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REVIEW

Dendrites issues and advances in Zn anode for aqueous
rechargeable Zn-based batteries
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Abstract
Rechargeable Zn-based batteries (RZBs) have attracted much attention and
been regarded as one of the most promising candidates for next-generation
energy storage featured with high safety, low costs, environmental friendliness,
and satisfactory energy density. The aqueous electrolyte system exhibits great
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potential to power the future wearable electronics. Apart from the achievements of high capacity cathode and stable electrolyte, the anode suffers from
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summarized in this review, including crystallographic orientation manipulation, electric field control, ion flux regulation, and mechanical shield. Each

problems of dendrite growth, hydrogen evolution, and passivation with limited
attention. The dendrite formation strongly restricts the battery lifespan. Therefore, strategies focused on dendrite suppression are carefully categorized and

strategy and the detailed approaches are critically dissected. Finally, remaining
challenges are emphasized in this review, expecting to supply further research
with potential directions to fulfill the high performance of the Zn anodes.
KEYWORDS
zinc anode, zinc based batteries, Zn dendrites

1 | INTRODUCTION
1.1 | Rechargeable Zn-based batteries
The rapid global economic development has triggered
more energy availability requests, while energy source
generally occurs in nature in an intermittent manner. A
storage device is necessary to fulfill the daily demands,
which strike the development of batteries.1,2 Lithium-ion
batteries (LIBs) have been prevailing since they emerged
in the market and promoted the electronic revolution
from the arduous cellular phone to the portable smart
phone.3 Their chemistry and structure have been

upgraded for decades to achieve higher energy density
and better safety performance.4,5 However, with the current design of LIBs, the dilemma of limited lithium
reserve, environmental issues, cost restriction, and safety
concerns still inevitably hinder their further development.6 Among them, cost issues can be released by
replacing LIBs with cheaper sodium or potassium ion
batteries with similar chemistry system by sacrificing the
energy density, but the safety concerns and environmental issues will not be further alleviated. Alternatively,
cheap aqueous electrochemical systems with multivalent
charge carrier Zn2+, Mg2+, Ca2+, Cu2+, and Al3+ are
promising in the next-generation batteries with extreme
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safety and environmentally friendly nature.7 Mg2+, Ca2+,
Cu2+, and Al3+ based batteries are haunted by kinetics
issue or severe corrosion. Rechargeable Zn-based batteries (RZBs) among them have aroused particular attention for promising exploration.8,9 This can be assigned to
the merits of using the Zn anode with abundant reserve,
high theoretical (820 mAh g−1), low electrochemical
potential (−0.763 V vs the standard hydrogen electrode),
intrinsic safety, balanced kinetics, and good reversibility
in aqueous solution.10 These features endow the RZBs
with the most competitive candidate for powering flexible
and wearable devices. In the past decades, tremendous
work was devoted to distinguishing a proper cathode for
RZBs, manganese-based oxides,11,12 vanadium-based
oxides,13-15 cobalt-base oxides,16,17 molybdenum-based
materials,18 prussian blue analogous,19,20 and other materials. The advances in developing those materials broke
many stereotypes, realizing high capacity, high voltage
platform, and long lifespan.20-22 The recognition of anode
has been long-termly ignored until the rising of Li metal
anode. Researchers start to redetect the roles and problems in the anode counterpart.23,24
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in low current density and can be strengthened in large
current density, making much severe dendrite issues in
large current density.37 The dendrite pieces through the
separator and causes battery failure via short circuit.

1.2.2 | Fundamentals of dendrite
formation
The root cause of the revolution of hydrogen is that the
Zn anode is thermodynamically unstable in an aqueous
solution.29 The hydrogen evolution reaction can be
shown as follows:
ZnðsÞ + 2H2 O ! H2 " + ZnðOHÞ2

ð1Þ

Hydrogen evolution can occur via chemical reaction
or electrochemical reaction, leading to the surface corrosion. The hydrogen evolution normally destroys electrochemical cells by increasing the internal pressure,
resulting in the failure of the sealing.

1.2.3 |

Fundamentals of passivation

1.2 | The Zn anodes
Zn anode still is the most ideal anode for RZBs with its
incomparable merits although other replacements
emerged.25-27 The problems of the Zn anode hide in the
many laboratory studies normally featured with low current density, limited loading mass in cathode, and excessive anode source. As many other metal anodes, Zn anode
inevitably faces the dendrite issues due to the “hostless”
nature and evenly stripping and plating.28 Unlike traditional graphite anode based on insertion mechanism,
metal anodes based on stripping and plating mechanism
experienced infinite volume change because this “hostless” nature can trigger uncontrollable dendrites growth.
Besides, the Zn anode aqueous system has other issues
including corrosion, passivation, and hydrogen evolution,29-32 which are even severer in alkaline electrolytes.

1.2.1 | Fundamentals of dendrite
formation
Similar to other battery systems, the deposition/stripping
of Zn ions are mainly dominated by the liquid-phase mass
transfer, the surface polarization and 2D diffusion, leading to the growth of the original protrusions in the surface.33,34 Those protrusions then are further consolidated
by “tip effect” and formed dendrites.35,36 The polarization
especially for concentration polarization can be alleviated

The passivation of the Zn anode is normally present in
an alkaline environment by forming insulating ZnO in
the surface of the Zn anode blocking its further electrochemical behavior. Hereby, the typical process is elaborated as follows29:
ZnðsÞ + 4OH − $ ZnðOHÞ24 − ðaqÞ + 2e −

ð2Þ

ZnðOHÞ24 − $ ZnOðsÞ + 2OH − + H2 O

ð3Þ

Another category of passivation in aqueous RZBs is
the formation of Zinc sulfate hydroxide (ZSH) accompanied the H+ insertion, which can be found out in many
cathode materials. The extra OH− then joins in the formation of ZSH. Later, ZSHwill appear on the surface of
the anode as reaching the saturation limits and cause the
passivation of the Zn anode.24 The formation mechanism
of ZSHcan be summarized as follows and MnO2 cathode
is taken as an example:
H2 O $ H + + OH −

ð4Þ

MnO2 + H + + e − $ MnOOH

ð5Þ

1 2+
1
x
Zn + OH − + ZnSO4 + H2 O
2
6
6


1
$ ZnSO4 ZnðOHÞ2 3  xH2 O
6

ð6Þ
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The mechanism and formation root of passivation
have not been fully understood to date. Passivation will
cause chronic effects on the anode lifespan and reversibility, reflecting on battery capacity retention during the
cycling process.
All challenges are essential to the industrialization of
RZBs, since they are not independent of another and the
appearance of one may exacerbate the problems of
another. As compared with those challenges, the dendrite
issue is the priority to address the instant failure of batteries. Herein, this article is concentrated on the strategies
in mitigating the dendrite problems and furnishing the
recommendations in future studies (Figure 1).

2 | S TRATEG IES TOW ARD
D E N DR I TE F R E E T HE Zn A NO D E
The initial anode surface texture and dominant crystallographic orientation will cause a great influence on the
subsequent electrochemical behavior. During the battery
cycling process, the formation of the dendrite is commanded by the mass transfer process, mainly influenced
by the electric field and concertation gradient.38 From
the mechanic perspective, the dendrite growth will be
influenced by the interface strength with physical
shielding. With the efforts of all parts concerned, these
strategies were divided into four parts: crystallographic

F I G U R E 1 Summary and categories of the existing strategies
toward dendrite free Zn anode from crystallographic orientation
manipulation, electric field control, ion flux regulation, and
mechanical shielding, where mechanical shielding was not
theoretically and systematically investigated in the previous work
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orientation manipulation, electric field control, ion flux
regulation, and mechanical shielding. Mechanical
shielding prevents the dendrite growth from a mechanical perspective that has not been fully investigated is
listed here for future reference. Various methods under
each category are discussed in this section.

2.1 | Crystallographic orientation
manipulation
As a crystalline material, the surface texture of Zn can be
regulated by manipulating the preferred crystallographic
orientations during the electrodeposition process. The
platelet alignments to the substrate were summarized by
Mackinnon et al. The Zn deposition approaches to be basal
type when preferred crystallographic planes consist of
(002), (103), (105) which is 0 to 30 alignment to the substrate; planes including (114), (112), (102), and (101) are
forming intermediate angel with 30 to 70  alignment;
Meanwhile, (110) and (110) are denoted as the highest
alignment of 70 to 90 .39 Various electrolyte additives
including both organic and inorganic in electrodeposition
for the Zn anode were proven to alter the preferred crystal
orientation and the surface texture.40,41 Typically, the
adding of boric acid was found to transfer the preferred
plane from (103) to (002) (Figure 2A) and showed a dense
and orientated texture (Figure 2B) delivering better electrochemical chemical performance than the deposited the Zn
anode with other selected additives or commercial Zn
foil.42 Artfully, Archer et al reported reversible epitaxial
electrodeposition of a Zn anode using the low lattice mismatch material-graphene to lock the crystallographic orientation of the deposited Zn.43 This orientation correlation
results from the minimal lattice strain of the epilayer
growth with the presence of the low-lattice-mismatch
interfaces. In the following battery research, the structure
will be maintained due to the low strain, revealing a much
better electrochemical performance with high columbic
efficiency and capacity retention.
An ideally prepared Zn anode should possess a dense
and parallel orientation, and which can be achieved by
tuning the electrodeposition electrolyte additive and the
substrate applied. The electrolyte additive alters the crystallographic by the chemical interaction, while the substrate modification based on epitaxial electrodeposition.
Due to the lattice match, the further Zn deposition tends
to be similar orientation during the battery cycling process, attributing to a higher electrochemical performance.
The control of initial the Zn anode is simple in methods
and feasibility for mass production of stable the Zn
anode, but the effectiveness after long term cycling
should be further evaluated and testified.

4 of 14
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F I G U R E 2 The crystallographic orientation with boric acid as additive. A, XRD results of electroplated Zn with 0, 50, 100, and
500 ppm of boric acid and commercialized Zn foil, B. SEM images of Zn deposits with 0 (no additive), 50, 100, and 500 ppm of boric acid in
electroplating bath (magnification 1 k). Reproduced with permission from Reference 42. Copyright 2019 WILET-VCH

2.2 | Electric field control
Electric field is the driving force of ion movement to
touch off the electrochemical reaction. The realization of
electric field control issues from either simply electrode
structure design or in-situ control of the dendrite formation. A well-designed anode structure or a 3D porous
nanostructured anode will greatly decrease the local areal
current density and lead to a decreased polarization and
uniform deposition. With the elaborate design of the
structure of the current collector, the electric field will be
altered to a uniform distribution and thus lead to lateral
growth, instead of vertical accumulation, which has been
reported in Li metal anodes.44 The electric field nature is
also exploited for managing advance charge/discharge
protocols for eliminating existing dendrites with the elaborate design.

2.2.1

|

3D current collector/electrodes

The conventional current collector is planar for batteries,
which devote to a 2D confusion and nucleation. Small
protrusion will first form in the planar structure
(Figure 3A) and serve as the charge center amplifying the
subsequent deposition. A uniform electric field was
observed by virtue of a 3D current collector (Figure 3B),
the metal ion nucleates in a homogenous way and filled
in the pores between the copper fibers. This homogenous
electric field was initiated by the enlarged electroactive
surface following the curve (Figure 3C) derived according
to the formula below45:

η=

r −1
r

ð7Þ

Where η represents the percentage of metal deposited
inside the skeleton and r stands for the electroactive area
ratio (electroactive surface area to the geometric area of
the electrode shown in Figure 3C). This formula is based
on the uniform electronic distribution within the 3D current collector as well as the ion diffusion is not limited.
The larger r-value contributes to a high accommodation
percentage of the deposition amount inside the skeleton
and lower possibility plating in the surface to form
dendrites.
Based on this theory, various 3D current collectors
were developed to buffer the dendrite growth for Li metal
anode counterpart,46,47 including 3D Cu foam,48 3D Zn/
Carbon Nanotube(CNT) framework,49,50 and Cu mesh.51
Achievements in prolonging the lifespan were obvious, a
good case in point is that the designed 3D Zn@CNTs (Figure 3E) reported by Lu et.al presented homogenous precipitation of Zn and showed a much-prolonged lifespan
in a symmetric cell with more than 200 hours stable stripping and platting (Figure 3F).49 The design of a 3D current collector should also pay attention to the affinity
between the substrate and Zn to be revealed by the nucleation overpotential.52 The directly synthesized 3D Zn
electrode has no need to consider the affinity issues.
Novel Zn sponge,53 Zn foam,54 and Zn nanosheet55 were
devoted to eliminating the dendrite issues. All 3D structures should pay special attention to the larger electroactive sites for side reaction comparing with the planar
structure.

LI ET AL.
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F I G U R E 3 The working mechanism and performance of 3D current collector. The proposed electrochemical deposition processes on
A, planar current collector and B, 3D current collector. C, Accommodation percentage with an electroactive area ratio. Reproduced with
permission from Reference 45, Copyright 2015 Macmillan Publisher Limited. D, The schematic illustrations of Zn deposition on carbon cloth
and CNT electrodes, E, Voltage profiles of symmetric cells based on Zn/carbon cloth and Zn/CNT anodes at 2 mA cm−2. Reproduced with
permission from Reference 49. Copyright 2019 WILET-VCH

2.2.2

|

Charge/discharge protocols

Charge/discharge protocols introduce certain in situ
charge/discharge steps to alter the dendrite growth,
which is much assessable and cost-saving. It was recently
reported an electro-healing strategy by introducing a low
current density stripping/plating process next to the
cycling in high current density.37 This strategy eliminated
the dendrite formed during high current density cycling
via low current density stripping and plating, presenting
a prolonged lifespan by 516% at 10 mA cm−2(Figure 4A).
The reason is that the tips of the dendrites are the favorable stripping points with high local current density and
the concentration polarization is eased in low current
density, thus a flat surface would be obtained after several
cycles of dendrite removal process in low current density
(Figure 4B). Apart from the effect to remove the tips, this
kind of strategy also benefited from the relaxation in low
current density or pulse charging (Figure 4C,D) to alleviate the concentration polarization.56 Compared with dendritic morphology under the continuous pulse of
−50 mA cm−2 (Figure 4E), the smoother sample surface
was acquired with a pulsed direct current (DC) protocol

with 5 seconds/5 seconds, on/ off (Figure 4F). The capacitance of the electrochemical double layer that reveals the
changes in surface area were measured, and this value
was smaller for this designed protocol (Figure 4E, F).
Those protocols have a high application significance
without any special treatment to the batteries, which will
be an important direction toward battery maintenance.
The further long-term cycling impact on the anode and
feasibility with current infrastructure should be studied
to promote the application.

2.3 | Ion flux regulation
Unlike the straightforward of the electric field control,
the ion flux in the electrolyte can be affected by many
complicated factors. The ion movement driven by the
electric field is strongly influenced by the mass transfer
process near the interface when deposition occurs,
including the electrolyte, interfacial layer, and separator.
By altering electrolyte components and concentration, a
uniform ion migration behavior and less polarization will
reach the dendrite suppression.57 The electrolyte can be

6 of 14
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F I G U R E 4 The working mechanism of charge/discharge protocols. A, Comparison of voltage-time profiles between the normal cycling
and the electro-healing mode at 10 mA cm−2, B, Schematic illustration of the electro-healing process, where the sharp tips of dendrites are
passivated into smooth edges and finally produce a smooth electrode surface. Reproduced with permission from Reference 37. Copyright
2019 WILET-VCH. C, Electric equivalent circuit and D, Nyquist plot of EIS measurements of the Zn films electrodeposited on glassy carbon
electrodes. SEM images of Zn films deposited by, E, one continuous pulse of −50 mA cm−2, and F, a pulsed DC protocol (5/5 seconds, on/
off, −50 mA cm−2). Reproduced with permission from Reference 56. Copyright 2017 WILET-VCH

generally divided into aqueous and nonaqueous electrolytes (including ion liquid electrolytes and organic liquid
electrolytes). The mainstream of electrolytes in RZBs is
aqueous-based (including hydrogel and water-in-salt),
and it is divided into alkaline, neutral/mildly acid
according to PH. In this part, we focus on the aqueousbased electrolytes for RZB. Meanwhile, Interfacial modification can directly protect the anode from parasitic
reaction and serve as an ion filter for a uniform movement and deposition. The functionalized separator will
also stimulate uniform ion distribution for a homogenous
plating.

2.3.1 |

Salts and additives

The electrolyte components include the main salts and
additives. Selected by stability, conductivity and compatibility, two common salts including ZnSO4 and Zn
(CF3SO3)2 devote to different electrochemical performances. Specifically, The Zn(CF3SO3)2 contributes to a
smaller potential hysteresis between plating and stripping. This results from the bulky CF3SO3− anions that
will alleviate the solvated sheath around Zn2+ and further facilitate the Zn2+ movement.58 ZnSO4 is the most
promising salt for cost-saving and environmental benefit

LI ET AL.

even the Zn(CF3SO3)2 owns a better electrochemical
performance.48
Based on ZnSO4, the additive for dendrite suppression
can be mainly divided into the organic and inorganic
parts. The additives are functionalized by the surface
adsorption feature or electrostatic interaction.24,59-62 As
an illustration, the organic additive polyethylene glycol
(PEG) was adsorbed in the anode surface restricting the
2D diffusion and continuous dendrite formation
(Figure 5A).63 The adding of organic additive can also
attribute to better wettability. Upon those benefits, they
normally work well under relatively low current density
by a decrease of concentration polarization and uniform
the ion flux for deposition. An excessive adding of polymers lead to an increased viscosity and enlarged polarization, and this will be more obvious under high current
density. Unlike the mentioned electrolyte additives use in
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crystallographic manipulating that produce a pristine Zn
anode with certain surface texture, the organic additive
added here will affect the long-term cycling performance.
Thus, the adding volume and molecular weight should be
balanced to dodge the shortcomings of adding extra polymer additives. The additives with electrostatic shielding
functions take Na+ as an example to prevent the dendrite
formation by priori adsorbed around high local current
density site and repulse the further Zn ion deposition.64

2.3.2 |

Water in salts electrolyte

In addition to the components, a higher concentration of
electrolytes will usually contribute to higher conductivity
and mitigated polarization.65 When concentration reaches
a certain level, another merit is to destroy the solvation-

F I G U R E 5 The working mechanism and performance in ion flux regulation with the advances in electrolyte modifications. A, Model
of the interaction mechanism. Schematics of the step-by-step Zn reduction and deposition process in control and PEG200 electrolytes under
a negative potential bias on the Zn electrode. Reproduced with permission from Reference 63. Copyright 2018 WILET-VCH. B, Schematic of
the formation of the quasi-SEI layer between the ZSC-gel electrolyte and Zn anode for uniform Zn deposition. Reproduced with permission
from Reference 73. Copyright 2020 WILET-VCH
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sheath structure of Zn2+ which is correlated with the high
Zn reversibility, which called high concentration Zn ion
electrolyte (HCZE) or water in salts (WIS) first proposed
by Wang et al.66,67 A typical WIS used in RZBs (1 M Zn
[TFSI]2 + 20 M LiTFSI) was remarkably stabilized the ion
deposition and reached a high reversible and dendrite free
Zn anode by totally breaking the solvation-sheath structure of Zn2+.66 Another feature is the solid-state interface
formed in WIS to further protect the anode from the dendrite issue.37 However, a large number of salts (around 10
times) compared with the 2 M ZnSO4 and the high price
of the salt used in WIS will make this strategy hard to be
used in the industry.

2.3.3

|

The hydrogel electrolyte

The hydrogel electrolyte refers to a network of polymer
chains with electrolyte embedded, and it is the most prospective electrolyte for wearable devices. It can offer a better ion distribution by introducing functional groups in the
polymer chain, better mechanical strength and ion confinement by crosslink.68-71 The functionalization can also regulate the ion flux and induce a uniform deposition in the
interface.72 For example, a zwitterionic sulfobetaine hydrogel electrolyte and offered a fast and uniform Zn ion migration channel. The charged sulfonate groups on the side
chains would further regulate the uniform Zn ion deposition in the interface forming quasi-SEI by strong electrostatic interaction (Figure 5B).73 Other polymers with
negative charged functional groups would achieve a similar
effect for ion confinement.74 The ion conductivity and
mechanical strength should be carefully balanced for
hydrogel electrolytes to endure a high current density. On
the other side, water retention and stability also will be
taken into consideration as considering commercialization.

2.3.4

|

Surface coating

Surface coating is the most direct way to protect the metal
anodes from dendrite issues normally prepared by doctor
blading, spin coating, and atomic layered deposition. It
can be subdivided into organic and inorganic coatings. The
formal one is usually functioned like a shelter from side
reactions and provides a uniform ion pathway. Typically,
Cui et al designed a polyamide(PA)/Zn(TfO)2 layer coating
layer, the possession of amide groups that can coordinate
with Zn2+ and restrict the 2D diffusion for a flat deposition
surface(Figure 6A).75 Another feature is to block the detrimental side reactions with hydrophilic PA. This devoted to
an ultra-long lifespan of the symmetric cells for more than
8000 hours. For Inorganic coatings, So far TiO2,76 ZnO,77

and CaCO378 have been developed for uniform deposition.
Novel inorganic CaCO3 coating showed good performance
to guide the uniform electrolyte flux and a uniform bottom-up Zn plating process (Figure 6B).78

2.3.5 |

Separator modification

Separator is an important element to prevent short circuits. It will also serve to redistribute the ion flux.
Currently, the nonwoven paper and glass fiber refer to
two primary kinds for separators. The glass fiber owns
high durability and chemical inducing for dendrite prevention, which is noneconomic and hinders the power
density due to the large thickness. The nonwoven paper
economically benefits the RZBs commercialization, but
with the worse property can be pierced easily. An ideal
separator to prevent dendrite growth should possess ow
costs, good mechanical property and better ion flux guidance. Advanced separators were designed to uniform Zn
ion distribution, Liu et al proposed cross-linked polyacrylonitrile (PAN)-based cation exchange membrane (PAN-S
membrane) by employing Li2S3 to react with PAN for
high cation transport and homogeneous ionic flux distribution (Figure 7B) comparing to the nonwoven mat
separator (Figure 7A).79 Srinivasan et al reported a
Nafion-based separator with the interaction of Zn2+-SO3−
achieving a dense and parallel surface texture.80 The
developing new separator system should consider the fabrication costs and mass production capability.

2.4 | Mechanical shield
The formation of the dendrite and the short circuit process
undoubtedly will be affected by the mechanical factors.
According to the research of Li metal anode, a solid film
with Young's modulus higher than 6 GPa will be enough to
avoid the Li dendrite growth.81 This number was theoretically calculated by Monroe and Newman employing Linear
elasticity theory. They incorporated the elastic effects into
the kinetic model demonstrating that the interfacial roughening can be mechanically inhibited with bulk mechanical
force.81,82 A high young modulus shielding layer will contribute to a better uniform deposition surface, prevent the
dendrite from further vertical evolution and avoid cell failure.83 For RZBs, there is no systematic research and simulation to quantify this threshold so far. The apparent
morphological difference between the deposition in the
electric tank and a cell with a separator can reveal the
important role of physical shielding.
Taking solid state electrolyte (SSE) as an example, the
SSEs will provide physical shielding with high mechanical

LI ET AL.
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F I G U R E 6 The schematics in regulating a uniform ion flux with the designed surface coating layers. A, Schematic diagrams for bare
Zn foil with corrosion, by-products and Zn dendrite from rampant 2D diffusion, and the PA layer for the dense and dendrite-free deposition
morphology by refining the nucleus size, increasing the nucleus density resulting from constraining the 2D mass diffusion, and inhibiting
the permeation of O2 and H2O. Reproduced with permission from Reference 75. Copyright 2019 The Royal Society of Chemistry. B,
Schematic illustrations of morphology evolution for bare and nano-CaCO3-coated Zn foils during Zn stripping/plating cycling. Reproduced
with permission from Reference 78. Copyright 2019 WILEY-VCH

strength and avoid the parasitic reactions occurred in the
aqueous counterpart.84 Normally, SSEs including solid polymer electrolytes (SPEs) and inorganic solid electrolytes
(ISEs). In RZBs, researches are focused on the SPEs part
with moderate mechanical strength. Poly(ethylene oxide)
(PEO) aroused the widest attention due to their high donor
numbers and good solubility to salts85. Similar to Li+, Zn2+
transferred by the segmental motion within PEO. Optimum
performance will be achieved using a combination of functional fillers and PEO skeleton. For example, a PEO based
on SSE with the addition of TiO2 nanoparticles was reported
to exhibit the improved ionic conductivity and mechanical
stability.86 However, the anode performance was not deeply
researched in the previous SSE works. The higher mechanical strength and the anhydrous feature will theoretically

stabilize the Zn anodes. The poor ionic conductivity and
interfacial contact accompanied high polarization will
become the issues to conquer in further research.
Mechanical shielding is often operated in coordination
with other strategies in surface coating, gel and solid-state
electrolyte, and strengthened separator. One thing that
should be careful in developing strong physical shielding
is the balance between mechanical property and electrochemical property, such as ion conductivity, and so on.

3 | PERFOR MANC E SUM MARY
With the mentioned strategies, the evaluation methods
mainly rely on the voltage hysteresis for the systematic
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cells. Typically, a constant current density is applied to
both stripping and plating with a certain amount of Zn,
the voltage profile is recorded. The duration time of stable deposition and dissolution is the paramount index for
evaluating the stability of the prepared Zn anode. The
abrupt voltage hysteresis drop indicates a short circuit,
the charge and discharge platform of voltage profile also
tends to be ultra-flat after short circuit occurs. Based on
this standard, the lifespan has been prolonged from hundreds to thousands with the advances in the strategies,
the longest test time was reported by Cui et al with
8000 hours in 0.5 mA cm−2 and 0.25 mAh cm−2.75
Beyond that, this number highly depends on the current

LI ET AL.

density and the deposition amount applied (Figure 8A,B).
Long test time will be achieved with mild current density
and deposition amount, the survival time may be
restricted in harsh test conditions with a high current
density as well as a large deposition volume. The challenging corner locates in the high deposition amount
area. Here, the survival time should be treated critically
since the separator thickness and type will greatly affect
the results, thicker thickness contributes to a longer
cycling time before a short circuit. The cell type is
another variable for achieving extremely long test time.
Only coin cell is considered here to make it close to the
commercialization products. Other information from

F I G U R E 7 Schematic descriptions of Zn deposition with PAN-S separator. A, Zn dendritic growth due to the ramified Zn deposition at
the interface between the Zn metal and conventional separator and B, dendrite growth suppression due to uniform Zn2+ concentration at
the interface between the Zn metal and the single-ion transport membrane. Reproduced with permission from Reference 79. Copyright 2018
ACS Publications

F I G U R E 8 Performance summary
of the recent works (The test time of
Reference 43 was calculated by cycles
and the time of each cycle). Different
colors are used to represent different
mechanisms adopted. In general, low
deposition amount and current density
can result in longer test time, and most
of the current data are collected with
low current densities and/or deposition
amounts. Therefore, the challenging
corner locates in the upper right part of
these two figures

LI ET AL.

nuclear overpotential and hysteresis value, full cell electrochemical performance will also provide the reference
for the anode performance.

4 | SUMMARY A ND OUTLOOK
In conclusion, it is imperative that the RZBs are the most
promising candidate to realize a cheap and safe system
with satisfactory capacity for next-generation battery
development, especially for wearable devices. This review
briefly summarizes the major problems of the Zn anode,
including dendrite formation, hydrogen evolution, and
passivation. The dendrite issue is the most urgent problem leading to battery failure and safety issues. From
what has been discussed above, the strategies for dendrite
suppression are divided into four parts: (a) crystallographic orientation manipulation for the initial Zn
anode: the similar parallel texture of deposition during
battery cycling came from the small lattice strain; (b)
electric field control: 3D electrodes designing for low
local current density and dendrite tips removing by
designed protocols; (c) ion flux regulation: introducing
electrostatic interaction, adsorption, altering the solvent
shear structure; (d) mechanical shield: strong interface
creating by the strengthened surface coating and separator, hydrogel/solid-state electrolyte. Those strategies can
be worked separately, but multiple strategies can be
applied to achieve an optimized performance. A typical
example in point is that a metal oxide surface coating will
induce a uniform ion flux distribution and serve as a
physical barrier to prevent dendrite growth. Delightful
achievements have been made with the expanded anode
lifespan and enhanced the electrochemical performance.
However, the fundamental understanding and theoretical
research remain in a developing stage that needs further
investigation. Hence, challenges still exist, and various
problems should be taken into considerations:
1. Industrial process parameters, such as loading mass,
cell balance value, electrolyte amount:
The loading mass at a lab level is usually very low
thus the current density and deposition volume is limited. When it is in mass production with high loading
mass, the areal current density will be greatly
enlarged and lead to the magnification of the dendrite
issues.
The cell balance is equal to the anode capacity divided
by cathode capacity. A commercial LIB normally
adopts 1.05 to 1.2 as the cell balance value. From an
industrial aspect, this value should be controlled for
better energy density. The results obtained in the lab
usually have much excessive Zn, which will cover the
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other problems of the Zn anode.
Electrolyte amount is the key factor of whole energy
density in a battery level. The electrolyte amount is
strictly controlled and associated with the capacity to
ensure enough electrolyte at the end of the life of a
battery in the industry. It will affect the electrochemical performance of a battery in long-term cycling,
capacity decay, and corrosion will be less likely to be
detected with much excessive electrolyte and the
anode amount.
2. Electrochemical performance evaluation item:
The cycle life is the main evaluation standard for the
current research. However, in practical use, storage in
the main position the service time is limited. Other
storage tests and self-discharge tests are particularly
important for RZBs with numbers of side reactions to
assess the overall battery performance for a practical
purpose.
3. The interaction between various problems:
Solving the dendrite problem should not be
established in the base of deteriorating other problems. The 3D electrodes for dendrite suppression will
expose more areas for hydrogen evolution and passivation especially under harsh test conditions.
4. The cost and environmental factor:
The absolute advantage of RZBs are the low cost and
environment-friendly feature, so the development of
RZBs should consider those two factors as designing
and preventing dendrite. Otherwise, the research will
have limited significance.
The future effort will need to take those factors into
considerations, and the following directions are highly
recommended:
1. Further optimization should tackle multiple problems
by virtue of combined strategies at the same time. The
strategies should be well integrated for the mass production feasibility on the premises of acceptable cost.
For example, the economic electrolyte additives to
mediate the ion flux together with a thin surface coating for physical shielding and corrosion prevention to
ensure long-term stability. A hydrogel electrolyte with
high mechanical strength and uniform ion channel
for dendrite suppression embedded the additives.
2. The test conditions and standards should be developed based on a combination of theoretical guidance
and practical demands. There is sufficient evidence to
show that manufacturing capability resolves the mass
loading range, and application scenarios affect the
current density. The test condition should try to
approach the commercial demands and machinery
capability.
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3. Theoretical exploration. The strategies and mechanisms to prevent uneven deposition vary from paper to
paper. The systemically understanding to identify the
key factors under different circumstances will greatly
accelerate the development of a stable Zn anode.
4. Advanced technologies support the fundamental theory to monitor the interfacial process of the Zn anode
in situ, including the in situ XRD for the dominant
crystallography orientation detection, and in-situ optical/ X-ray microscopy for morphology variation.
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