is 50 mV s‒1 (ref. 36).
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physical properties of the DESs, as well as the morphology

of Zn deposits change, markedly in DESs with different

donors. Furthermore, Abbott et al.55 revealed that

nucleation in the urea-based DESs is fast but that bulk

growth is slow, whereas a slow nucleation process and

relatively fast bulk growth can be obtained in the glycol-

based DESs.

Functionally analogous to the ILs, the DES systems also

showed decreasing viscosity and increasing conductivity

with water as an additive. Recently, Zhao et al.56 reported

a new “water-in-DES” electrolyte, in which all water

molecules participated in the DES’s internal interaction

network, leading to suppressed reactivity with the Zn

anode from both thermodynamic and electrochemical

aspects (Fig. 5). It is worth underlining that Zn oxide can

be dissolved in a choline chloride-based DES, making it

possible to use this low-cost Zn source, which can be

supplied from the metal refining process and the waste of

energy-storage devices57. At present, DES electrolytes

have been successfully used in secondary ZBs, enabling

stable and reversible Zn plating/stripping with enhance-

ment in cycling life compared to that for routine aqueous

electrolytes58–60. Nevertheless, limited studies on the

kinetic properties of Zn species in DESs and their corre-

sponding functionalities on the Zn interface have been

reported thus far, which is of particular importance for

further cell evaluation and development.

Polymer-based electrolytes

Catering to the ever-increasing demand for flexible and

stretchable ZBs, polymer electrolytes have been intro-

duced, the use of which can also serve as an efficient

method to address the corrosion and dendrite formation

of Zn anodes6,7,61. The applied polymers, acting

Fig. 5 Electrochemical performances of Zn anodes in different electrolytes. a Typical voltage profiles of Zn/Zn symmetrical cells at a current

density of 0.1 mA cm‒2. b Typical voltage profiles of Zn/Zn symmetrical cells at a current density of 0.02 mA cm‒2. c−e Typical voltage profiles and

f CE of Zn plating/stripping of Zn/stainless steel (SS) cells in different electrolytes at a current density of 0.5 mAh cm‒2. g The electrochemical stability

window of different electrolytes on the nonactive SS and CV curves of Zn/Zn2+ deposition/stripping processes (ref. 56).
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simultaneously as the ion transport media and separator,

should encompass certain essential properties62,63.

(1) High ion conductivity and ion transference number

Due to the complexes formed by the coordination of

ions and polymer segments, ion transport has been

described as repeated coordination/dissociation of ions

among these complexation sites facilitated by molecular

chain motions and bond rotations. Thus, a flexible poly-

mer composed of polar segments, such as −O−, −OH,

and −C=O should be an optimal choice for high Zn2+

conductivity. In analogy with that in rechargeable LIBs, to

guarantee that the system discharges at the mA cm−2

level, the polymer electrolyte should possess an ion con-

ductivity at a magnitude of 0.1 mS cm−1 at room tem-

perature62. However, this requirement is quite challenging

for the divalent Zn2+ ion because its higher charge density

than that of Li+ gives rise to strong interactions with

polymers and massive diffusion barriers.

The ion transference number refers to the ratio of

charge transported by Zn ionic species to the entire

transported charge. Most of the electrolytes show low

transference numbers (< 0.5), mainly owing to the

simultaneous migration of relevant Zn ions and their

counter anions, which could increase the concentration

polarization and minimize the cell power density.

Anchoring counter particles by dipole-dipole interactions

or covalent bonds with designed polymer chains may

optimize the ion transference number.

(2) Low glass transition temperature (Tg)

The ion conductivity is claimed to correlate with the

polymer segment motion64. Thus, a low Tg facilitating the

polymer chain mobility is preferable for the enhancement

in ion conductivity at ambient temperature.

(3) Mechanical and (electro)chemical stability

In the case of coin cells, where the electrolyte would be

sandwiched between stiff shells, mechanical stability does

not seem to be an urgent need, but it is indispensable for

stretchable electronic devices and scalable industrial

manufacture. Although the electrochemical window for

ZBs is relatively narrow, (electro)chemically stable elec-

trolytes compatible with electrode materials are essential

for the long-term cycling of batteries.

(4) Salt-dissociation capability

Polymers with high polarity are preferred for the

incorporation of Zn salts. Instead of the total salt amount

in the electrolyte, the amount of dissociated ions directly

dictates the ion conductivity and could be increased by

polymer matrixes with a high dielectric constant.

Regarding the transport of multivalent ions, polymer-

based electrolytes including gel polymer electrolytes

(GPEs) and solid polymer electrolytes (SPEs), with and

without a liquid plasticizer, respectively, suffer from low

ion conductivity and poor rate capability. Thus, diverse

polymer electrolyte systems (Scheme 1) for transporting

Zn2+ have been modified and evaluated, which are high-

lighted in the following sections.

PEO and its derivatives

Since polyethylene oxide (PEO, Scheme 1) was con-

firmed to be an ion transporter after mixing with metal

salts in the early 1970s65, PEO and its derivatives have

been intensively developed as a vast number of electrolyte

systems for a variety of metal ions (such as Li+, Na+, and

Zn2+)66–68, possibly because of its large dielectric con-

stant, relatively low Tg (~−64 °C) and flexible polymer

chains desirable for self-standing membrane preparation.

Patrick et al.69 discovered the first Zn2+-conducting SPE

by mixing Zn(ClO4)2 with PEO, which unfortunately

exhibited extremely low ion conductivities of approxi-

mately 10−5mS cm−1 at 20 °C, far from adequate for

practical applications.

Given that the ion conductivity is especially susceptible

to interactions among different ions in the salts and ions

of polymer segments, researchers have performed inves-

tigations on the existing forms of active Zn2+ in polymer

electrolytes. Equilibrium diagrams are considered to be a

convenient way to disclose the component situation and

have been drawn by several groups through thermal

analysis methods70,71. These diagrams, even when apply-

ing the same type of samples containing ZnCl2, give

several discrepancies, possibly owing to their different

thermal histories and/or humidity-containing ratios;

however, a distinct similar intermediate compound was

detected in samples with a mole ratio of oxyethylene

segment/Zn= 4, labeled as PEO4: ZnCl2. A detailed

description of the complex structure did hinder the

exploitation of their properties until the work conducted

by Staunton and coworkers72. In their study, a lower

molecular weight (approximately 500 Da) PEO was

applied to form a single crystal of PEO4: ZnCl2, and then,

the model was used as a template for elucidating the

equivalent complex structure with higher molecular

weight. As shown in Fig. 6, a Zn2+ ion is located at the

turn along a bending PEO chain coordinated with two

O

OH
n n

CF3

F

F

F

F

F n m

n

F

F

COOH
n n

O
O

PEO PVA PVdF

PVdF-HFP PAA PEMA

n

O NH2

PAM

Scheme 1 Polymer structures evaluated for Zn electrolytes.
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neighboring ether oxygen atoms and two Cl− ions,

forming a slightly distorted tetrahedron. Two uncoordi-

nated ether oxygen atoms are retained; four oxygen atoms

between each Zn2+ ion along the polymer chain accord

with the atom mole ratio of PEO4: ZnCl2.

In addition to ZnCl2, other Zn salts with different

counter anions (I−, Br−, CH3COO−, and CF3SO3
−)73–76,

playing a crucial role in defining the electrolyte perfor-

mance, have been thoroughly investigated. Compared to

the hot-press casting samples with Zn(CH3COO)2
75, the

SPEs containing Zn(CF3SO3)2
76 prepared by a similar

process exhibited a higher ion conductivity because of the

weaker binding of CF3SO3
− to Zn2+. However, the solu-

tion casting samples with Zn(CH3COO)2
74 showed an

exceptionally good ion conductivity, surpassing that of Zn

(CF3SO3)2-containing SPEs, possibly owing to the higher

percentage of amorphous phase.

To date, several methods have been implemented to

decorate electrolytes with low-grade crystalline polymers.

The crystallinity degree of the polymer has a positive

correlation with the regularity and symmetry of polymer

chains77. In the crystal region, polymer chains remain in a

systematic pleating form. The introduction of a hetero- or

crosslinking segment into the polymer could effectively

enable compact parallel packing. To obtain an entirely

amorphous electrolyte, sol-gel-derived di-urea crosslinked

PEO/siloxane ormolytes were prepared78. Although a

crystalline PEO/Zn(CF3SO3)2 hybrid was observed at an

equimolar ratio of the oxyethylene segment to Zn2+, the

entirely amorphous complex can be formed as the mole

ratio increases to 5, and the maximal conductivity reaches

3 × 10−3mS cm−1 at a mole ratio of 60 under 30 °C.

Although the chemical modification method is effective,

the processes tend to be complex.

Incorporation of other additives into the polymer sys-

tem through a physical blending method is an easy and

attractive strategy to disturb nucleation and crystal

growth. Furthermore, new features could be realized from

the additives and the interaction among the mixing

materials. Numerous attempts have been made and are

summarized as follows.

Nanosized materials have been recognized as promising

fillers. Their large specific surface area maximizes contact

space with the polymer, retarding the ordered alignment

for polymer chains and facilitating ion diffusion65. Many

researchers have paid much attention to inorganic mineral

fillers, such as Al2O3
79, TiO2

80, ZrO2
81, and SiO2

82. It is

noticeable that the PEO-PPG-Zn(CF3SO3)2 (PPG, poly-

propylene) SPEs with 3 wt% Al2O3 provided the lowest

crystallinity, the highest ion conductivity (2.1 × 10−2 mS

cm−1 at 25 °C, approximately one order higher than that of

the filler-free system), and a desirable electrochemical

stable window (up to 3.6 V, which is fairly adequate for

Zn-based primary and rechargeable batteries)79. TiO2 has

been studied in nanocomposite polymeric complexes of

PEO γ-irradiated at selected doses and containing ZnCl2
80.

Compared to the film without TiO2, the nanocomposite

SPEs showed 10-fold higher conductivities at room tem-

perature, which is possibly ascribed to the decrease in

crystallinity and the formation of new ion transport

pathways at the TiO2-polymer interface. In contrast to the

traditional viewpoint that mechanical failure occurs easily

for polymer-blended inorganic materials, these nano-

composite films show optimized flexibility owing to their

higher amorphous phase ratio.

Organic nanomaterials have been tested to endow SPEs

with versatile plastically deformed shapes due to their high

flexibility. Branched aramid nanofibers made from Kevlar

pulp were applied in PEO-based electrolytes containing Zn

(CF3SO3)2, resulting in an amorphous state of blended

polymer and an enhanced ion conductivity of approxi-

mately 2.5 × 10−2mS cm−1 at 25 °C. After 50−100 charge-

discharge cycles, 96−100% of the CE could be preserved for

Zn/MnO2 batteries constructed with the electrolyte83.

Based on this high plasticity of the SPEs, the batteries could

be corrugated for a variety of deformations, such as square

waves and round waves, to powering unmanned aerial

vehicles with an extension of the total flight time (Fig. 7).

GPEs containing solvent plasticizers have attracted

tremendous attention due to their liquid-like ion con-

ductivity, solid-state dimensional stability and leak-proof

properties. Several liquid plasticizers in PEO-based elec-

trolytes have been studied, including water84, organic

solvents (ethylene carbonate (EC) and propylene carbo-

nate (PC))85 and IL ([EMIM][TFSI])86. GPEs with selected

materials may realize not only electrochemical improve-

ment but also certain functional or smart features. Cui

and coworkers84 proposed a new GPE with water as a

plasticizer, Pluronic (PEO-poly(propylene oxide)-PEO) as

a polymer matrix and Li2SO4 and ZnSO4 as dopant salts

(Fig. 8). This GPE system exhibits reversible sol-gel

Fig. 6 The single crystal structure of PEO4: ZnCl2. (Left) The

structure of PEO4: ZnCl2 with four chains in the unit cell. (Right) The

coordination of Zn2+ within an individual chain. Zn2+: pale gray;

chlorine: pale green; carbon: green; oxygen: red (ref. 72).
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transition behavior under environmental temperature

changes: gelation at room temperature and liquidation

upon cooling. Hence, in an assembled battery, the cracks

at the electrolyte-electrode interface formed by extreme

external bending could be completely cured by fusing

these separated segments under a simple cooling

procedure.

In contrast to the abovementioned batteries with metal

ions shuttling back and forth in the electrolyte, alkaline

Zn batteries (AZBs) employ hydroxides as complementary

migration ions. In general, the operation principle of

AZBs is based on a dissolution/precipitation process on

the Zn anode side (Zn+ 4OH−↔ Zn(OH)4
2−
+ 2e−↔

ZnO+ 2OH−+H2O+ 2e−) and a hydroxide consump-

tion/generation process on the cathodes composed of O2,

Ni, Co or Mn (taking O2 as an example: O2+ 2H2O+

4e−↔ 4OH−). In addition to the obstacles (i.e., dendrite

formation and side reactions) noted in the above sections,

there are several other challenges for AZBs: poor stability

of polymers under alkaline conditions and diffusion of

zincate into electrolytes6.

Instead of Zn-based salts, KOH has been used inten-

sively as an OH− source by virtue of its high con-

ductivity, desirable activity, and good low-temperature

performance. For the first time, Fauvarque et al.87

reported the conductivity vs. temperature performance

of KOH-containing PEO electrolytes with and without

water. The conductivity of the anhydrous sample,

reaching 1 mS cm−1 at room temperature, was much

more pronounced than that of the hydrous sample.

Notably, the authors hypothesized that, in addition to

the crystalline PEO phase, another phase in hydrous

electrolyte systems existed. Thereafter, Guinot et al.88

performed a thorough investigation of hydrous PEO-

based electrolytes containing KOH, which demonstrated

the presence of a crystalline complex involving PEO,

KOH, and water. A PEO-based copolymer containing

epichlorohydrin segments was proposed as an SPE89.

Fig. 8 The reversible sol-gel transition behavior of the PHE system. a The cooling-recovery process with incorporation of the PHE system.

b Images of PHE and corresponding polymer chain configurations at different temperatures (ref. 84).

Fig. 7 Preparation and characterization of corrugated Zn/MnO2 batteries. a Schematic of the mold used for plastic deformation. b Drone model

with corrugated Zn/MnO2 batteries. c Cycling performance of the Zn/MnO2 batteries at 0.2 C
83.
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This electrolyte containing 56 wt% KOH showed a high

ion conductivity (typically 1 mS cm−1 at room tem-

perature), an anionic transference number of 0.93, and

better thermal stability (up to 60 °C) than that of the

PEO/KOH/H2O systems.

PVA and its derivatives

Despite sharing the same constitutional unit formula

(−C2H4O−) with PEO, polyvinyl alcohol (PVA, Scheme

1) contains a pendant −OH for each repeating segment,

providing multiple modification possibilities including

physical crosslinking via H-bonding, chemical esterifica-

tion and desirable salt solubility due to its strong polarity.

Additionally, a stretchable and electrochemically stable

PVA membrane with low Tg is easily prepared due to its

uniform and flexible polyolefin main chains. By evaluating

PVA-based GPEs with various Zn salts (including ZnSO4,

ZnCl2, and Zn(CF3SO3)2), Wang et al.90 found that the

ion conductivity based on small-anion salts (ZnCl2 and

ZnSO4) was higher than that of large-anion salts (Zn

(CF3SO3)2).

The PVA-based electrolytes for AZBs have also been

studied intensively. Mohamad et al.91 investigated the

effect of the KOH ratio on the properties of PVA-based

SPEs. The electrolyte with 40 wt% KOH exhibited the

highest room temperature ion conductivity of 0.85 mS

m−1 and lowest activation energy for the disruption of the

crystalline arrangement by alkaline salt. After 100 charge-

discharge cycles, the Zn/Ni battery with this electrolyte

exhibited 55% capacity retention. Zn(CH3COO)2 and Zn

(CF3SO3)2 were tested as a salt mixture in the PVA/KOH

system and synergized the thermal stability and ion con-

ductivity of the blended electrolyte92. For these two SPEs,

that with Zn(CF3SO3)2 was found to improve the

dimensional stability of PVA/KOH films more distinctly

than that with Zn(CH3COO)2. The highest ion con-

ductivity of 25.5 mS cm−1 at room temperature was

obtained with an optimum weight ratio of 40/35/25 for

PVA/KOH/Zn(CF3SO3)2.

For an ideal polymer electrolyte, desirable mechanical

and chemical stability should also be taken into account.

To fulfill these requirements, poly(epichlorohydrin)

(PECH)93 and PEO/glass fiber94 were incorporated into

PVA/KOH-based SPEs, significantly improving the che-

mical and mechanical properties. However, a slight

decrease in ion conductivity was observed due to the

limited KOH weight ratio caused by the hydrophobicity of

the incorporated materials.

PVA-based GPEs have been developed mainly for

flexible electronics. The impressive electrochemical per-

formance of the hydrogel electrolyte prepared by dissol-

ving PVA into a KOH solution was demonstrated by

fiber-shaped Ni-NiO/Zn rechargeable batteries, which

achieved an unprecedented cyclic durability (almost no

capacity attenuation after 10000 charge-discharge cycles

at 22.2 A g−1), outperforming the battery assembled with

aqueous electrolytes (96.6% capacity retention after

10000 cycles)95. Additives have been applied in PVA/

KOH-based GPEs for two main purposes: improving the

mechanical properties and stabilizing the electrodes94,96–

99. In a Zn/Ag battery, cellophane film was embedded in

the electrolyte as a separator to mitigate the migration of

silver ions into the electrolyte, prolonging the cycle life99.

The addition of PEO was demonstrated to improve the

electrolyte flexibility with a maximal strain of 300%,

enhancing the battery elongation to 10%. Correspond-

ingly, the electrolyte with 8.3 wt% KOH shows a high ion

conductivity of 300 mS cm−1, similar to that of KOH

aqueous with the same concentration94. Yang et al.97

reported that black phosphorous in the GPE could limit

Zn(OH)4
2− diffusion, suppress zinc dendrite growth and

inhibit Zn corrosion and H2 evolution reactions. The Zn/

Ni battery with this electrolyte exhibited a high initial

discharge capacity of 509.8 mAh g−1 and retained a value

of 212.8 mAh g−1 after 100 cycles.

PVdF and its derivatives

Polyvinylidene fluoride (PVdF, Scheme 1) has been

developed as the polymer matrix of electrolytes by virtue

of its high bond dissociation energy (C-F, 497 kJ mol−1)

and dielectric constant (ε= 8.4), endowing electrolytes

with desirable chemical stability and salt ionization cap-

ability. Despite a low Tg of −40 °C, PVdF, with high

crystallinity and a melting point of 171 °C, exhibits good

mechanical properties as promising features for practical

applications. Rathika and coworkers86,100 performed a

thorough examination of PVdF for SPEs and GPEs con-

taining PEO with various amounts of Zn(CF3SO3)2 as the

dopant salt. For the SPEs, a reduced crystallinity of the

host blend matrix was confirmed, and the highest ionic

conductivity reached 2.5 × 10−2mS cm−1 at room tem-

perature in the case of the optimized Zn(CF3SO3)2 ratio,

beyond which the conductivity reduced to a magnitude of

10−3mS cm−1 due to ion reassociation. The ion con-

ductivity of GPEs containing 7 wt% of the IL [EMIM]

[TFSI] reached 0.163 mS cm−1 at room temperature,

approximately 10-fold higher than that of SPEs with the

same basic components.

As a PVdF derivative, poly(vinylidenefluoride-co-hexa-

fluoropropylene) (PVdF-HFP, Scheme 1) has been widely

employed as the polymer host for advanced electrolytes.

Its high dielectric constant value and low Tg enable

ionization of Zn salts and ion transport in conjunction

with polymer chain motion. Johnsi et al.81,101,102 reported

nanocomposite SPEs based on PVdF-HFP and Zn

(CF3SO3)2 containing different inorganic fillers (i.e., TiO2,

ZrO2, and CeO2). Three composite materials showed

similar features: the maximum ion conductivity and
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amorphous ratio could be achieved for the samples with

~5 wt% nanomaterials (5 wt% for TiO2 and CeO2, 7 wt%

for ZrO2). It was also found that the SPEs with ZrO2

exhibited the best ion conductivity performance (0.46 mS

cm−1 at 25 °C).

To fabricate GPEs with excellent Zn2+-conducting

properties, extensive studies on PVdF-HFP assisted by ILs

and organic carbonates as plasticizers have been per-

formed. Xu et al.85 reported the influence of organic

plasticizers (PC and EC), poly(ethylene glycol) dimethyl

ethers (PEGDMEs) and Zn salts (Zn(CF3SO3)2 and Zn

(TFSI)2) on the performance of prepared electrolytes.

Incorporation of EC, PEGDME and Zn(TFSI)2 produced

large beneficial effects in terms of ion conductivity,

reaching 0.47 mS cm−1 at 25 °C, as well as other electro-

chemical properties. However, TGA tests revealed a large

weight loss and rapid loss of ion conductivity for the

sample containing the EC/PC plasticizer in an open

environment.

Romero et al.103 presented a detailed study on three

GPEs based on ILs with the same anion TFSI− and

different cations (1-ethylpyridinium (EPy+), EMIM+

and trihexyltetradecylphosphonium (P+) (Scheme 2)).

The [P][TFSI] electrolyte was proved to be more

resistive than the other electrolytes, which was attrib-

uted to the volume barrier of P+. However, a negligible

difference in ion conductivity could be detected for the

GPEs containing ILs with the same cation (EMIM+)

and different anions (1.31 mS cm−1 for CF3SO3
− and

1.05 mS cm−1 for TFSI− at 25 °C). In light of the above

facts, the electrochemical performance of GPEs is more

susceptible to the IL cations than to the IL anions. With

the incorporation of ILs, the electrolytes could exhib-

ited exceptional thermal stability with no weight

change upon heating to 200 °C. The ZnO nanosized

filler in EC/PC/Zn(CF3SO3)2/PVdF-HFP systems could

increase the Zn2+ transference number significantly

from 0.35 to 0.55 and preserve the ion conductivity at

the same magnitude (~6 mS cm−1)104. N-Methyl-2-

pyrrolidone (NMP) was demonstrated to be a key fac-

tor in the Zn(CF3SO3)2 and imidazolium-based IL GPE

system for improving ion transport owing to the strong

interaction between Zn2+ and the carbonyl groups of

NMP105,106.

Polyacrylic acid and its derivatives

Even though abundant oxygen atoms exist in polyacrylic

acid (PAA, Scheme 1), as electron donors play a vital role

in Zn salt dissolution and Zn2+ coordination, the strong

ionic bonds between carboxylate and Zn2+ severely

obstruct ion transport. In this context, the PAA polymer

has been extensively investigated in alkaline conditions for

its multiple superior advantages:107 (1) facilitating OH−

ion transport effectively for flexible molecular chains and

anchoring positive ions by carboxylate groups; (2)

retaining water up to several hundred times its own

weight; (3) surviving in a strong alkaline environment

owing to its good chemical stability; (4) maintaining stable

mechanical properties under saturated conditions; (5)

possessing an easily modified molecular structure for

certain property requirements. Note that PAA has been

mostly used as the polymer matrix of GPEs, instead of

SPEs, due to its relatively high Tg (~103 °C), and a neu-

tralization process has to be applied to eliminate the

active proton corrosion detrimental to the Zn anode.

A series of PVA/PAA composite electrolytes incor-

porated with KOH were investigated, and the highest

ion conductivity reached 301 mS cm−1 at room tem-

perature, with a weight ratio of PVA/PAA= 10/7.5108.

Chaduang et al.109 reported that 3.5 wt% crosslinked

PAA in GPEs could obviously change the anode/elec-

trolyte interface structure, preventing the nucleation

and growth of Zn dendrites and reducing the interface

resistance. A PAA electrolyte neutralized by NaOH

could support more than 50 times its own weight of

salt solution (0.2 M Zn(CH3COO)2 and 6M KOH) at

equilibrium and has been used in a variety of bat-

teries110–112. The Zn/NiCo hydroxide (indicated as

NiCo) batteries assembled with this electrolyte delivered

a high initial capacity of 110 mAh g−1 and ultralong

cycling stability: 10,000 and 16,000 cycles with 73 and

65% capacity retention, respectively, at a high rate of

96 C (Fig. 9)110. This kind of electrolyte is also favorable

for designing flexible ZBs. An intrinsically 400%

stretchable and 50% compressible Zn/NiCo battery was

fabricated, which could deliver 87 and 97% of its initial

capacity after undergoing a stretching process of 500

cycles and compressing process of 1500 cycles, respec-

tively111. Two super-stretchable Zn-air batteries,

including a flat-shaped (800% stretchable) and fiber-

shaped (500% stretchable) battery, were developed by

designing a dual-network electrolyte based on cross-

linked PANa incorporated with cellulose112. These

devices showed stable power output performance even

after being heavily deformed, benefiting from the

mechanically flexible and alkaline-tolerant properties

endowed by the hydrogel electrolyte.

N

N N
P C6H13

C6H13

C6H13

C14H29

EMIM+ EPy+ P+

Scheme 2 Chemical structures of the cations (EMIM+, EPy+ and P+)

(ref. 103).
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The esterification of PAA triggers the coordination

disruption between Zn2+ and carboxylate radicals, paving

a new route for their application in Zn2+ transporting

electrolytes. Suthanthiraraj and coworkers82,113,114 thor-

oughly investigated polymer electrolytes based on poly

(vinyl chloride) (PVC) and poly(ethyl methacrylate)

(PEMA, Scheme 1) containing Zn(CF3SO3)2 as the dopant

salt. First, the optimized weight ratio of the Zn salt was

determined to be 30 wt% according to the thermal stabi-

lity and electrochemical performance114. Then, the

authors evaluated the influence of [EMIM][TFSI] on this

system and found that the weight ratio of [EMIM][TFSI]

in the electrolyte was positively correlated with the

dielectric constant, amorphous phase ratio and ion con-

ductivity. The highest ion conductivity could reach

0.11 mS cm−1 at room temperature113,114. Furthermore,

the addition of nanosized SiO2 in the electrolyte with an

optimized composition effectively reduced Tg and

increased the thermal stability, electrochemical stability

window (5.07 V) and ion conductivity (0.67 mS cm−1) at

room temperature82.

The PAA derivatives via amidation have also been

explored as matrixes for GPEs in AZBs115,116. Cross-

linked polyacrylamide (PAM, Scheme 1) saturated with

6 M KOH solution combined good flexibility and high

ion conductivity (330 mS cm−1)115, ensuring no

noticeable degradation in power density performance

(39 mW cm−2) of Zn-air batteries at a bending angle

down to 60°.

Single-ion conductor

Instead of entrapping salt in the polymer matrix

through a physical mixing process, some functional

groups are anchored on polymer backbones by covalent

bonds, namely, single-ion conductors, providing mobile

ions by virtue of self-ion-dissociation. Therefore, the ion

conductivity only depended on the transport of positive or

negative particles owing to their immobilized counter-

parts, giving rise to an increased ion transference number,

battery cycling efficiency and decreased polarization.

Polyolefins, as the main chains of single-ion conductors,

have been employed intensively for their recognized

desirable segment mobility, good mechanical properties,

and chemical stability. According to the functional group

properties, single-ion conductors are separated into

single-anion conductors (SACs) and single-cation con-

ductors (SCCs).

SACs are normally composed of quaternized polymers,

are selective to the passage of anions, and are anticipated

to pave a new way that preserves positive Zn2+ carriers in

anodic compartments (Fig. 10). Lin et al.117 reported that

PVA functionalized with quaternary ammonium was used

as an electrolyte, which depressed the self-discharge rate

of AZB to less than 7% per month due to the inhibition of

Fig. 9 Synthesis of the PANa electrolyte and the batteries performance. a Preparation of the PANa electrolyte. b Long-term cycling performance

and the corresponding CE at 96 C rate (ref. 110).
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[Zn(NH3)6]
2+ crossover. To compensate for the limited

ion conductivity of nonporous single-ion conductors, a

sandwich-type electrolyte configuration was designed. In

AZBs, porous separators with an alkaline solution are

applied as the center of the electrolyte for high ion con-

ductivity. Thin SAC layers were applied to coat the porous

separators and enable OH– migration while blocking

Zn(OH)4
2−. Compared to the microporous polyolefin

films, the prepared electrolyte gave a 96% decrease in

Zn(OH)4
2− crossover and an approximately 3-fold dur-

ability improvement in the battery charge/discharge

setup118. As key components of alkaline exchange mem-

brane fuel cells, SACs have been observed to be vulner-

able to degradation in strong alkaline environments. Wei

et al.119 prepared a low-cost SAC (CS-PDDA-OH–) that

exhibits a high OH– conductivity (24 mS cm−1) with good

alkaline stability (preserving a stable ion conductivity

performance for 216 h in 8M KOH at 80 °C) and enables

a high power density (48.9 mW cm−2) for Zn-air batteries.

In contrast to SACs, SCCs are functionalized with

negatively charged groups (e.g., −SO3
− and −COO− as

cation coordination points) on main polymer chains.

While the SCC should be an effective Zn2+ transporter, it

is not without obstacles. Zn2+ tends to bind to two or

more of these negatively charged groups and form weak

ion crosslinks that could hamper ion migration, stiffen the

material, and alter its solubility. Therefore, limited

attempts have been made to certify the validity of SCCs in

ZBs. Lee and coworkers120 synthesized a crosslinked

sulfonated polyacrylonitrile (PAN-S), which exhibited an

ion conductivity of 8.12 × 10−2mS cm–1 at room tem-

perature without additional salt dopant. In contrast to

traditional electrolyte systems with nonwoven separators

(Fig. 11), the nonporous PAN-S electrolyte serving as both

the polymer electrolyte and the separator could facilitate

Zn dendrite suppression, low polarization (< 40mV) and

long cycling performance up to 350 cycles owing to the

even ion flux distribution and single cation transport.

Electrolyte additives

The electrolyte additives for enhancing Zn stripping/

deposition can be generally classified into three types,
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Fig. 10 Illustration of the fabrication process for SACs and their ion transport path for OH− (ref. 117).
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namely, polymers, surfactants, and foreign metal ions.

Some organics, such as polymers and surfactants can

adsorb on the Zn surface and regulate the local current

distribution near the electrode tip, which increases the

polarization for Zn reduction10,121 and thus enables even

and smooth Zn deposition122,123. Banik et al.121 reported

that polyethylene glycol (PEG), serving as an additive in a

halide-based aqueous electrolyte, could effectively sup-

press dendrite formation during Zn deposition. By using

in situ optical microscopy, the effect on dendrite sup-

pression was demonstrated to significantly depend on the

PEG concentration (Fig. 12): the higher the PEG con-

centration was, the lower the exchange current density

and thus the higher the suppression efficiency.

Apart from suppressing Zn dendrite formation, many

polymers or surfactants can also inhibit competitive side

reactions. Hou et al.124 observed that the addition of

sodium dodecyl sulfate (SDS) into the electrolyte could

effectively suppress the release of H2 on the surface of the

Zn electrode and extend the cycling lifetime of an aqu-

eous Na/Zn hybrid battery (Fig. 13). Wetting angle mea-

surements and theoretical calculations indicated that SDS

adsorbed on the Zn surface via electrostatic adsorption

and formed a hydrophobic layer, which prevented direct

contact between the electrode and water. Lee et al.125

demonstrated that the H2 evolution overpotential was

increased enormously and that dendrite formation was

suppressed to some extent in the presence of organic acid

additives (including TA, SA, PA, and CA, shown in Table

1) with different numbers of polar groups. The authors

also suggested that organic surfactants rich in polar

groups are helpful in resisting dendrite formation, while

those with a small number of polar groups are more

effective in alleviating H2 evolution.

In addition to organics, metal ions (such as Bi3+ and

Pd2+) with potentials more positive than that of Zn2+ can

be used as electrolyte additives to regulate Zn deposi-

tion126,127. These metal ions can be electrodeposited prior

to Zn2+ reduction; the resulting layer could serve as the

substrate for modifying further Zn deposition, which is

called the “substrate effect” or “matrix effect”128,129.

Mansfeld et al.126 found that owing to the presence of

Pb2+ in an alkaline solution, the Zn deposit tended to be

cylindrical and microcrystalline, rather than dendritic.

Gallaway et al.130 investigated the influence of the con-

centration of a Bi3+ additive on the performance of Zn

electrodeposition using in situ synchrotron X-rays. Their

study showed that a Bi3+ additive concentration of 3 ppm

resulted in a planar and compact Zn layer when deposited

in a flow channel, while a Bi3+ concentration above

13 ppm would produce highly irregular layers due to Bi

buildup, eventually leading to cell shorting (Fig. 14). Their

work highlighted the importance of adequately control-

ling the concentration of metal ion additives during Zn

electrodeposition. In addition, a combination of different

Fig. 11 Schematic descriptions of Zn deposition. a Zn dendrite growth due to the ramified ion deposition on the surface of Zn metal with the

conventional separator, b dendrite suppression due to the uniform ion deposition with SCC membranes (ref. 120).

Fig. 12 The evolution of Zn dendrite growth from the tip of a

PVC-coated wire electrode observed by optical microscopy. Zn is

electrodeposited potentiostatically for approximately 8 min. The

electrolyte contains 0.1 M ZnCl2 with a wide range of PEG

concentrations as additives (ref. 121).
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types of additives can be explored to achieve even better

cycling performance of Zn electrodes. Wang et al.127

reported that although the surfactant tetra-

butylammonium bromide (TBAB) alone produced a lim-

ited effect on dendrite inhibition at high cathodic

overpotentials, the joint addition of TBAB and Bi3+

resulted in much larger cathodic polarization, effectively

suppressing Zn dendrite growth. Relevant types of elec-

trolyte additives are listed in Table 1.

The purpose of using organic additives in the electrolyte

is to block the formation sites of dendrites or to decrease

the depositing current density to realize more even Zn

deposition. However, this would inevitably increase the

polarization of the Zn electrode, which could lead to

reduced energy conversion efficiency in Zn batteries.

Therefore, the amount of organic additives should be

appropriate and carefully controlled. In addition, this

simple method cannot fundamentally solve the poor

Fig. 13 The influence of SDS additive on the electrochemical window of 1 M ZnSO4 electrolyte. Electrochemical stability window of aqueous

electrolytes containing SDS additive obtained from linear sweep voltammetry on titanium grid electrodes versus Ag/AgCl at a scan rate of 10 mV s−1

(CMC: critical micelle concentration of the SDS additive) (ref. 124).

Table 1 Different kinds of additives in the electrolyte to improve the performance of Zn electrode.

Types of

additives

Examples Working mechanism Ref.

Polymer Polyethylene glycol (PEG), polyaniline (PANI), PMMA,

polyethyleneimine (PEI), polyvinyl alcohol (PVA), polypyrrole,

triton X-100

Adsorb on the surface of Zn electrode and slow

down the deposition rate of Zn; increase the

overpotential of H2 evolution

121,154–157

Surfactant Sodium dodecyl sulfate (SDS), thiourea (TU),

cetyltrimethylammonium bromide (CTAB),

tetrabutylammonium bromide (TBAB), ethylenediamine,

succinic acid (SA), tartaric acid (TA), citric acid (CA), vanillin

Adsorb on the surface of Zn electrode to slow

down the deposition rate of Zn; increase the

overpotential of H2 evolution

124,125,158–161

Metal cation Bi3+, Pb2+, In3+ Reduced metal serves as the substrate of Zn

deposition and optimize the current distribution

of Zn electrode; increase the overpotential of H2

evolution

126,127,130,162,163
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rechargeability of Zn anodes, particularly in an alkaline

aqueous medium. For the use of metal ions with a high

reduction potential as additives in the electrolyte, more

attention should be paid to their possible role in affecting

the electrochemical reactions that occur at the cathode

side, especially for Zn-based flow batteries10. When the

metal ions as additives participate in the redox reactions

on the cathode side, they interfere with the energy con-

version efficiency and cycling performance of the battery.

Thus, polymers and organic molecules that mainly involve

surface adsorption are more promising as electrolyte

additives in ZBs (Table 2)6,10,12,13,18,21,23,34,51,54,64,68.

Artificial functional interphases
In view of the innately safe, green and low-cost

advantages, the century-old ZBs applying aqueous

electrolytes are still appealing for future applications in

large-scale energy storage and wearable devices. From

this context, simultaneously overcoming the bottlenecks

of dendrite formation and rampant side reactions while

preserving the high aqueous ion conductivity is bound

to be challenging, which has stimulated researchers to

seek artificial functional interphases for protecting

Zn131. This interphase could depress corrosion and/or

retain valid ion species in the anodic compartment by

limiting the direct contact between the electrolyte and

the Zn anode. Additionally, the dendrites could be

limited by confining the aggregated deposition of Zn2+

ions. Moreover, the corresponding negative influence on

ion transport can be minimized by controlling the

thickness of the coating layer. The necessary properties

of materials chosen as artificial functional interphases

can be summarized as follows: (1) chemical and elec-

trochemical inertness to electrolyte and anode; (2)

tunable ionic permeability and negligible electronic

conductivity to harmonize Zn2+ migration and Zn

nucleation; (3) good anode adhesion capability to buffer

the volume change during cycling; and (4) mechanical

toughness to maintain the interphase layer geometric

stability and depress dendrite growth during electro-

chemical cycling.

Polymer coatings

Compared to inorganic species, polymers as interphase

materials have numerous intrinsic merits, including

desirable flexibility, easy processability, and controllable

modification. Fundamental insights have been conducted

to determine the relevant polymer structures. Cui and

coworkers132 proposed a polyamide coating for regulating

aqueous Zn electrochemistry and demonstrated that the

modified Zn anode exhibited highly reversible dendrite-

free plating/stripping with a 60-fold enhancement in

cycling performance compared to that of the bare Zn

anode. Jo and coworkers133 found that polyaniline-coated

Zn could exhibit 85% corrosion inhibition efficiency

Fig. 14 Optical microscopy of metal layers generated by

repeated cycling at a current density of 35mA cm−2 in a flow cell

with electrolyte flowing. The top electrode was the working

electrode, and the bottom electrode was the counter electrode. Gray

arrow: planarized metal layer. Black arrow: macroscopic buildup of

bismuth metal (ref. 130).

Table 2 Comparison of novel electrolyte systems for reversible Zn stripping/deposition.

Electrolyte systems Advantages Disadvantages Ref.

Concentrated aqueous electrolytes High ionic conductivity, high safety High cost in the case of organic zinc salts, water-induced

side reactions

13,18

Aqueous electrolyte with additives High ionic conductivity, low cost, high safety Water-induced side reactions 6,10

Organic electrolytes No side reactions Flammability, large voltage hysteresis 12,21

Ionic liquids No side reactions, good stability, high safety High cost, high viscosity, low ionic conductivity 23,34

Deep eutectic solvents Low cost, biodegradability High viscosity, low ionic conductivity 51,54

Polymer-based electrolytes No side reactions, flexibility leak-proof

property

Low ionic conductivity, poor interfacial ion transport 64,68

Zhang et al. NPG Asia Materials (2020) 12:4 Page 16 of 24



relative to that of pure Zn and enable 97.81% capacity

retention after 24 h storage in Zn-air batteries.

PVA, a linear polyhydroxy polymer, has also been

chosen as the coating material for protecting Zn anodes

due to its film-forming capacity, hydrophilicity and easy

chemical modification134–137. Zhang et al.134 reported a

PVA layer crosslinked with a glutaraldehyde coater for

enhancing the mechanical and chemical stability of Zn

anodes. The prepared Zn-air battery exhibited a good

capacity retention of up to 90% after 150 cycles, superior

to that of the pristine battery. Mechanical and chemical

improvements by crosslinking come at the expense of a

decrease in ion conductivity due to the confined ion

motion space. Thus, SACs have been introduced to pro-

vide ionic transport channels in crosslinking coating sys-

tems, lowering the polarization of the Zn/Zn2+ redox

reaction and interfacial resistance136. Stock et al.138 eval-

uated different coated-Zn electrodes based on commer-

cially available SAC ionomers. As elucidated by

electrochemical methods and X-ray photoelectron spec-

troscopy, a ZnO layer formed between the ionomer

coating and Zn electrode, implying that the hydroxide

ions could permeate through the coating layer, whereas

the oxidized Zn species (i.e., Zn(OH)4
2−) was preserved

(Fig. 15). In comparison to the bare Zn, the coated Zn

achieved up to a 6-fold longer cycle life during the Zn

dissolution/deposition process.

Inorganic coatings

Several inorganic materials have been demonstrated to

be promising for modifying the surface characteristics of

the Zn electrode. Lee et al.139,140 showed that Zn powders

coated by aluminum oxide (Al2O3) and bismuth oxide

(Bi2O3) via a facile chemical solution process could

effectively suppress the competitive H2 evolution in an

alkaline electrolyte. Reduced graphene oxide and porous

nano-CaCO3 (Fig. 16) were found to improve the strip-

ping/plating stability of Zn anodes and depress Zn den-

drite growth141. Currently, atomic layer deposition (ALD)

has been developed as a special coating method that can

achieve excellent coverage, conformal deposition and

precisely controllable film thickness at the nanoscale level.

With the ALD method, an ultrathin TiO2 coating layer for

a Zn anode was prepared successfully, which significantly

suppressed Zn corrosion and gas evolution142.

The formation of passivation byproducts (ZnO) is

another reason for the irreversibility of ZB systems. To

improve the rechargeability, a Bi2O3-ZnO-CaO coating

layer with the ability to capture zincate ions was adopted

to prevent supersaturation at the anode and the formation

of passive layers, enabling a cyclic stability of 20 full cycles

in excess electrolyte, whereas bare Zn fulfilled just one

complete discharge140. It was also reported that the Zn

anode coated with a SiO2 layer through a chemical

solution process showed an increased Zn utilization, at

least 5% higher than that of the uncoated Zn anode at C/

20 rate, and enabled recharging even after undergoing

100% DODZn
143.

Structure design of Zn electrodes
In commercial ZBs, the Zn anodes generally comprise a

gelled mixture of granulated Zn powders with large par-

ticle sizes in the range of 50–200 mesh6, while in

laboratory research, polished Zn foil is most frequently

used144,145. Both granulated Zn powders and Zn foil are

cost-effective for industrial production. However, Zn

particles with high surface areas are more favorable for

better electrochemical performance of ZBs as the

electrode-electrolyte contact interface area increases.

Three-dimensional Zn electrodes

In addition to metallic Zn anodes in foil and powder

forms, various nanostructured Zn electrodes with high

surface areas have been proposed to improve the elec-

trochemical performance of ZBs146–148. Parker et al.147

created a Ni/Zn battery with a sponge Zn anode instead of

powdered Zn. This monolithic three-dimensional (3D) Zn

anode can be cycled hundreds to thousands of times

without undergoing passivation or macro-dendrite for-

mation (Fig. 17). Further studies indicated that electric

currents are more uniformly distributed within the

Fig. 15 The discharge and charge process of the Zn anode with and

without ionomer in an alkaline electrolyte (ref. 138).

Fig. 16 Schematic illustrations of stabilizing zinc anode with and

without nano-CaCO3 during Zn stripping/plating cycling (ref. 141).
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sponge skeleton, making it physically difficult to form

dendrites. In addition, the cells reached an average of 91%

depth of discharge (DODZn) and could be recharged to

>95% capacity from these extreme depths at a current

density of 10 mA cm−2. The corresponding energy density

is even comparable with those of typical LIBs.

Zhang et al.15 introduced fibrous Zn electrodes for

applications in large-size alkaline ZBs. The solid fibrous

Zn anode was found to have good physical stability and

connectivity among individual fibers, ensuring good

electrical conductivity, mechanical stability, and design

flexibility for controlling mass distribution, porosity and

effective surface area. Such anodes could provide 20%

more capacity in alkaline cells at high discharging cur-

rents compared to that of commercially available cells.

However, as the surface area increased for 3D electrodes,

the Zn corrosion became more severe, which would

consume electrolyte and result in the loss of active Zn149.

Carbon-based substrates

The inherent excellent electrical conductivity and open

structure of carbon materials enable uniform Zn deposi-

tion150. Li et al.151 proposed that the composite Zn anodes

prepared by mixing Zn particles with activated carbon

(AC) had a smaller tendency for the formation of inactive

Zn sulfates that could inhibit the Zn deposition/dissolu-

tion. Moreover, with increasing AC ratio, Zn dendrite

growth was suppressed (Fig. 18a–d) because of the rich

accommodation sites for Zn deposition provided by the

AC particles. The N2 adsorption/desorption isotherms

and density function theory analyses showed the dis-

appearance of micropores of AC, clarifying that the

deposition of Zn dendrites and the formation of other

products occurred in the pores of AC (Fig. 18f). When

tested in Zn/α-MnO2 cells with aqueous ZnSO4 electro-

lytes, the composite anode containing 12 wt% AC exhib-

ited a capacity retention of 85.6% (initial capacity of ~

170mA g−1) at a current density of 200mA g−1 after 80

cycles (Fig. 18e).

Wang et al.152 electrodeposited Zn on carbon fibers

(CFs) to fabricate Zn@CF anodes with a core-shell

structure. The Zn@CF//Co3O4 battery suffered only

20% capacity decay after 2000 full cycles, while the battery

with a Zn plate failed to work after only 900 cycles. By

virtue of the core-shell feature, the Zn@CF anode featured

a large specific area, which facilitated electrochemical

kinetics and improved the reversibility of the Zn/Zn2+

redox couple. Importantly, no Zn dendrite was detected

on the Zn@CF electrode even after 2000 cycles. Ma

et al.153 further confirmed the positive effects on Zn

electrochemistry provided by the carbon matrix. In their

study, a Zn-carbon cloth electrode was prepared by a

facile electrochemical deposition method using a two-

electrode setup. Based on this carbon-assisted anode, the

aqueous Zn/Co3O4 battery delivered a high voltage of

2.2 V, a capacity of 205 mA h g−1 and an extremely high

cycling stability with 92% capacity retention after 5000

cycles.

Conclusions and perspectives
Research on ZBs has been revived by global burgeon-

ing demands for safe and environmentally friendly

electrochemical energy storage systems. To date, reliable

secondary ZBs that can be competitive with prevailing

Fig. 17 Illustrations of rechargeable Ni/Zn batteries. a Comparison of the cycling processes of Ni/Zn batteries adopting conventional powder Zn

anodes versus 3D Zn with a monolithic aperiodic sponge morphology. b The estimated specific energy of a fully packaged Ni/Zn cell with different

Zn depths of discharge versus a capacity-matched NiOOH electrode. The shaded areas represent the specific energy range of common battery

chemistries (ref. 147).
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LIBs and lead-acid batteries are still lacking. The

development of Zn anodes with noncorroding and uni-

form deposition/dissolution properties is the key to

achieving long cycling life and high CE in ZBs. It is

therefore of great importance to break the routine of

classical configurations involving ordinary aqueous

electrolytes and untreated Zn metallic anodes. In this

review, the fundamentals and recent works addressing

critical issues have been highlighted, with an emphasis

on novel electrolyte systems (including compatible sol-

vents, stable Zn salts, and additives), interphase con-

struction and anode structure design. Despite promising

progress over the past 5 years, many aspects associated

with the interface reactions of metallic Zn anodes are not

fully understood and will require additional investiga-

tions, especially when compared with the wealth of

knowledge regarding battery systems based on typical

alkali and alkaline metals.

Notably, the major developments in reliable recharge-

able Zn anodes and their objective evaluation have been

mainly hindered by the limited availability of appropriate

electrolytes. Although liquid-like electrolyte systems can

facilitate desirable electrochemical performance of ZBs on

a laboratory scale, their further practical application still

faces obstacles including dendrite formation, electrolyte

leakage, and flammability. WiSEs can significantly expand

the wide electrochemical window of aqueous electrolytes,

suppress undesired side reactions and inhibit Zn dendrite

growth. However, due to the high cost of metal salts, high

viscosity and sacrificed energy density, alternative cost-

effective electrolyte systems with desirable (electro)che-

mical properties and specific interface structures are

particularly required.

The application of polymer electrolytes has over-

whelming advantages, such as the inhibition of Zn

corrosion and dendrite growth and good processability.

As shown in Table 3, Zn(CF3SO3)2 has been the most

extensively applied dopant salt in polymer electrolytes

due to its relatively low cost and high ion conductivity.

Among all the SPEs and GPEs, the electrolytes prepared

with PVdF-HFP doped with inorganic mineral fillers

consistently exhibit top-level ion conductivity, sug-

gesting their merit as future electrolyte candidates in

rechargeable ZBs. Although the ion conductivities of

most GPEs could be maintained at a magnitude of 1 mS

cm−1, normally 10-fold higher than that of SPE samples

(Table 3), the ion transference number needs to be

further optimized. Enlightened by the > 0.9 Li+ ion

transference number of SCC systems from LIBs, the

development of novel SCC-based polymer systems with

Fig. 18 Composite Zn anodes composed of Zn particles and activated carbon. SEM images of a as-prepared Zn powder, b Zn anode after

cycling 80 times, c Zn powder+ AC, and d Zn powder+ AC after cycling 80 times. e Cycling performance of batteries with bare Zn anodes (ZnAB)

and different composite Zn anodes. f Schematic of anodic deposition in the Zn+ AC anode151.
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unusual improvements in both the rate and efficacy of

Zn2+ transport can possibly provide alternative

approaches to solve the challenges faced by Zn elec-

trolytes and ZBs.
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