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Abstract

Rechargeable aqueous zinc‐ion batteries (AZBs), with their high theoretical

capacity, low cost, safety, and environmental friendliness, have risen as a

promising candidate for next‐generation energy storage. Despite the fruitful

progress in cathode material research, the electrochemical performance of

the AZB remains hindered by the physical and chemical instability of the Zn

anode. The Zn anode suffers from dendrite growth and chemical reactions

with the electrolyte, leading to efficiency decay and capacity loss. Recently,

significant effort has been dedicated to regulating the Zn anode. Electrolyte

manipulation, including tailoring the salt, additives, or concentration, is a

useful strategy as the electrolyte strongly influences the anode's failure

processes. It is thus worthwhile to gain an in‐depth understanding of these

electrolyte‐dependent regulation mechanisms. With this in mind, this review

first outlines the two main issues behind Zn anode failure, dendrite growth,

and side reactions. Subsequently, an understanding of the electrolyte tailoring

strategy, namely, the influence of the salt, additive, and concentration on the

Zn anode, is provided. We conclude by summarizing the future prospects of

the Zn metal anode and potential electrolyte‐based solutions.
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1 | INTRODUCTION

The lithium‐ion batteries (LIBs) have been one of the
hottest subjects of electrochemical energy storage research
for several decades, with intensive research in academiag1
and industry.1–3 However, sustaining the current trend of
continued iterative improvement in their energy density
and cycling performance will eventually hit a fundamental
limit, especially on the graphite anode side. New
rechargeable battery architectures will be required. Such
“beyond lithium‐ion” batteries, including lithium–sulfur

or lithium–oxygen, promise the realization of significantly
higher energy densities.4,5 These battery architectures are
often best paired with a lithium metal anode, replacing
the graphitic host anode used in current LIBs. However,
lithium is reactive and unstable, leading to severe
degradation issues when employed directly in its
metallic state.5 The high reactivity leads to the forma-
tion of a solid electrolyte interphase (SEI) coating across
the lithium metal, due to the lithium reacting with
the electrolyte. This consumes lithium, the loss of
which can be cumulative over repeated cycling due to
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continued SEI (re‐) formation. Furthermore, irregularly
shaped tortuous deposits and dendrite sections can
become electrically isolated on discharge due to
dissolution potentially occurring more rapidly at the
deposit base, leading to detachment of the deposit from
the electrode. This detached lithium is permanently
unavailable for future cycling due to being fully
surrounded by electrically insulating SEI and is thus
known as “dead Li.” The lithium dendrites may also
pierce the porous separator and bring about a short
circuit in the cell, causing explosions due to the organic
flammable electrolyte (Figure 1A). The development of
battery chemistry that is instead based around a less
reactive species would allow for a metal anode that is
more robust to these failure modes. Furthermore, due
to the high safety demands of commercial batteries,
aqueous‐compatible electrolyte batteries have begun
to attract attention and thus suggest a further benefit
of using a less reactive metal anode chemistry.
Compared to other metal anodes that are compatible
with aqueous electrolytes, such as Cu and Fe, Zn
metals exhibit considerable merits, including stable
electrochemical activity, low cost, and environmental
friendliness.6–14 The Zn metal anode in the aqueous
zinc ion battery (AZB) has a suitable equilibrium
potential (−0.76 V vs. standard hydrogen electrode)
and delivers a high volumetric capacity of
5855 mAh cm−3.15–22

Nevertheless, the direct implementation of the Zn
metal as a rechargeable battery anode still faces two
main detrimental issues that hinder its practical
application; physical and chemical instability. The
former physical instability is due to Zn dendrites,
caused by heterogeneous electrodeposition of Zn.6,23–25

Uneven electric field distribution may cause a gradual
irregular accumulation of Zn over repeated charging
and discharging, giving rise to the formation of Zn
dendrites (Figure 1B). Typically, Zn dendrites have a
two‐dimensional (2D) hexagonal morphology, due to
the hexagonal closed‐pack structure of Zn crystals,
unlike the rarefied 1D form of Li dendrites. The further
growth of Zn dendrites may pierce the separator, either
becoming lodged and detached within it or even
resulting in a short circuit of the AZB.26–31 Also, due
to the fact that zinc dissolution can often occur at the
root of Zn dendrites, the top part is likely to detach and
lose electrical contact with the substrate (“dead zinc”),
deteriorating the capacity of the Zn anode.23,26,32

The chemical instability of the Zn metal anode
stems from the water molecules in the aqueous
electrolyte.28,33,34 Aqueous electrolytes have the edge
over traditional organic electrolytes because aqueous
electrolytes can realize higher ionic conductivity, supe-
rior kinetics at the anode–electrolyte interface, and
enhanced salt solubility. In addition, it negates the
formation of an electrically isolating SEI layer, which
is typically formed with organic electrolytes.1,5,35,36

However, all these advantages come with a cost. The
Zn metal is thermodynamically unstable in water,
leading to parasitic chemical reactions like zinc corro-
sion, hydrogen evolution reaction (HER), and byproduct
formation (Figure 1B).33,37 These adverse reactions keep
consuming active Zn and electrolytes, hampering the
cycling performance and capacity of an AZB. It is worth
noting here that the physical and chemical instabilities of
the Zn anode interact with each other and should not be
considered independent. The formation of Zn dendrites
could trigger severe side reactions, as dendrites provide

FIGURE 1 Schematic summary of degradation mechanisms for (A) an Li metal anode in an organic electrolyte and (B) a Zn metal
anode in an aqueous electrolyte. HER, hydrogen evolution reaction; SEI, solid electrolyte interphase.
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a larger surface for active Zn to react with aqueous
electrolytes. Therefore, it is worthwhile to develop
regulating strategies for the Zn anode that both suppress
dendrite growth and inhibit side reactions so as to
achieve high‐energy‐density AZBs.

Ideas for suppressing Zn dendrite growth involve
facilitating the Zn ion kinetics, smoothing the electric field
distribution, and manipulating the Zn crystal orienta-
tion.38–41 As for mitigating side reactions, minimizing the
contact between the zinc anode and water molecules is the
most direct approach.42–45 Based on these considerations,
several strategies have been proposed to tune the zinc
anode, like constructing an artificial layer on the anode,
designing a hierarchical 3D structure as the anode current
collector, and electrolyte manipulation.23,31,46–63 Our
review explores the latter of these strategies: electrolyte
engineering and tailoring to mitigate or prevent the metal
anode degradation mechanisms. The electrolyte plays a
pivotal role in AZBs and its intrinsic properties have
multiple impacts on the performance of AZB, as the
electrolyte is correlated with the electrochemical stability
window, ionic conductivity, and solvation structure of
Zn2+ ions. Manipulating the electrolyte, rather than
engineering the electrode itself or introducing an artificial
interface layer, can present a more elegant solution to
anode degradation and benefits from being inherently
more scalable to industrial applications. Altering the
electrolyte composition, by introducing additives or
altering the salt concentration, can be relatively easily
executed and is typically straightforward to scale up. This
cannot necessarily be said for artificial interfaces or
designed electrodes, where the often‐sophisticated nature
of the structure preparation or deposition can pose
additional significant challenges when considering scaling
the process to industrial levels.

In this review, a systematic understanding of the Zn
anode degradation issues, and potential electrolyte‐based
methods to regulate the Zn anode, will be discussed. The
review begins with a summary of the physical and
chemical instability of Zn anodes. The nucleation model
and the effect of crystallographic orientation are
covered in the physical Zn dendrite part. The chemical
side reactions and relevant characterization methods
are summarized in the Zn chemical instability part.
These two parts provide the fundamental understanding
for solving the issues with the Zn anode. In the following
part of our review, different electrolyte engineering
strategies to regulate Zn anodes are discussed. As shown
in Figure 2, electrolyte engineering can suppress Zn
dendrite growth through the following mechanisms: con-
trol of Zn crystallographic orientation, assembling an
electrostatic shield on Zn protuberances, inhibiting Zn2+

ion 2D diffusion, and manipulating the Zn nucleation

process. Moreover, electrolyte manipulation could
mitigate chemical side reactions by regulating the pH
and the Zn‐ion solvation structure. This method of
electrolyte engineering includes controlling salt, additive,
and concentration of the electrolyte. Finally, an outlook
on the mechanisms of Zn degradation and effective
electrolyte design tactics have been proposed. This
review is expected to provide a comprehensive strategy
to regulate the Zn anode via electrolyte engineering and
inspire researchers to develop electrolytes to achieve the
goal of high energy density AZBs.

2 | CHALLENGES OF THE ZINC
ANODE

2.1 | Physical zinc dendrite

The ideal Zn anode surface should be uniform and flat
since it is beneficial for achieving high coulombic
efficiency (CE) and long cycling performance. However,
due to the heterogeneous electric field distribution and
electrolyte concentration gradient, uneven electrodeposi-
tion of Zn is inevitable, which thus leads to Zn dendrite
formation. Zn dendrites not only present the risk of
puncturing the cell separator and a source of Zn loss by
physical detachment but also provide more surface area
for chemical side reactions. Thus, the dendrite is pivotal
to battery performance, and understanding its formation
mechanism is of great importance. A great amount of

FIGURE 2 Schematic illustration of Zn anode regulation
methods by tailoring the electrolyte

LI AND ROBERTSON | 3 of 30
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effort has been spent on understanding dendrites in
lithium and other battery chemistries; however, the
aqueous electrolyte and lack of an SEI layer mean that
the dendrite formation process is fundamentally distinct
in AZBs. The formation process of zinc dendrites consists
of two main parts: initial nucleation and subsequent
growth.1 Initial nucleation determines the nuclei density
and the number of active nuclei sites, which has a great
influence on later zinc deposition. As the reaction
proceeds, further deposition on the active nucleation
regions leads to Zn dendrite formation. Both initial
nucleation and subsequent zinc dendrite formation
mechanisms are studied in the following section.

2.1.1 | Zinc nucleation mechanism

During the initial nucleation process, there are several steps
for Zn2+ ions in the electrolyte to become deposited as
metallic zinc. An illustrative schematic diagram is shown in
Figure 3A. At the pristine stage, ions are randomly

distributed in the electrolyte. After applying an external
current or overpotential, electric double layers are gener-
ated, namely, the inner Helmholtz layer (IHL) and the
outer Helmholtz layer (OHL).64 If the extra current is
large enough, the electric double layers start to charge, and
the solvated Zn2+ ions move from the bulk electrolyte to
the electric double layers under the motivation of the
electric field. When Zn2+ solvation sheaths pass through
the IHL, they gradually desolvate and become Zn2+ ions.
Then, Zn2+ ions adsorb on the surface and transfer
electrons with the anode until Zn2+ ions are reduced to
metallic Zn. The free energy curve shown in Figure 3B
illustrates that Zn2+ ions need to overcome an energy
barrier so as to reach this new phase.73 Figure 3C shows the
corresponding overpotential diagram during the Zn depo-
sition process. The nucleation overpotential corresponds to
the initial nucleation of zinc embryos, while the plateau
overpotential reflects the subsequent zinc growth.65

Based on the classical nucleation theory, Scharifker
and Hills establish a three‐dimensional nucleation
model with diffusion‐limited growth (known as the SH

FIGURE 3 (A) Schematic of Zn2+ initial nucleation. Reproduced with permission, copyright 2020 Wiley.64 (B) Changes of free
energy and (C) typical voltage curve at the Zn deposition process. Reproduced with permission, copyright American Chemical Society.65

(D) Nondimensional current transient plots for instantaneous nucleation (upper curve) and progressive nucleation (bottom curve). Modified
with permission, copyright 1983 Elsevier.66 (E) Schematic illustration of Zn dendrite growth. Reproduced with permission from the Royal
Society of Chemistry.67 Scanning electron microscopy (SEM) images of electrodeposited Zn: (F) Wire‐like. Reproduced with permission,
copyright IOP Publishing.68 (G) Moss‐like. Reproduced with permission, copyright American Chemical Society.69 (H) Plate‐like with
random orientation. Reproduced with permission, copyright Wiley.70 (I) Plate‐like with parallel orientation. Reproduced with permission,
copyright American Chemical Society.71 (J) Plate‐like with vertical orientation. Reproduced with permission, copyright American
Association for the Advancement of Science.72
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model),66,74,75 which is the most widely used model in
aqueous electrodeposition. Depending on the nucleation
rate and sites, they proposed two different nucleation
modes: instantaneous nucleation and progressive nucle-
ation. Instantaneous nucleation means that nucleation
occurs rapidly at a small number of active sites, whereas
progressive nucleation presents nucleation occurring
continually over a large number of active sites. The
expressions between current transient I and deposition
time t under different nucleation modes are shown
below.

Instantaneous nucleation:







I

I t t
t t=

1.9542
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{1 − exp[−1.2564( / )]} .

max

2

m
m

2 (1)

Progressive nucleation
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I t t
t t=
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m
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where Imax is the maximum current transient and tm is the
corresponding time when the current reaches its maxi-
mum. The plot of the current transient under instanta-
neous and progressive nucleation is shown in Figure 3D.

Although the SH model has revealed new insights
into the nucleation process, it can only be applied to
potentiostatic electrodeposition because it uses the
current density parameter to describe the equilibrium
of ions in the solution and metallic phase. However,
battery research generally utilizes galvanostatic cycling to
study the electrochemical performance of a battery.76–79

Also, fast‐charging techniques are widely applied in
industry, which means charging under galvanostatic
conditions until reaching a target voltage.79 Thus,
developing a nucleation model for galvanostatic deposi-
tion is crucial, but only a few studies have attempted to
explore it. Yuan et al.80 attempt to obtain overpotential
transients based on the SH model. They assume that for a
certain deposition that occurs under a potentiostatic
stimulus, there is a corresponding galvanostatic stimulus.
It is also assumed that at the corresponding current I0,
the same mass of the metal can be deposited on the
electrode with overpotential E0. The nondimensional
current plot can be transformed into the overpotential
plot as Equation (3):
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where ΔE0 is the overpotential under potentiostatic
stimulation, ΔET is the transient overpotential under
galvanostatic stimulation, and ΔEmin is the minimum

polarization value, which is calculated by taking the
derivative of the E–t curve at zero.

Thus, for instantaneous nucleation,
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For progressive nucleation,
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where tm is the corresponding time to the minimum
polarization value.

The plot of ∆

∆( )E

E

2
min

T
versus t t/ m shares the same trend

as Figure 3D. Although Yuan et al.80 developed a
nucleation model under galvanostatic excitation, this
model is not widely used, unlike the SH model that has
been used in different metal deposition conditions.
Furthermore, the assumptions of this model have been
simplified and have not been proven to match the
actual electrodeposition process. Therefore, researchers
should be cautious when using this model. To sum up,
in previous electrodeposition studies, people mainly
focused on understanding the potentiostatic deposition,
including the classical nucleation model. However,
recently there has been increasing interest in under-
standing galvanostatic electroplating as it is the typical
method for battery performance testing. Unfortunately,
to date, there is no comprehensive nucleation model
that has been widely used and verified as suitable for
galvanostatic electrodeposition. Thus, more attention
needs to be paid to establishing models to describe
galvanostatic deposition.

2.1.2 | Zinc dendrite formation

Figure 3E shows the mechanism of zinc dendrite
formation. At the initial nucleation stage, Zn2+ ions
prefer to nucleate at tips, grain boundaries, impurities,
and dislocations. During the following electrodeposition
processes, the zinc crystals are not uniformly deposited
on the substrate, but mainly on the previous nucleation
sites. This can be attributed to the resulting uneven
distribution of the electric field and the gradient of the
electrolyte concentration. Due to the uneven anode
surface, the electric field strength at the tip is higher

LI AND ROBERTSON | 5 of 30
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than elsewhere, causing Zn2+ ions to deposit at the
tip.64,81,82 These tips can further induce the accumulation
of more zinc electrodeposits on them, leading to the
growth of zinc dendrites.31,67 As these dendrites may
puncture the separator and cause detached “dead
zinc,” which is detrimental to battery capacity and life
span, a flat Zn anode is desired as it can induce uniform
plating and prevent Zn dendrites. This understanding
has been exploited in recent literature, with zincophilic
host electrode materials used as an effective dendrite
prevention strategy. Zn2+ ions are inclined to bond with
zincophilic sites like N‐doping graphene, Ag, Cu,
Sn, TiO2, and ZIF‐8.83–89 The zincophilic sites reduce
the nucleation barrier of Zn2+ ions and enhance the
interaction with Zn2+ and the anode host, thus prevent-
ing aggregated Zn nucleation and ensuring homogeneous
deposition of Zn.

We can use two parameters to describe the morphol-
ogy of Zn deposits: (i) the shape of individual zinc
particles and (ii) the way the zinc particles are oriented
on the anode. Some typical scanning electronic micros-
copy (SEM) images of electrodeposited Zn are shown
in Figure 3F–J. In the aqueous electrolyte, individual
zinc deposits can be wire‐like (Figure 3F), mossy‐like
(Figure 3G), and plate‐like (Figure 3H–J). In the
commonly used mildly acidic zinc electrolyte, it tends
to be plate‐like because the hexagonal closed‐packed Zn
crystals prefer to expose the (002) plane to minimize the
migration energy. The orientation of Zn plates can be
random (Figure 3H), parallel (Figure 3I), and vertical
(Figure 3J). Section 2.1.3 will cover Zn crystal orientation
in detail.

2.1.3 | Crystallographic orientation

Since zinc is a crystalline metal, its anode surface texture
can be altered by controlling its crystallographic orienta-
tion. When zinc ions nucleate in the first stage of
electrodeposition, they nucleate randomly in different
orientations. As the reaction continues, zinc crystals tend
to grow through the (001) facet due to the hexagonal
close‐packed structure of zinc, thus generating hexagonal
plates in different directions. If the zinc plates
grow vertically on the surface, it is easier for small zinc
plates to grow during the charge–discharge process and
then forms zinc dendrites. However, if zinc plates grow
parallel to the anode surface, a uniform and flat surface
can be achieved. The anode current collector substrate
can determine whether the zinc is deposited epitaxially
or nonepitaxially, as shown in Figure 4A. Epitaxial
deposition (right part in Figure 4A) is ideal because, by
choosing the right substrate, it locks the zinc metal to

grow in specific directions, whereas nonepitaxial (left
part in Figure 4A) deposition means that zinc crystals
may form in random directions. Generally, if the atomic
radius of the substrate is similar to that of the zinc basal
plane (lattice mismatch is less than 15%), the zinc crystal
will tend to grow parallel to the substrate.90,92,93

Taking advantage of this property, Zheng et al.90

proposed to deposit zinc on graphene, deposited so that it
has more 001 phase exposure. The lattice difference
between (001)graphene and (002)Zn is 7%, which can lead
to the parallel growth of zinc. Thus, epitaxially grown Zn
improves the CE (99.9%) for 1000 cycles at a high current
density of 4 mA cm−2, comparing favorably to a pure
polycrystalline Zn anode. This work well illustrates how
dendrite‐free zinc anodes can be achieved by developing
a uniform zinc surface by tuning the anode substrate.
Other substrates, which can also induce Zn crystal
parallel growth, have been reported, including chemical
vapor deposition (CVD)‐grown graphene, Sn‐textured
surface, (100)‐dominated Cu current collector, and rolled
(002)‐exposed Zn foil.69,70,94,95 However, these slight
lattice‐mismatched substrates cannot completely prevent
the vertical growth of zinc. When the two deposited zinc
islands meet each other, the small lattice mismatch
between the zinc and the substrate will prevent the two
islands from merging together. This may lead to the
formation of zinc dendrites at the interface of the two
islands, as shown in Figure 4B. Pu et al.91 claimed to
develop perfect lattice‐matched zinc deposition by using
a single‐crystal zinc anode (Figure 4C–E). Since zinc is
deposited directly on the zinc substrate (homoepitaxial
growth), rather than a foreign substrate, the energy
barrier to overcome by zinc ions is relatively low.
Figure 4F–H shows that discrete zinc islands merged to
form a larger single grain, rather than imperfect
polycrystalline stitching, and thus a uniform Zn surface
could be maintained.

2.1.4 | External factors affecting zinc
dendrite

Current density: The current density has a great influence
on the dendrite formation rate and Zn crystal orienta-
tion.6,30,65,96–102 According to the kinetic diffusion‐limited
model, zinc ion concentration near the electrode surface is
determined by the current density. High current density
leads to rapid electrolyte depletion near the anode surface,
causing a large concentration gradient between the
reaction zone and the bulk electrolyte.27,103,104 Due to
local deviations Zn dendrites are thus likely to form.
However, opposing views have been raised on the ease of
forming dendrites at high current densities. Hou et al.105

6 of 30 | LI AND ROBERTSON
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argue that in addition to kinetics, thermodynamics
is another element to affect zinc morphology. The Gibbs
free energy of forming nuclei with radius r comprises a
surface‐free energy and a bulk energy. Based on classical
homogeneous nucleation, the critical radius of spherical
nuclei is r γV Fη= 2 /m , which means radius r is inversely
proportional to the overpotential η. In other words, the
size of zinc particles decreases with the rise in over-
potential. Liu et al.106 galvanized stainless steel with
current densities ranging from 0.25 to 20mA cm−2.
Figure 5A displays the size distribution of the correspond-
ing zinc flakes. It is clear that both the size and
distribution reduce with increasing current density.
Moreover, the nuclei density of zinc flakes increases
concomitantly with the current.106 The schematic of
deposited zinc flakes varying with current density is
shown in Figure 5B. Since there are more zinc embryos
and smaller zinc flakes generating at a high current

density, the zinc surface will overall be more uniform and
not generate more severe perturbations that can encou-
rage dendrite growth.106 In addition, the current density of
zinc deposition also affects the crystal orientation.99 It is
evident in SEM images from Figure 5C–H that at low
current density (1mA cm−2), zinc randomly orients on the
electrode. The deposited zinc at a high current density of
20mA cm−2 shows a different morphology, with a
preferred orientation and a more denser texturing.102,107

Although high current density can improve nuclei density
and decrease the particle size from a thermodynamic
point of view, it does not mean that ultrahigh current
density is desired because it could cause kinetic instability.
It is conjectured that a high current density is a double‐
edged sword, thus a balance should be achieved between
the thermodynamic and kinetic considerations.105

Temperature: An external factor, temperature, can
directly influence the deposition of zinc through texture

FIGURE 4 (A) Schematic of epitaxial and nonepitaxial zinc deposition. Reproduced with permission, copyright American
Association for the Advancement of Science.90 (B) Schematic of electrodepositing Zn on the small lattice‐mismatched substrate.
Schematic of electrodepositing Zn on the perfect lattice‐matched substrate: (C–E) Zn atomic arrangements and interisland
stitching and (F–H) morphology change of the Zn anode. Reproduced with permission, copyright Wiley.91

LI AND ROBERTSON | 7 of 30
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behavior and nucleation performance.108–111 As the
temperature increases, the conductivity and ionic associ-
ation of the electrolyte also increase, resulting in faster
movement of zinc ions and lower initial nucleation
potential. In other words, zinc ions tend to nucleate and
self‐diffuse at high temperatures. Su et al.110 investigated
Zn deposits in 2M ZnSO4 at temperatures from 10°C to
60°C. The morphology and size distribution can be seen
in Figure 6A–F. As the deposition temperature increases
from 10°C to 60°C, the size of zinc flakes grew
dramatically, and the nuclei density of Zn deposition
decreased from 0.64 to 0.003 µm−2. Figure 6G shows a
schematic that illustrates the zinc deposition mechanism
at different temperatures. Large zinc flake size and low
nuclei density have been observed at a high working
temperature, which can be ascribed to the fast movement
and diffusion of zinc ions. In contrast, at a low
temperature, the sluggish motion of zinc ions in the
electrolyte leads to dense and homogeneous deposition of
zinc and preferred orientation. Based on this result, they
proposed a self‐healing idea to prolong the cycling
performance of a battery.110 The idea is to eliminate
Zn dendrites, which built up at high temperatures by
self‐healing them at low temperatures. The Zn//Zn

symmetrical battery can only maintain 23 h of cycling
at 60°C due to dendrite formation. But after subsequently
cycling this battery at 25°C for 40 h, the zinc dendrites
can be eliminated. Because dendrites are eliminated at
relatively low temperatures, the battery can be recircu-
lated at 60°C for 94 h, as shown in Figure 6H. Thus, the
relatively low temperature can facilitate the smooth and
flat deposition of zinc on the anode, thereby extending
the lifespan of zinc‐ion batteries.

2.2 | Chemical side reaction

2.2.1 | pH influence

Chemical side reactions occur between the Zn anode and
electrolyte, thus the pH of the electrolyte determines the
type of side reaction.8,112 Figure 7A displays the Pourbaix
diagram of zinc (the plot of the equilibrium potential of
electrochemical reactions by the function of pH).116 It
shows that in an alkaline electrolyte, Zn will be oxidized
to ZnO. The specific reaction is that due to a large
amount of OH− in the electrolyte, the Zn metal would
coordinate with OH− to form zincate complex Zn

FIGURE 5 (A) Size distribution of Zn flakes when depositing from 0.25 to 20mA cm−2. (B) Schematic illustration of Zn nuclei with
increasing overpotential. Reproduced with permission, copyright American Chemical Society.106 Scanning electron microscope images of the
cycled Zn electrode in a 3M ZnSO4 electrolyte: (A) Pristine Zn foil and the Zn foil anodes after cycling at (B) 1mA cm−2, (C) 2mA cm−2,
(D) 4mA cm−2, (E) 10mA cm−2, and (F) 20mA cm−2 at 1mAh cm−2. Reproduced with permission, copyright American Chemical Society.107
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(OH)4
2−. When Zn(OH)4

2− reaches its saturation limit,
it would subsequently dehydrate and form precipitate
ZnO.28,117 The reaction equation is as follows:

Zn(s) + 4OH Zn(OH) (aq) + 2e ,−
4
2− −

Zn(OH) ZnO(s) + H O + 2OH .4
2−

2
−

Since ZnO is insoluble in the electrolyte, this
solid–liquid–solid reaction [Zn(s)–Zn(OH)42−(aq)–ZnO(s)]

is not completely reversible. Thus, most of the Zn
could gradually be oxidized to ZnO over repeated
charging/discharging, leading to low CE and bad
cycling performance.

Due to the performance problems of alkaline electro-
lytes in rechargeable AZBs, weakly acidic zinc electro-
lytes are drawing more attention in recent years. In
an alkaline electrolyte, the dominant charge carrier is
Zn(OH)4

2−, while in a weakly acidic electrolyte, Zn2+ is
the dominant carrier.118 As shown in the following

FIGURE 6 Scanning electron microsope images of the Zn deposited on the Ti substrate at different temperatures: (A) 10°C, (B) 20°C,
(C) 30°C, (D) 40°C, (E) 50°C, and (F) 60°C. The capacity is 0.25 mAh cm−2 and the current density is 0.5 mA cm−2. (G) Schematic
illustrating deposited Zn anode morphology change with increasing temperature. (H) Voltage profile of Zn//Zn symmetric cells cycled at
60–25–60°C. The capacity is 0.25 mAh cm−2 and the current density is 0.5 mA cm−2. Reproduced with permission, copyright American
Chemical Society.110

LI AND ROBERTSON | 9 of 30

 27681696, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bte2.20220029 by T

est, W
iley O

nline L
ibrary on [22/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



reaction, the reaction is reversible, indicating better CE
and faster Zn2+ kinetics.

Zn Zn + 2e .2+ −

Thus, the pH of the electrolyte can strongly influence
the reversibility of the Zn anode.

2.2.2 | Zn corrosion

For aqueous secondary zinc metal anode batteries, many
recent studies have focused on electrolytes that are mildly
acidic, with a pH of around 3–5. Although the acidic
electrolyte has many advantages, it still has the problem of
corroding the Zn anode. A Zn anode is thermodynamically
unstable in contact with mildly acidic electrolytes. As
shown in Figure 7A, the standard reduction potential of
Zn/Zn2+ is lower than the equilibrium potential of H/H2 in
the whole pH region. Zinc corrosion and the hydrogen
evolution reaction occur simultaneously. Zn(s) will be
oxidized to Zn2+(aq) in the mildly acidic electrolyte and H+

in the electrolyte will be reduced to H2. The redox reaction

leads to continuing zinc corrosion that not only consumes
active zinc but also increases the interface resistance.

2.2.3 | Hydrogen evolution reaction

As mentioned, the hydrogen evolution reaction (HER)
happens simultaneously with the chemical corrosion of the
metallic zinc anode. Its reaction equation is as follows:

2H + 2e H+ −
2

H2 evolution is a nonnegligible problem because it
gradually consumes H+ in the electrolyte. In addition, in
sealed zinc battery systems, gas can impede the connec-
tion of the electrolyte to the electrode, thereby increasing
the internal resistance of the battery and resulting in low
CE. Moreover, too much gas can swell the battery and
even cause it to explode. The actual HER is related to
the surface of the zinc anode and the anode–electrolyte
interface, with the formation of zinc dendrites increasing
the surface area of the zinc anode, thus providing more
area for zinc corrosion and hydrogen evolution.

FIGURE 7 (A) Pourbaix diagram of the Zn/H2O system with H2 and O2 evolution overpotential. Reproduced with permission,
copyright American Chemical Society.113 (B) Operando optical microscopy result of the Zn stripping process on Ti foil in 1M ZnSO4.
Reproduced with permission, copyright Elsevier.114 (C) Differential electrochemical mass spectrometry result for Zn//Zn cells in 0.5M
LiTFSI + 0.5M Zn(TFSI)2 and LZ‐DES/2H2O electrolytes. Reproduced with permission, copyright Elsevier.63 (D) Volume of hydrogen
evolution in 3M ZnSO4 for different aging times. Reproduced with permission, copyright Elsevier.115
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To detect bubbles of H2, in situ optical microscopy is
particularly helpful. Lee et al.114 studied zinc plating and
stripping behavior in a home‐made cell (Figure 7B). They
found that during stripping, deposited Zn gradually
detached from the Ti electrode, exposing a bare shiny Ti
substrate. In the meantime, hydrogen bubbles are generated
at the interface with exposed Ti and delaminated Zn, and
these bubbles further accelerated the detachment process of
Zn. The bubble remained when zinc was stripped back into
the electrolyte. Differential electrochemical mass spectrom-
etry (DEMS) is also a useful tool to quantify the gas
formation and has been widely utilized in lithium‐ion
battery studies. Zhao et al.63 found that H2 is formed even at
an open‐circuit voltage, which implies that the HER occurs
immediately after the zinc anode comes in contact with the
weakly acidic electrolyte (Figure 7C). As can be seen from
the mass spectrometry trace, when a Zn//Zn symmetrical
cell is cycled at 0.05 and 0.1mA cm−2, the signal peak of H2

exists during the whole process. It suggests that the HER
occurs throughout the life of the battery. Cai et al.115

quantified the exact volume of electrochemically formed H2

in the pouch cell setup. As shown in Figure 7D, ~6.7ml of
H2 gas was generated after the cell was aged for 28 days,
while ~19.8 µl of the electrolyte was consumed, correspond-
ingly oxidizing ~15.9mAh of Zn.

2.2.4 | Side product formation

In the weakly acidic electrolyte, during the hydrogen
evolution reaction, the continuous consumption of H+

leads to a local increase in pH near the electrode surface due
to the accumulation of OH−. OH− reacts with Zn2+ and
cations in the electrolyte to form insulating byproducts
that could weaken the electrochemical performance of the
battery.53,119,120 When zinc is deposited in an alkaline
electrolyte (pH around 9), the products are ZnO and Zn
(OH)2. However, for weakly acidic electrolytes, the product
remains inconclusive. In recent studies, ZnO, Zn(OH)2,
and zinc hydrated sulfate (ZHS) have been reported as
byproducts; Cai et al.115 found that Zn4(OH)6SO4·xH2O
is generated on the zinc anode from ZnSO4, which is
supported by X‐ray diffraction (XRD) results. The general
reaction can be expressed as

x

x

4Zn + 6OH + SO + H O Zn SO

(OH) · H O.

2+ −
4
2−

2 4 4

6 2

The SEM image in Figure 8A shows that the surface
of pristine zinc foil was smooth, and after immersion in
ZnSO4 solution for 30 days, some flakes were formed on

FIGURE 8 Scanning electron microscope (SEM) images of (A) pristine Zn anode and (B) Zn anode soaked in the electrolyte for 30 days.
(C) X‐ray diffraction result of Zn foil with different corrosion times. (D) Cross‐section SEM image and energy‐dispersive spectroscopy
mapping of aged Zn foil. (E) Schematic of the side product formation process. Reproduced with permission, copyright Elsevier.115
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the zinc foil (Figure 8B). These flakes have been verified
as Zn4(OH)6SO4·xH2O by their XRD pattern, as shown in
Figure 8C. The cross‐section SEM image and energy‐
dispersive spectroscopy mapping in Figure 8D depict that
the deepest corrosion point can reach 132.2 μm. The
schematic in Figure 8E illustrates that the corrosion
reaction did not stop due to the loose structure of the
byproduct.115 Similar byproducts were reported in
other zinc electrolytes (Zn(CF3SO3)a(OH)b·xH2O in Zn
(CF3SO3)2,

121 Zn4ClO4(OH)7 in Zn(ClO4)2.
121,122 With

the combination of solvent decomposition and zinc
complexation, Zn12(SO4)3Cl3(OH)15⋅5H2O was reported
in the ZnCl2–H2O–DMSO electrolyte.51 Unlike the
relatively dense SEI layer that forms in LIBs, coating
and effectively “passivating” the entire electrode, by-
products in AZB are in the form of loose flakes that do
not prevent active zinc from contacting the electrolyte,
allowing for continued corrosion to occur.115 In addition,
since the byproducts are hydrated, there is less water in
the electrolyte, which may cause zinc salt to reach the
saturation level and then precipitate due to the lack
of solvent. The insulating byproduct layer could also
increase the interface resistance between the zinc anode
and electrolyte, thereby slowing zinc ion migration.

3 | MANIPULATING THE ZINC
ELECTROLYTE TO REGULATE
THE ZN ANODE

3.1 | Salts

In the zinc electrolyte, the anion of the salt determines the
electrolyte properties, including the ionic conductivity, ion
transfer number, and viscosity. In some salts, anions

participate in the zinc solvation structure, which is a key
factor affecting the zinc electrodeposition process and zinc
texturing behavior at the anode. Thus, choosing suitable
salts for the electrolyte may help address issues regarding
zinc dendrite growth and parasitic reactions. Currently,
many inorganic (ZnCl2, Zn(NO3)2, Zn(ClO4)2, ZnF2, ZnI2,
ZnSO4, ZnBr2) and organic (Zn(CH3COO)2, Zn(CF3SO3)2
[also written as Zn(OTf)2], zinc bis(trifluoromethanesulfo-
nyl) [could be written as Zn(TFSI)2], Zn(CH3CH2SO3)2, Zn
(CH3SO3)2) salts have been reported in aqueous zinc
electrolytes.107,123–132 A summary of different salts is shown
in Table 1.

In the recent literature, ZnSO4 is the most widely
used salt due to its inherent merits of high ionic
conductivity, good solubility, and excellent compatibility
with cathode materials. However, when the Zn metal is
in contact with ZnSO4, byproducts such as ZHS are
formed on the surface of the zinc anode, which hinders
its electrochemical performance.

Alternative anions like NO3
− have a high oxidizing

ability, which can oxidize the zinc anode and lead to
serious zinc corrosion.133,134 Since OH− accumulates
during operation, local pH will increase, possibly
involving the entire electrolyte. The Zn//copper hexa-
cyanoferrate full cell with the Zn(NO3)2 electrolyte can
only maintain 21% capacity after 200 cycles. This can be
ascribed to the loss of active Zn, which has been oxidized
to ZnO and Zn(OH)2 due to the high oxidant NO3

−.
Generally, ZnCl2 has a low solubility in water, which

means that it is difficult to achieve high concentrations of
ZnCl2 without adjusting pH. Furthermore, its narrow
potential window (−0.1 to 0.15 V vs. Zn2+/Zn) and large
polarization at high voltage (over 0.6 V) limit the
application of ZnCl2 in Zn‐ion batteries,126 as shown in
Figure 9A. In addition, other zinc halides like ZnF2, ZnI2,

TABLE 1 Summary of different Zn salts for AZB electrolytes

Salt Advantages Disadvantages

ZnSO4 High ionic conductivity; good solubility; excellent
compatibility with cathode materials

Side product formation

ZnNO3 Low cost High oxidizing ability

ZnCl2 Low cost Low solubility; narrow potential window; large
polarization at high voltage

ZnF2, ZnI2, ZnBr2 Minor side reaction Low solubility

Zn(CH3COO)2 Low cost; environmentally friendly Side product formation

Zn(ClO4)2 Good cycling performance Potential safety hazard

Zn(CF3SO3)2 Weaken solvation effect; control Zn orientation High cost

Zn(TFSI)2 Weaken solvation effect High cost

Abbreviation: AZB, aqueous zinc‐ion battery.
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and ZnBr2 all face the same problem of low solubility.
Although these zinc halides have only minor side
reactions with the zinc anode due to their low oxidative
anions, it is still difficult to apply them in practical zinc
electrolytes.

Zn(CH3COO)2 is environmentally friendly and
cheap; however, it suffers from serious side reactions.
In the XRD pattern of the Zn electrode cycled in Zn
(CH3COO)2 for 50 times (Figure 9B), in addition to the
Zn signal, there are several peaks of carboxyl‐containing
byproducts, illustrating serious side reactions during the
cycling process.125

The selection of zinc salt can inhibit zinc dendrite
formation to some extent. Wang et al.125 found that,
compared with ZnSO4 and Zn(CH3COO)2, a Zn//Zn
symmetrical cell with a Zn(ClO4)2 electrolyte can

maintain a longer cycling time to 3500 h (0.5 mA cm−2,
0.5 mAh cm−2), showing better cycling performance
(Figure 9C). This can be attributed to the morphology
of zinc electrodeposition in different electrolytes. As is
shown in Figure 9D,E, the zinc electrode after the first
deposition from the ZnSO4 electrolyte exhibits a platelet
morphology. These platelets grow larger over cycling.
However, zinc anodes deposited and cycled 50 times
from Zn(ClO4)2 exhibit uniform coverage (Figure 9F,G),
without any obvious zinc dendrites. This work demon-
strates that using a Zn(ClO4)2 salt can facilitate stable
zinc plating/stripping.

Zn(CF3SO3)2, with its bulky anion CF3SO3
−, has

been reported to suppress dendrites as well.107,124

The dynamic behavior of zinc depositing/stripping from
Zn(CF3SO3)2 has been revealed by an operando liquid

FIGURE 9 (A) Cyclic voltammograms of the Zn anode in 1M ZnCl2. Reproduced with permission, copyright American Chemical
Society.126 (B) X‐ray diffraction patterns of Zn anodes after 50 cycles in 1M ZnSO4, Zn(CH3COO)2, and Zn(ClO4)2 electrolytes. (C) Cycling
performance of Zn symmetric cells with a current density of 0.5 mA cm−2 and a capacity of 0.5 mA cm−2. Scanning electron microscope
(SEM) images of the Zn anode after (D) one deposition and (E) 50 cycles in 1M ZnSO4. SEM images of the Zn anode after (F) one deposition
and (G) 50 cycles in 1M Zn(ClO4)2. (B)–(G) Reproduced with permission, copyright American Chemical Society.125 In situ liquid cell
transmission electron microscope imaging: Zn plating/stripping process in (H) 20mM ZnSO4 and (I) 20 mM of Zn(CF3SO3)2. Zn plating is
from 1 to 3 and Zn stripping is from 4 to 6. Reproduced with permission, copyright American Chemical Society.124
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cell transmission electronic microscopy (TEM) study.124

For comparison, they performed experiments with the
ZnSO4 electrolyte first. Figure 9H displays that with
ZnSO4, a dense zinc layer formed at the tip, and zinc
dendrites are generated at the body during the initial
deposition process. However, these zinc deposits cannot
be completely removed during subsequent stripping,
indicating the low CE of ZnSO4. Furthermore, the Zn
stripping rate is slightly lower than the deposition rate,
which can be attributed to insulating byproduct formation
and potentially the hydrogen evolution reaction. However,
uniformly deposited zinc was found in Zn(CF3SO3)2 with
dendrite‐free morphology, which is shown in Figure 9I.
During the Zn stripping process, all the deposited zinc can
be dissolved, showing accelerated kinetics of zinc strip-
ping/plating. The better performance of Zn(CF3SO3)2 is
owed to the bulky anion CF3SO3

−, which has the ability to
reduce the number of water molecules around the
solvated Zn2+ ions. Less water in the Zn2+ solvation
structure mitigates the solvation effect and accelerates the
migration of Zn2+. Zn(TFSI)2 with its bulky anion TFSI−

has also been reported as a promising electrolyte to
achieve excellent reversibility in AZB.

Moreover, the electrolyte salt can tune the crystallo-
graphic orientation of the deposited Zn structure. Yuan
et al.135 demonstrated that sulfonate (SO3

−)‐based electro-
lytes can induce the growth of (002)Zn planes as the
sulfonate group is able to rebuild the octahedral coordina-
tion geometry of the Zn2+ ion at the anode–electrolyte
interface. Figure 10A shows the process of (002)Zn planar

growth promoted by sulfonate (SO3
−)‐based anions. As is

shown in Figure 10B, the metallic zinc obtained by
deposition in Zn(CF3SO3)2 has a preferred (002) orientation,
while the zinc electrodeposited in ZnSO4 shows more
exposed (101) planes and random orientation. The SEM
image in Figure 10C also confirms hexagonal‐like plates
stacking on the surface. Density function theory (DFT) was
performed to understand the superior performance of the
sulfonate group. In Zn(CF3SO3)2, two CF3SO3

− anions
could replace two water molecules in the Zn2+ solvation
structure (Zn(H2O)6

2+) and form a new solvation structure
(Zn(CF3SO3)2(H2O)4). In this new solvation structure, the
Zn–O bond length between Zn2+ and CF3SO3

− is shorter
than that between Zn2+ and H2O. Also, the interaction
energy of Zn2+–CF3SO3

− is lower than that of Zn2+–H2O,
which verifies that zinc coordination has been recon-
structed. The XRD result in Figure 10D shows that a similar
(002)Zn‐dominated plane is observed in Zn(CH3SO3) (Zn
(MS)2). Zn(MS)2 can be taken as the replacement of the CF3
in Zn(CF3SO3)2 with the head group CH3. However, if the
length of two head groups is too long, such as Zn(ES)2 and
Zn(DBS)2, (101) growth is induced. Hence, since the zinc
deposition and texture behavior can be tuned by the
electrolyte, it is important to choose suitable salt in AZB.

3.2 | Additives

Introducing an additive into an electrolyte is an effective
strategy to regulate electrodeposition and mitigate side

FIGURE 10 (A) Schematic of the SO3
−‐based electrolyte inducing (002)Zn growth. (B) X‐ray diffraction (XRD) patterns of

electrodeposited Zn in Zn(CF3SO3)2 and ZnSO4. (C) Scanning electron microscope image of electrodeposited Zn in Zn(CF3SO3)2. (D) XRD
patterns of electrodeposited Zn in zinc dodecyl benzene sulfonate Zn(DBS)2, zinc ethanesulfonate Zn(ES)2, and Zn(MS)2. Reproduced with
permission, copyright Wiley.135
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reactions. In addition, the additives are able to prevent
the dissolution of the cathode material. Since this review
only focuses on the interface between the anode and
electrolyte, this latter part is not covered. As discussed,
manipulating the zinc anode includes suppressing zinc
dendrite growth and preventing side reactions. Gener-
ally, changes in the zinc anode surface such as dendrite
formation are accompanied by side reactions; therefore,
achieving a uniform and flat zinc anode surface can cut
off the possibility of side reactions. The zinc electrolyte
additive family can be divided into two parts: inorganic
and organic additives. A summary of inorganic and
organic additives is illustrated in Table 2.

3.2.1 | Inorganic additives

Inorganic additives including NaSO4, LiCl, LiClO4, boric
acid, InSO4, SnO2, Ce2(SO4)3, La2(SO4)3, PbO, K2SnO3,
lithium magnesium silicate (LMS) ((MgLi)3Si4O10(OH)24
H2O), NiSO4, CuSO4, and PbSO4 can regulate zinc
deposition in different ways.136–144

Building an electrostatic shield: Due to the electric
field “tip effect,” Zn ions tend to nucleate and deposit
on protrusions. When specific cations with a reduction
potential lower than Zn2+ are added, these cations
preferentially aggregate on Zn protrusions instead, form-
ing an electrostatic shield. The electrostatic shield has a
positive electric field, which should prevent Zn2+ ions
from further depositing on Zn protrusions. Thus, more
uniform Zn electrodeposition can be achieved.145,146 Wan
et al.147 added NaSO4 in ZnSO4 and found that it can
suppress zinc dendrites, as evident in SEM images
(Figure 11A,B). They hold the view that Na+ has a lower
reduction potential than Zn2+, so during the Zn plating
process, Na+ will accumulate on the tip of zinc protuber-
ances and form an electrostatic shield (Figure 11C). This
positive electrostatic shield can repel Zn ions, hindering
the further growth of the zinc dendrite. LiClO4 has been

reported to have a similar function to inhibit zinc dendrite
due to an electrostatic shield effect when it was added in
Zn(CF3SO3)2.

140 Generally, most of the work attributes the
good performance of additives to cations. Guo et al.148

have investigated the contribution of anions as well, that
is, the addition of LiCl to ZnSO4. Although Li+ can
provide an electrostatic shield, other Li+ salts such as
Li2SO4 and LiNO3 did not show the same flat morphology
as LiCl, which is evident in the SEM images of
Figure 11D–F. It was suggested that the addition of LiCl
may facilitate the formation of a nonconductive Li2O/
Li2CO3 layer, which blocks zinc dendrite formation, while
other lithium salts produced a less‐beneficial byproduct.
Furthermore, Cl− can encourage faster transport through
the Li2O/Li2CO3 layer.

Control the crystal orientation: A schematic of a
hexagonal Zn crystal is shown in Figure 11G, illustrat-
ing the (002) planar facet. The orientation of Zn flakes
influences the morphology of the Zn anode and the
detailed orientation corresponding to the morphology
type is illustrated in Figure 11H. In general, the smaller
the angle between the zinc crystal and substrate, the
less chance of Zn dendrite growth. The ideal angle is
0°–30° alignment to the substrate, corresponding to
(002), (103), and (105) basal planes. This preferred
orientation is beneficial for improving corrosion resist-
ance and suppressing zinc dendrites. Intermediate
planes like (114), (112), (102), and (101) mean that
the angle of the zinc crystal and substrate is between
30° and 70°, while crystallographic planes (100) and
(110) indicate that the angle is 70°–90°. These orienta-
tions are not favorable to inhibiting zinc corrosion
due to their higher reactivity. Figure 11I reveals that the
addition of indium sulfate, tin oxide, and boric
acid could induce the preferential orientation of (002)
and (103) planes, which are all basal planes.141 The
electrochemical performance of these additives also
proved that the uniform electrodeposited zinc surface
offers advantages for longer cycling life.

TABLE 2 Summary of different additives

Additives Advantages Disadvantages

Inorganic additives Build electrostatic shield
Control crystal orientation
Manipulate nucleation process
Regulate solvation structure
Increase polarization

High desolvation energy
Sluggish Zn2+ mobility
Low ionic conductivity

Organic additives Regulate solvation structure
Build electrostatic shield
Inhibit Zn2+ 2D diffusion
Control crystal orientation

Requirements for additive concentration optimization

Abbreviation: 2D, two dimensional.
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Manipulate the nucleation process: In general, the
addition of the additive would act to increase the
overpotential slightly. Although the rise of overpotential
is generally not helpful for reversible zinc stripping/
plating, an appropriate potential increase could affect the
nucleation rate and related mechanism in a positive way.
According to the classical nucleation model, the nuclea-
tion overpotential determines the number of active
nucleation sites. More nucleation sites may lead to more
uniform deposition, while fewer nucleation sites mean
zinc deposited in limited places, which can favor the
formation of zinc dendrites. Ce3+ has been introduced to
the zinc electrolyte to form a hybrid Zn–Ce electrolyte.138

In a potential versus time curve (Figure 12A), the Zn–Ce
electrolyte shows higher overpotential than the pristine

electrolyte, indicating more nucleation sites formed.
Figure 12B,C shows SEM images of the zinc anode in
the pristine electrolyte and Zn–Ce electrolyte. Notably,
zinc will aggregate on limited sites and form undesirable
dendrites over time in the pristine electrolyte. But in
the Zn–Ce electrolyte, a large overpotential motivates
more nucleation sites and thus promotes uniform
deposition. Li et al.138 also studied the nucleation
mechanism by plotting (I/Imax)

2 versus (t/tmax) in both
electrolytes (Figure 12D). Based on the SH model, the
nucleation from the Zn–Ce electrolyte conforms to a
progressive mode, which means slow nucleation at many
active sites, while zinc nucleation in the normal
electrolyte matches with the instantaneous mode,
which is fast nucleation at limited active sites. It is

FIGURE 11 Scanning electron microscope (SEM) images of cycled Zn foil (A) without the additive and (B) with the NaSO4 additive.
(C) Schematic of the electrostatic shield. (A)–(C) Reproduced with permission, copyright Nature Portfolio.147 SEM images of the Zn foil with
(D) LiCl, (E) Li2SO4, and (F) LiNO3 additives. Reproduced with permission, copyright American Chemical Society.148 (G) Crystal faces of a
Zn crystal. (H) Texture type of the Zn crystal with its corresponding morphology type. Reproduced with permission, copyright Elsevier.46

(I) XRD patterns of the commercial Zn foil and Zn deposits with indium sulfate, tin oxide, and boric acid additives. Reproduced with
permission, copyright Wiley.141
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demonstrated that the addition of Ce3+ can change the
nucleation mechanism from instantaneous to progressive
nucleation. Yuan et al.135 also reported that the addition
of Pb ions to the zinc electrolyte shifts the initial
nucleation potential to more negative (Figure 12E),
thereby changing its nucleation behavior.

Regulate the solvation structure: It has been verified
that the addition of LMS to ZnSO4 can limit the solvation
process of zinc due to its unique three‐dimensional
structure.137 On a bare anode (Figure 13A), Zn dendrite
growth and other parasitic reactions will occur. However,
as shown in Figure 13B, the distinct structure of LMS can
prevent the zinc solvation process, accelerating the
activity of zinc ions and enhancing the electrochemical
kinetics. As shown by Fourier transform infrared (FTIR)
spectroscopy results in Figure 13C, the intensity of
H2O in‐plane bending and stretching vibration reduces
with the increasing amount of the LMS additive, which
confirms the conversion of free water into absorbed
water in LMS. This also means the suppressed formation
of the zinc solvation structure Zn(H2O)6

2+ owing to the
decreased free water. In addition, the activation energy of
Zn2+ in LMS + ZnSO4 is lower than in ZnSO4, suggesting

that the desolvation process is easier in LMS+ ZnSO4

than in pure ZnSO4. As a result, the Zn//Zn symmetrical
battery in LMS+ ZnSO4 can retain 1000 h cycling
duration at a current density of 0.5 mA cm−2 and
capacity of 0.25 mAh cm−2.

Increase the polarization: The ionic conductivity of the
electrolyte decreases after adding metallic salt due to the
different mobilities of metal ions, which may increase
polarization and slow down the deposition of zinc. Zinc
dendrites are not likely to form at a slow deposition rate.
Chang et al.139 have tested the voltammetry behavior of the
electrolyte with additives of NiSO4, CuSO4, and PbSO4, as
shown in Figure 13D. It is found that the onset deposition
potential (EIP) of the electrolyte increases when Pb2+ and
Ni2+ are added, while reduction potential (EIP) decreases
after introducing Cu2+. Since EIP can be used as the
indicator for judging the polarization extent of the
electrolyte, they found that the addition of Pb2+ and
Ni2+ leads to high polarization, whereas Cu2+ plays a
depolarization role. As a result, the high polarization that
Pb2+and Ni2+ provide can suppress zinc dendrite growth
by reducing the deposition rate. Conversely, depolarization
that is associated with Cu2+ promotes serious HER.

FIGURE 12 (A) Potential–time curve under galvanostatic deposition in normal and Zn–Ce electrolytes. Scanning electron
microscope images of Zn electrodeposition in (B) normal electrolyte and (C) Zn–Ce electrolyte. (D) Theoretical (I/Im)

2 – (t/tm) curves for
instantaneous and progressive nucleation along with experimental data. (A)–(D) Reproduced with permission, copyright The Royal Society
of Chemistry Publishing.138 (E) Chronopotentiogram under galvanostatic deposition in the electrolyte with different amounts of the Pb
additive. Reproduced with permission, copyright Elsevier.149
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3.2.2 | Organic additives

Based on the state of organic additives, they could be
divided into two types: a solid organic additive soluble in
water and a liquid organic additive miscible with water.
The solid organic additive includes cationic surfactants
(such as dodecyltrimethylammonium chloride and benzyl-
trimethylammonium chloride), anionic surfactants (such
as sodium dodecyl sulfate [SDS] and sodium dodecyl
benzene sulfonate), and polymer (such as polyethylenei-
mine and polyethylene glycol [PEG]).49,111,127,150–168 Liquid
organic additives are polar solvents including dimethyl
carbonate (DMC), ethylene glycol (EG), diethyl ether
(Et2O), dimethyl sulfoxide (DMSO), acetonitrile (AN), and
so on.9,50,51,169–179 Since both solid and liquid organic
additives are soluble in water, the functions of these two
additives are similar, so these two additives will not be
discussed separately in this chapter. Generally, organic
additives can regulate the Zn anode in the following way.

Regulate the solvation structure: Generally, the solvation
sheath of the Zn2+ ion in the aqueous weak acidic
electrolyte is Zn(H2O)6

2+, which is the root of dendrite
formation and parasitic reaction, as the solvated structure
Zn(H2O)6

2+ has a high energy barrier for the zinc ion to

overcome and nucleate on the anode surface. Thus, if other
molecules can replace H2O in Zn(H2O)6

2+, the Zn2+–H2O
bond energy will decrease, leading to a weaker solvation
effect. Hou et al.171 introduced an AN additive into the
ZnSO4 electrolyte and found that the Zn symmetrical
battery could cycle for 650 h at 2mA cm−2 with a capacity
of 2mAh cm−2. They attributed the excellent cycling
performance to the modification of the Zn2+ solvation
structure. By conducting molecular dynamics simulation, it
was demonstrated that the incorporation of AN in the zinc
electrolyte could change the zinc solvation structure into
three new types of solvation structure: Zn(H2O)5(AN)1

2+,
Zn(H2O)4(AN)2

2+, and Zn(H2O)3(AN)3
2+.171 Thus, AN can

substitute a maximum of three water molecules in the
original sheath and achieve Zn(H2O)3(AN)3

2+, the struc-
ture of which is shown in Figure 14A. This new solvation
structure results in moderate desolvation energy and
enhanced Zn2+ mobility. Other organic additives such as
glucose, DMK, and DMC have also been substantiated by
experimental and computational evidence that they too can
replace water molecules in the Zn(H2O)6

2+ structure and
thus weaken solvation energy.50,177

Chang et al.178 have introduced EG into the ZnSO4

electrolyte and have calculated the binding energy

FIGURE 13 Schematic of Zn2+ in (A) ZnSO4 (ZSO) and (B) LMS+ ZnSO4 electrolytes. (C) Fourier transform infrared of ZnSO4 and
LMS+ ZnSO4 electrolytes. Reproduced with permission, copyright Elsevier.137 (D) Voltammetry behavior of the blank electrolyte and with
additives. Reproduced with permission, copyright Wiley.139
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between Zn2+ ions and other anion/solvents (SO4
2−, EG,

H2O) to further understand the solvation structural
changes. The result displayed in Figure 14B shows that
binding energy is ranked as follows: Zn2+–SO4

2−>
Zn2+–EG> Zn2+–H2O, implying that Zn2+ ions are
inclined to coordinate with EG rather than H2O. After
EG is inserted into Zn2+–5H2O, its electrostatic potential
has reduced by 25.1 kcal mol−1, suggesting the reduction
of electrostatic repulsion and fast transport of Zn2+. Also,
EG could enhance the H bonding between EG and H2O,

providing a pathway for operating zinc ion batteries at a
low temperature.

Cao et al.51 have reported that the interaction of
DMSO and the electrolyte could not only modify the
solvation structure like other organic additives but it can
also form a dense SEI‐like layer on the anode. The
working mechanism of DMSO is shown in Figure 14C.
DMSO is reduced during zinc plating and a Zn12(SO4)3
Cl3(OH)15·5H2O–ZnSO3–ZnS layer is generated on the
anode, which can prevent the decomposition of solvated

FIGURE 14 (A) Illustration of the Zn(H2O)3(AN)3
2+ structure. Reproduced with permission, copyright RSC Publishing.171 (B)

Relative binding energy for Zn2+ with different species obtained from DFT calculations. Reproduced with permission, copyright The
Royal Society of Chemistry Publishing.178 (C) Schematic of the Zn2+ solvation structure and zinc surface passivation in H2O and
H2O−dimethyl sulfoxide solvents. Reproduced with permission, copyright American Chemical Society.51 (D) Illustration of diethyl ether
additives as an electrostatic shield. Reproduced with permission, copyright Elsevier.179 (E) Schematic of the self‐regulation NH4OAc
additive. Reproduced with permission, copyright Wiley.180

LI AND ROBERTSON | 19 of 30

 27681696, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bte2.20220029 by T

est, W
iley O

nline L
ibrary on [22/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



water. Due to the dual effect of the optimized solvation
structure and formed SEI layer, the CE of Zn depositing/
dissolving can maintain ~100% after 400 h cycling.

Build an electrostatic shield: Like inorganic additives,
which are usually metal ions, some organic cations can
also adsorb on the tip and establish an electrostatic shield
to overcome the tip effect. For example, tetrabutylam-
monium (TBA+) has been suggested to raise the energy
barrier of the Zn2+ ion due to the shielding effect.49,162

Other organic molecules share a similar effect to metal
ions as they are polar and thus can be preferably
attracted to Zn tips under high local current density.
Highly polarized Et2O is a typical example.179 As
reported, the initial Zn morphology was coarse, but after
adding 2 vol% in the electrolyte, the Zn dendrites were
reduced and the Zn surface was flattened. The schematic
of the whole process is illustrated in Figure 14D.

Han et al.180 have reported a dual‐functional additive
NH4OAc that not only could establish an electrostatic
shield but also has the ability to maintain an interface
pH value. As is shown in Figure 14E, NH4

+ plays an
important role in establishing the electrostatic shield,
while OAc− adjusts the electrolyte pH and keeps it at
~5.14. This pH buffer mitigates side reactions and
reduces insoluble side product formation. Therefore,
through the dual function of NH4

+ and OAc−, this
modified electrolyte can achieve both a flat zinc surface
and a reduction of chemical side reactions.

Inhibit the 2D diffusion of Zn2+ ions: PEG has been
reported to have the ability to inhibit rapid 2D diffusion
of Zn2+ ions. A comparison of the control electrolyte and
electrolyte with the PEG additive is displayed in
Figure 15A.168 In the control electrolyte, Zn2+ ions tend
to laterally self‐diffuse on the anode to find the minimum
free energy sites to nucleate and transfer electrons.
Generally, these energetically favorable sites are disloca-
tions, impurities, and grain boundaries. At subsequent
deposition periods, Zn2+ ions will deposit at existing
nucleation sites, which leads to large dendrite growth.
However, for electrolytes with the PEG additive, PEG is
absorbed on the anode surface, which can be taken as a
physical barrier for the 2D diffusion of Zn2+ ions. Thus,
more nucleation sites were achieved and a large number
of small dendrites could be observed in the PEG
electrolyte, while a small number of large dendrites were
formed in the control electrolyte. In addition to PEG,
other organic additives like vanillin and Sac have been
reported to have a similar effect.165,182

Control crystal orientation: Organic additives can
also control zinc crystal orientation by altering surface
energy. Sun et al.161 have found that different additives
can produce different surface structures, with the
associated XRD diffractogram shown in Figure 15B. It

suggests that the addition of cetyltrimethylammonium
bromide (CTAB), SDS, and thiourea (TU) favors the
orientation of (101) zinc, while with the PEG additive,
deposited Zn produces strong peaks at (002) and (103).
As mentioned before, (101) supports zinc crystal growth
at 70° to the surface, thus zinc dendrites are still likely to
grow with the additive of CTAB, SDS, and TU. Since
(002) and (103) support a zinc basal plane, which is
parallel to the electrode, zinc dendrites can be suppressed
with the PEG additive. Other researchers have utilized
DFT computational modeling to understand the mecha-
nism. Feng et al.174 calculated the absorption energy of a
(002) plane to DMSO and H2O. The results in Figure 15C
show that the binding energy of (002) Zn to DMSO is
higher than that of water and it demonstrates that DMSO
is thus likely to induce (002) growth. Sorbitol (SBT) is
another organic additive that could guide (002) plane
growth181 and the XRD pattern of Zn deposited in the
SBT additive is shown in Figure 15D. The absorption
energy of SBT with different Zn crystal planes was also
studied. According to Figure 15E–G, the binding energy
of SBT with (002) exhibits the lowest value (−0.557 eV)
compared to (100) and (101) planes, indicating that SBT
could encourage more (002) zinc planes to be exposed.

It is worth noting that the introduction of organic
additives may cause other problems: (1) Some organic
additives can replace water molecules in the original Zn2+

solvation sheath to form a new solvation structure. But if
the new solvated Zn2+ sheath has a large radius, more
energy needs to be consumed for Zn2+ to desolvate than in
Zn(H2O)6

2+. (2) Although new hydrated Zn2+ complexes
could form, there will still be remaining Zn(H2O)6

2+

and Zn2+‐anions in the electrolyte, which increases the
desolvation energy and can lead to sluggish Zn2+ transport.
(3) The addition of the additive will reduce the relative
water content in the electrolyte and will thus decrease the
ionic conductivity of the electrolyte, which has a detrimen-
tal effect on battery performance.

3.3 | Concentration

The concentration of the electrolyte has a great impact on
the zinc plating/stripping ability.107,183–185 As mentioned
earlier, the regular aqueous zinc solvation sheath is Zn
(H2O)6

2+. An increasing Zn2+ concentration should reduce
the relative availability of water molecules to complete the
solvation structure, thereby lowering the energy barrier and
facilitating zinc desolvation. Generally, the concentrated
electrolyte favors forming dense and uniform zinc layers.
Zheng et al.72 studied zinc deposition morphology in the
dilute electrolyte (0.05M ZnSO4) and concentrated electro-
lyte (2.5M ZnSO4). The SEM images in Figure 16A,B
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show that, under the same deposition voltage, leaf‐like and
branched zinc dendrites were observed in the dilute
electrolyte, while no obvious zinc dendrite can be found
in the concentrated electrolyte. A kinetic rate‐limited model
can explain the mechanism. Figure 16C illustrates that for a
dilute solution, there are not enough ions to replenish those

depleted by the surface reaction. Therefore, the near‐
surface area forms a thick ion depletion region, and leaf‐
like dendrites are likely to grow in this region. But the
concentrated electrolyte has a thin diffusion layer, which is
easy for deposited Zn to overcome the mass‐transfer
limitation (Figure 16D).

FIGURE 15 (A) Schematics of Zn deposition without (top) and with (bottom) a two‐dimensional (2D) diffusion limit, following the
inclusion of the polyethylene glycol additive. Reproduced with permission, copyright Wiley.168 (B) X‐ray diffraction (XRD) patterns of the
zinc anode electrodeposited in the electrolyte with and without organic additives and commercialized zinc. Reproduced with permission,
copyright American Chemical Society.161 (C) Binding energy of the Zn (002) plane with H2O or DMSO. Reproduced with permission,
copyright Wiley.174 (D) XRD patterns of the pure Zn foil and Zn electrodeposition in ZnSO4 and ZnSO4–SBT electrolytes with a current
density of 20mA cm−2 for 0.5 h. Absorption energy comparison for Zn with the Zn2+–SBT coordination compound at the crystallographic
orientations of (E) (002), (F) (100), and (G) (101) planes. (D)–(G) Reproduced with permission, copyright Elsevier.181
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In addition to zinc dendrites, Zn2+ concentration
also has an influence on Zn crystal orientation. The
orientation of deposited Zn in 0.1 to 2 M electrolytes
has been investigated.186 According to the SEM images
(Figure 16E) and XRD patterns (Figure 16F), for the
electrolyte with concentration ≤0.3 M, Zn deposits
exhibit a mossy morphology and are (101)‐dominated.
If the electrolyte concentration is ≥0.4 M, electrodepos-
ited Zn is blocky and exhibits a (200) dominated
morphology. To explore it in depth, nucleation
modes in relatively high concentration (0.5 M) and
low concentration (0.1 M) electrolytes have been
studied. Figure 16G exhibits the curve between
(I/Imax)

2 and (t/tmin) for these two electrolytes. This

indicates that the nucleation mode is progressive for
relatively low‐concentration electrolytes (≤0.3 M) and
instantaneous for higher‐concentration electrolytes
(≥0.4 M). Therefore, different concentrations lead to
altered nucleation patterns.

Recently, a novel electrolyte called “water in
salt,” that is, an extremely concentrated electrolyte, has
been proposed.187–191 In this electrolyte, there is less
solvated water around Zn2+ and less free water in
the electrolyte, which could lead to flat Zn deposition and
fewer side reactions. Wang et al.187 developed a “water in
salt” electrolyte (1M Zn(TFSI)2 + 20M LiTFSI). Notably,
as the concentration of TFSI− grows, the water molecules
in solvated Zn2+ gradually decrease and the quantity of

FIGURE 16 Scanning electron microscope (SEM) image of Zn electrodeposits in (A) 0.05M and (B) 2.5M ZnSO4 electrolytes when
deposited at −1.9 V. Schematic of Zn electrodeposits in (C) dilute and (D) concentrated electrolytes. (A)–(D) Reproduced with permission,
copyright American Association for the Advancement of Science.72 (E) SEM image and schematic of Zn deposition at decreasing
concentration. (F) X‐ray diffraction (XRD) results of Zn deposits in different concentration electrolytes. (G) Theoretical (I/Im)

2 – (t/tm) plots
for instantaneous and progressive nucleation and experimental data of different concentrated electrolytes. (E)–(G) Reproduced with
permission, copyright The Royal Society of Chemistry Publishing.186 (H) Representative Zn2+ coordination in 1M Zn(TFSI)2 with 20M,
10M, and 5M LiTFSI additives. (I) SEM and XRD results of the Zn electrode after 500 cycles in 1M Zn(TFSI)2 + 20M LiTFSI. (J) Cycling
performance and CE of Zn/Pt at 1 mA cm−2. (H)–(J) Reproduced with permission, copyright Springer Nature.187
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TFSI− increases, as shown in Figure 15H. When TFSI−

concentration reaches 20M, solvated waters coordinated
to Zn2+ have been completely replaced by TFSI−. Due to
the presence of less water, parasitic corrosion reactions
were inhibited, which is evidenced by no byproduct
formation (Figure 16I). The CE of the zinc anode
can maintain ~100% by preventing Zn corrosion and
inhibiting HER, as shown in Figure 16J. However, such
electrolytes are difficult to mass produce due to their
high price. ZnCl2 is another promising candidate for the
“water in salt” electrolyte due to its low price and high
solubility. Compared with 3M ZnSO4, 20M ZnCl2 can
suppress side reactions and form a dense interface layer
on the zinc anode, which blocks zinc dendrite growth.191

4 | SUMMARY AND
PERSPECTIVE

Rechargeable AZBs, which are undergoing rapid devel-
opment, have gained extensive attention in recent years
due to their remarkable advantages including high
specific theoretical capacity, excellent volumetric capac-
ity, low fabrication cost, and compatibility with aqueous
electrolytes. However, AZBs still have a series of
challenges, such as cathode material dissolution, electro-
lyte consumption, and Zn anode instability. In this
review, we have concentrated on the issues related to the
Zn anode, which involves physical and chemical
instability. For physical instability, the dendrite starts
from the initial nucleation mechanism to further growth
and secondary nucleation. In addition to nucleation,
crystal orientation and other external factors like current
density and temperature have an influence on dendrite
morphology. For chemical instability, several fundamen-
tal parasitic reactions occur when Zn is in contact with
the aqueous electrolyte, including Zn corrosion, hydro-
gen evolution, and resulting byproduct generation.
Regarding the issues discussed above, the factors
affecting Zn electrodeposition are considered to be the
electrical field, Zn2+ ion solvation structure, or sluggish
Zn ion transport. These factors are highly related to the
electrolyte. Thus, by manipulating the electrolyte, the
favorable regulation of the Zn anode can be achieved.

We summarize three strategies for how electrolytes
can tune the Zn electrodeposition: the optimization of
salts, additives, and electrolyte concentration, as shown
in Figure 17. After examining most Zn electrolyte salts, it
is known that the selection of salt has a great influence
on Zn crystal orientation and dendrite suppression.
When it comes to additives, there are two types: inorganic
additives and organic additives. Inorganic additives
generally tune Zn electrodeposition by building an

electrostatic shield, increasing polarization, manipulat-
ing nucleation, controlling crystal orientation, and
regulating solvation structure. Organic additives have
the ability to build an electrostatic shield, control crystal
orientation, inhibit Zn2+ 2D diffusion, and regulate
solvation structure. The last electrolyte strategy is
concentration optimization. Generally, increasing con-
centration could lead to a better‐oriented and denser
Zn layer; however, it could also lead to poor ionic
conductivity and high viscosity, which is not ideal for Zn
electrodeposition. Therefore, a balance should be found
to achieve high‐performance AZBs.

Although a great deal of work has been done to
understand Zn anode issues and related electrolyte
manipulation methods, there are still some areas that
need to be resolved:

(1) The theory of nucleation during galvanostatic
deposition. In the classical nucleation theory, nearly
all research is based on the potentiostatic deposition,
with the SH model being the most typical. It divides
the nucleation process into two types: instantaneous
and progressive nucleation. However, most battery
tests are performed under galvanostatic conditions.
Previous studies are not sufficient to support
galvanostatic research. Although there have been
some attempts, these models have not been widely
applied and verified.

(2) Quantitative measurement of Zn dendrites and
parasitic reactions. Researchers normally attribute
AZB capacity decay to the formation of Zn dendrites
and parasitic reactions. But most postmortem
studies lack quantitative analysis, and thus, it is
still inclusive of how much of Zn dendrites are
formed, how much of Zn is corroded, and how
much gas is created during the charging/dischar-
ging period. In future work, TEM imaging or X‐ray
computed tomography could be used to delineate
the relative importance of these failure modes.
In addition, titration gas chromatography and
DEMS are helpful to determine the volume of
generated H2.

(3) In situ characterization of Zn electrodeposition and
the anode–electrolyte interface. Ex situ experiments
may be influenced by sample contamination and
product reaction with the atmosphere. In situ
characterization provides an accurate understanding
of Zn electrodeposition processes and any influence
from changing the electrolyte. In situ optical
microscopy, XRD, SEM, TEM, and atomic force
microscopy can all be used to monitor dynamic
changes in the formation, morphology, crystallinity,
and chemical composition of Zn electrodeposition,
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providing a better understanding of its mechanism.
In situ Raman, FTIR, and X‐ray absorption spectros-
copy could be used to track the evolution, solvation
structure, ionic transport, and chemical reaction at
the anode–electrolyte interface, which could open
avenues for fabricating effective electrolytes.

(4) Integrated design for electrolytes. In general, optimiz-
ing electrolytes to solve one specific issue can cause
unintended secondary problems. For example, the
introduction of the additive could suppress Zn
dendrite formation but also inhibit Zn2+ transporta-
tion due to the increased energy barrier. Also, more
concentrated electrolytes can induce denser Zn
electrodeposition but also decreases the ionic conduc-
tivity. Thus, mitigating a single issue is not enough.
The integrated design of the electrolyte is necessary to
balance all the issues that need to be solved.

Taken together, this review provides a new perspec-
tive on electrolyte strategies to regulate the zinc metal

anode. Further research is needed to understand the
electrodeposition mechanism of zinc and the regulation
mechanism of the electrolyte.
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