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Abstract: With the rapid growth of the world population and the further industrialization of modern
society, the demand for energy continues to rise sharply. Hence, the development of alternative,
renewable, and clean energy sources is urgently needed to address the impending energy crisis.
Rechargeable aqueous zinc-ion batteries are drawing increased attention and are regarded as the
most promising candidates for large-scale energy storage systems. However, some challenges exist
for both the anode and cathode, severely restricting the practical application of ZIBs. In this review,
we focus on the issues related to the anode (such as dendrites growth, hydrogen evolution, and
surface passivation). We discuss the causes of these challenges and summarize the strategies (such as
surface engineering, electrolyte modification, and 3D structural skeleton and alloying) to overcome
them. Finally, we discuss future opportunities and challenges of ZIBs regarding the Zn anode.

Keywords: aqueous zinc ion batteries; Zn anode; surface engineering; electrolyte modification; 3D
structural skeleton; alloy strategies

1. Introduction

The research focused on the generation of clean energy has been boosted over the
past decades, but the intermittent nature of these renewable resources requires an effective
energy storage system (ESS) to store the generated energy. Among the various ESS technolo-
gies, rechargeable batteries have been considered the most feasible and reliable, and they
already play a prominent role in our lives today. Among them, rechargeable lithium-ion
batteries (LIBs) have dominated the application fields of portable devices, electric vehicles,
and large-scale energy storage. But, limited lithium resources and the increasing prices of
LIBs have aroused great concerns. Therefore, some cheaper rechargeable batteries have
received a lot of attention, such as sodium-ion batteries (SIBs), potassium-ion batteries
(KIBs), and so on. Despite the significant advancements in SIBs and KIBs, the widespread
adoption of organic-based electrolytes, which are toxic, volatile, and flammable, contin-
ues to make batteries encounter safety and environmental hurdles. In contrast, aqueous
rechargeable batteries offer the advantages of affordability, heightened safety, superior ionic
conductivity, and simplified manufacturing. These attributes position aqueous batteries as
the most auspicious contender for the forthcoming era of large-scale ESS.

Until now, a variety of aqueous metal-ion batteries, including monovalent (Li+, Na+,

and K+) [1–3], as well as multivalent charge carriers (Zn2+, Mg2+, Ca2+, and Al3+) [4–8] have
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been investigated. This research trajectory began with Dahn et al.’s initial report in 1994
on the VO2||LiMn2O4 aqueous battery based on the insertion/extraction mechanism [1].
Compared with other metal anodes, the biggest advantage of metallic zinc is its relative
stability and reversible redox reaction in aqueous electrolytes. Table 1 shows the physical
and chemical property comparison of monovalent and multivalent metals. According to
this comparison and the Pourbaix diagram in Figure 1A,B, we can find that only metallic
zinc has the proper redox potential (−0.763 V vs. standard hydrogen electrode (SHE)),
which allows Zn to be used directly as an anode in aqueous electrolytes. Combining its high
theoretical capacity, low redox potential, nontoxicity, and abundant reserve in the Earth’s
crust, metallic zinc has been considered the most promising anode material for a large-scale
energy storage system. Therefore, Zn-based batteries with mild electrolytes have attracted
considerable research interest in the past ten years as a promising aqueous battery.

Table 1. Comparison of monovalent and multivalent metals as electrodes. Reproduced with permis-
sion [9], Copyright 2019, Elsevier.

Element Atomic Mass Standard Potential
(V) vs. SHE

Gravimetric
Capacity (mAh/g)

Volumetric Capacity
(mAh/cm3) Ionic Radius (Å)

Li 6.94 −3.040 3680 2061 0.76
Na 23.00 −2.713 1165 1129 1.02
K 39.1 −2.924 685 610 1.38

Mg 24.31 −2.356 2206 3834 0.72
Ca 40.08 −2.840 1337 2072 1.00
Zn 65.41 −0.763 820 5855 0.75
Al 26.98 −1.676 2980 8046 0.53
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Figure 1. (A) Pourbaix diagram of the Zn/H2O system. Reproduced with permission [10]. Copyright
1997, Elsevier. (B) Hydrogen evolution reaction overpotential considerations. Reproduced with
permission [11]. Copyright 1991, Elsevier.

The energy storage mechanism of the Zn-ion battery is based on the movement of
Zn2+ ions between the cathode and anode, while the electrolyte can be an acidic, neu-
tral, or alkaline solution, depending on the cathode requirement. The operating mech-
anism of the rechargeable aqueous Zn-ion batteries (ZIBs) is demonstrated in Figure 2.
The metal Zn anode undergoes oxidation and reduction (Zn � Zn2+ + 2e−) during the
charge/discharge process. While the reaction mechanism of the cathode is intricate and
subject to controversy, it remains a topic of ongoing discussion and is not fully under-
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stood. So far, the redox reactions on the cathode side mainly involve three mechanisms:
Zn2+ insertion/extraction [7,12], chemical conversion reaction [13], and H+/Zn2+ inser-
tion/extraction [14,15]. Taking the MnO2 cathode as an example, the redox reaction in the
Zn2+ insertion/extraction mechanism is

Zn2+ + 2e− + 2αMnO2 � ZnMn2O4 (1)

while the reaction process in the chemical conversion reaction mechanism is as follows:

MnO2 + H+ + e− � MnOOH (2)

1
2

Zn2+ + OH− +
1
6

ZnSO4 +
5
6

H2O �
1
6

ZnSO4 [Zn(OH) 2]3·5H2O (3)
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Thus, the reaction mechanism of highly promising Mn-based cathode materials should
be further investigated, and more characterization methods are expected to be adopted to
reveal further details of the reaction.

2. The Challenges of the Zinc Anode

Even though the research on high-performance ZIBs has achieved great progress, the
widespread commercial implementation of metallic zinc anodes in secondary batteries
has encountered substantial limitations. Generally, the limitations of ZIB development
mainly come from the zinc anode side. The poor rechargeability and low Zn utilization
are ascribed to dendrite growth [16–18], hydrogen evolution [19–21], and surface passi-
vation [22–24] occurring on the Zn anodes during the repetitive plating and stripping
processes (Figure 3). These factors significantly impede its progress in practical applications
in next-generation batteries.
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2.1. Dendrites and Protrusion

Currently, commercial zinc foils are used as the anode in the ZIBs. However, in
practical scenarios, the Zn anodes consistently exhibit uneven and non-uniform surface
morphology at the micro- or nanoscale, leading to heterogeneous current distribution and
nucleation barriers. During the charge/discharge process, the factors that are responsible
for the formation of dendrites are uneven Zn2+ concentration distribution and non-uniform
electric field distribution. It is always preferred for the nucleation to occur in locations
that have high Zn2+ concentration and a high electric field [24,26]. The formed needle-like
protrusion will further promote the growth of zinc dendrites because of the so-called “tip
effect”. With repeated charge/discharge cycling, the dendrites will even puncture the
separator and give rise to a short circuit during further cycling. In addition, the zinc
dendrites will increase the number of Zn anode surface active sites, which further facilitate
the corrosion process and hydrogen evolution reaction, leading to low Coulombic efficiency
(CE) and speeding up battery deterioration.

2.2. Hydrogen Evolution Reaction

In most of the studies, metallic Zn is employed as an anode material in ZIBs directly.
However, as a relatively active transition metal, metallic Zn is easily affected by side
reactions between Zn electrodes and aqueous electrolytes during the battery operation,
which has severely hindered the practical applications of ZIBs. The hydrogen evolution
reaction (HER) is the most frequent side reaction during the charge/discharge process in
the battery operation. The electrochemical reaction which occurred on the surface of Zn
anode is as follows:

Zn2+ + 2e− � Zn (4)

2H2O + 2e− � H2 ↑ +OH− (5)

The HER not only consumes the fresh electrolyte and Zn anode but also produces
H2 gas, which will lead to the battery swelling. Interestingly, according to ref. [27], a high
current density will alleviate the HER during the charge–discharge process. This is because
the electrodeposited Zn crystal at high current density has a smaller specific surface area,
which is critical for HER activity. As a result, the HER is significantly reduced at high
current density.

Furthermore, since most commercial zinc foil is not 100% pure, when the zinc anode is
in contact with electrolytes, the impurities present within the anode will combine to create
a primary cell with Zn [28]. This micro-cell on the zinc anode will lead to corrosion and H2
evolution on the surface, which will further push the deterioration of the anode.
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2.3. Passivation Layer

The surface passivation process is always accompanied by the hydrogen evolution
reaction and surface corrosion during the repeated plating/stripping cycling. With the
hydrogen evolution, the local pH will be increased dramatically since the OH− concentra-
tion increases rapidly [29–31], and the generated OH− will react with Zn2+ and H2O to
form the passivation layer on the zinc surface. The non-conductive inactive and insoluble
byproducts (such as ZnO and Zn4SO4(OH)6·xH2O) precipitate onto the surface of the zinc
anode. This cuts down the reversibility of the plating/stripping process, increases internal
resistance, and limits zinc utilization. The accumulation of the non-conductive passivation
layer will further reduce the reversibility and enhance the polarization, ultimately leading
to the diminished recharging performance of the Zn anode.

3. The Strategies of Zinc Anode Protection

The preparation of highly stable and reversible zinc anodes is urgently needed and
can provide a high zinc utilization, high CE, and durable cycling life. To solve the problems
mentioned in Section 2, tremendous research has been performed, and some effective strate-
gies have been proposed to mitigate the detrimental issues, prolong the lifespan, increase
Zn utilization, and improve reversibility. The most promising methods to enhance the
lifetime and improve the reversibility of zinc anode are divided into four main categories:
surface engineering, electrolyte optimization, structural design, and alloy strategies. For
surface engineering, stable and ultrathin artificial protective layers should be well designed
to prevent corrosion.

3.1. Surface Engineering

Surface engineering appears to be the most direct and effective method to mitigate the
degradation of Zn anodes (Figure 4). Two approaches to improve the reversibility of zinc
anode via surface engineering are included in this section.
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Copyright 2024, Elsevier. (C) Schematic illustrating how the proposed ARB process can be used
to eliminate crystallography heterogeneity of metal electrodes. Reproduced with permission [33].
Copyright 2021, Wiley-VCH. (D) Schematic illustration of fabricating ultrathin graphene layers on
the Zn foil. Reproduced with permission [34]. Copyright 2021, Wiley-VCH. (E) XRD spectrum and
SEM image of the textured Zn foil. Reproduced with permission [35]. Copyright 2022, Elsevier.
(F) Schematic illustration of main advantages of STO@Zn over bare Zn in the mildly acidic aqueous
electrolyte. Reproduced with permission [36]. Copyright 2023, Elsevier.

The first is constructing an artificial protecting layer that can work similarly to the SEI
in ZIBs. If the commercial zinc foil is directly used as the anode without any modification,
it leads to the occurrence of both dendrite growth and side reaction on the surface of the
zinc surface. Therefore, an engineered surface layer is constructed to protect the anode
from contacting the aqueous electrolyte, effectively curbing dendrite growth and the HER.
Hence, building an artificial protection layer on the surface of the zinc anode, whether
by an ex situ or in situ method, seems to be essential. Inorganic coating layers, such
as CaCO3, [37] TiO2, [38,39] montmorillonite [40,41], carbon materials [42], and other
materials [32,43–46] are extensively studied as the protecting layer. The porous nano-
CaCO3 coating layer worked as a buffer layer, which can guide the deposition of Zn
during the plating/stripping process [37]. The porous nature of the coating layer can
confine the Zn plating reaction beneath the buffer layer, guide uniform electrolyte flux,
and control the Zn plating rate, resulting in a uniform and dense Zn deposition layer that
can effectively inhibit dendrite formation. In addition, porous nano-SiO2 and acetylene
black were also tested and obtained similar results as the porous nano-CaCO3. The TiO2
insulating layers are also studied as the protecting layer on the Zn anode surface. By
avoiding the direct contact between zinc anode and electrolyte, the undesired hydrogen
evolution and corrosion process are significantly suppressed. This protective layer leads to
an enhanced electrochemical performance of ZIBs. The protective layer prepared via ALD
with (001) facet can effectively prevent the Zn dendrites from vertical growth and stabilize
the interface between the electrode and electrolyte; hence, it exhibits a long-term cycle life
in the test of plating/stripping performance [38]. The role of crystal orientation of the TiO2
protective layer was also studied in the paper, and DFT was used to calculate the interaction
between Zn and different facets of TiO2. The calculation results show that the TiO2 coating
layer with the (001) and (101) facets exposed possesses a relatively low Zn affinity [39].
In addition to the inorganic substances, such as zinc metal anode armor, polymer-based
coating layers (such as polyacrylamide, polyamide, poly(vinyl butyral), polyvinylidene
fluoride, and others) can serve as barriers to shield against H2O/O2 in the electrolyte and
exhibit high protective performance in recent studies [47–52]. The polar functional groups
contained in the polymers, such as C=O and -N-H2 bonds, can provide abundant adsorption
or coordination sites and transfer Zn2+ to the reaction interface along the polymer chains,
which can achieve the regulation of Zn2+ distribution from the molecular scale through the
fast ion pathway. In addition, the polymer layers are water-insoluble and exhibit strong
adhesion and excellent flexibility on the Zn surface. With the help of a protective layer,
the side reactions with water can be significantly suppressed since the water from the
Zn solvation shell was effectively removed during the penetration process, and dendrite
growth was remarkably inhibited because of the electrostatic shield effect to avoid the
accumulation of Zn2+/electrons on local regions.

Even though the inorganic and polymer-protecting layers have their unique features,
they also have some shortcomings. The inorganic coating layer has less mechanical flexi-
bility, and the polymer coating layer shows relatively slow kinetics of Zn2+ transference.
Therefore, hybrid coating layers that contain two or more components were also stud-
ied [51,53–55], in which the hybrid was designed to use the synergistic effects of different
components to enhance the electrochemical performance. For example, Wang et al. [56]
fabricate a hybrid coating layer that has carbon black and nano-fibrous cellulose binder; the
carbon black can work as the electrically conductive network that can greatly enlarge the
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electroactive surface area, and the nano-fibrous cellulose can act as an electrolyte reservoir
to facilitate the charge transport. However, the gravimetric and volumetric capacity of
complete ZIBs will be inevitably influenced by the introduction of protective layers.

The second method, manipulating the crystallographic orientation of zinc deposition,
can effectively get rid of this problem. According to previously published articles [57,58],
the (002) plane of metal Zn shows 0~30◦ alignment to the substrate, while the (100) and
(110) planes have a higher angle of 70~90◦. Hence, the (002) facet of Zn metal is less likely
to facilitate the growth of dendrites when compared with the (100) and (110) planes. In
addition, the (002) plane is the closest in hexagonal close-packed (hcp) metal, which has
lower thermodynamic free energy than other planes. The decrease in activation energy of
the (002) plane enhances the ability of Zn metal to exhibit strong resistance against surface
corrosion. Therefore, controlling the growth of deposited zinc during the plating/stripping
process is also regarded as one effective method to enhance Zn reversibility [35,59–64]. For
example, since graphene possesses the advantage of low lattice mismatch with Zn for the
electrodeposition process [65], Zn was preferentially deposited on the graphene substrate
with a locked (002) crystallographic orientation during the plating process. The epitaxially
electrodeposited Zn exhibits exceptional reversibility over thousands of cycles, whether at
moderate or high rates. The (002) enhanced Zn metal can also be prepared via the metal
forging method [33,59]. An accumulative roll bonding (ARB) methodology was introduced
to prepare the (002) plane preferred Zn foil [33]. The strongly (002)-textured Zn foil was
well prepared after a severe plastic deformation process, and the cell cycling test shows that
the (002)-textured electrode can still survive for hundreds of charge/discharge cycles even
under harsh testing conditions (4 mAh/cm2 at 40 mA/cm2). The Zn (002)-textured surface
can also be reached via an acid etching method [66]. After being etched by H3PO4 for 4 min,
the ratio of I(002)/I(100), which exhibits a (002) plane preference, can reach up to 3.8, and a
zinc phosphate protecting layer also forms simultaneously. Owing to the synergistic effect
of the enhanced (002) plane and the existence of the Zn3(PO4)2 coating layers, the modified
electrode exhibits superior electrochemical performance both in the symmetric cell and full
battery test. Obviously, the preferred orientation of Zn metal can also be prepared by other
methods, and manipulating the crystallographic orientation of zinc deposition during the
plating process also can be recognized as an effective way to prolong the lifetime of ZIBs.

3.2. Electrolyte Modification

The use of water as an electrolyte solvent enabled the ZIBs to have the advantage of
being affordable and nonflammable, with high ionic conductivity and enhanced kinetics.
But similar to how every coin has two sides, the water molecules that serve as the solvent
will be consumed during the charge/discharge process, and the decomposition of water is
the root of the undesired side reaction. In addition, the byproduct and corrosion process
will lead to the acceleration of Zn anode deterioration in the following galvanostatic
charge/discharge (GCD) process. Due to the tendency of Zn2+ ions to predominantly exist
as hydrated [Zn(H2O)6]2+ species in the electrolyte, the aqueous electrolyte exhibits an
acidic nature. Additionally, the metal zinc is not thermodynamically stable when exposed
to these electrolytes. Therefore, modifying the electrolyte to control the decomposition of
water molecules and the behavior of Zn2+ during the plating/stripping process is also an
important strategy to prolong the lifespan of the Zn anode. The most common strategies
to improve the batteries’ electrochemical performance and suppress the undesired side
reaction derived from the electrolyte are mainly categorized into three approaches: highly
concentrated electrolyte, hydrogel electrolyte, and functional additives.

3.2.1. Highly Concentrated Electrolyte

The “Water-in-salt” (WiS) electrolyte refers to the electrolyte in which the dissolved
salt outnumbers the solvent by both weight and volume; the number of available water
molecules that can participate in the ion solvation shell in the WiS electrolyte is far below
that in conventional electrolyte [67]. With the limited water content in the electrolyte,
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the undesired side reactions triggered by the decomposition of H2O that happened on
the surface of the zinc anode were highly reduced [68]. In addition, the interaction of
the metal ions in the WiS electrolyte replaces the hydrogen bonds with interionic attrac-
tions. The high de-solvation energy related to the metal ions with water molecules was
significantly reduced, which can facilitate the plating/stripping process [69]. The WiS
electrolyte was first proposed in the field of aqueous lithium batteries by Suo et al. in
2015 [70]. With the limited water molecules and improved interionic attractions, the highly
concentrated lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)-based WiS electrolyte
exhibits a wide electrochemical stable window up to 3.0 V and nearly 100% coulombic
efficiency at both low and high charge–discharge rates. When this concept is transferred to
ZIBs, super-concentrated electrolytes (such as 1 m Zn(TFSI)2 with 20 m LiTSFI [71], 1 m
Zinc trifluoromethanesulfonate (Zn(CF3SO3)) with 21 m LiTFSI [72], and 30 m ZnCl2 [73])
were investigated, and all of these WiS electrolytes exhibit high suppression of dendrite
growth and improved zinc anode performance. In addition, the high-concentration elec-
trolyte can also alleviate the dissolution problem of cathode-active materials [68]. But,
the introduction of highly concentrated electrolytes will also increase the cost, which will
hinder their practical applications.

In addition to the WiS electrolyte, deep eutectic solvents (DESs) also attracted many
researchers’ attention in the field of energy storage applications due to the merits of low cost,
high safety, high ionic conductivity, electrochemical stability, thermal stability, renewability,
biodegradable, and easy preparation [74–76]. The radar plots of the properties of DES
electrolytes, aqueous electrolytes, and organic liquid electrolytes are demonstrated in
Figure 5. Generally, DESs contain large, nonsymmetric ions that have low lattice energy
and low melting points, and they are usually prepared by simply combining two or three
kinds of inexpensive and safe chemicals [76,77].
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These DES solutions are receiving more and more attention in ZIBs as electrolytes to
improve the full battery performance, and DES electrolytes endow the ZIBs processes with
excellent electrochemical performance even at extremely low temperatures. For example,



Energies 2023, 16, 7443 9 of 19

Shi et al. prepared one kind of DES electrolyte by simply introducing and manipulating
the molar ratio of water molecules into a ZnCl2-acetamide electrolyte [78]. The solvation
structure of Zn2+ in the electrolyte was changed, and the de-solvation energy barrier
of Zn2+ was reduced, which can facilitate uniform zinc nucleation during the plating
process. With an optimal ratio of ZnCl2/acetamide/H2O = 1:3:1, the zinc anode shows
a highly improved electrochemical performance, with the CE reaching 98% even after
1000 cycles, and the full battery can achieve high-capacity retention of 85.7% even cycled
for 10,000 cycles. They also developed one kind of DES electrolyte composed of 3.5 M
Mg(ClO4)2 and 1 M Zn(ClO4)2, which can be used at ultra-low temperatures [79]. With
the introduction of oxygen-containing ligand-coordinated Mg2+ ions and hydrogen ligand
ClO−4 ions, the hydrogen bonds between the number of water molecules that can drive
the formation of ice crystals are significantly decreased and lower the solidifying point to
−121 ◦C. The DES electrolyte shows high ionic conductivity, low viscosity, and activation
even at −70 ◦C. The full battery, which was tested at −70 ◦C, can still exhibit a high
discharge capacity of 101.5 mAh/g at 0.2 A/g and excellent rate performance of 71 mAh/g
at 1.2 A/g. Yang et al. reported hydrated eutectic Zn electrolytes by coupling succinonitrile
and Zn(ClO4)2·6H2O with different molar ratios, which also display excellent performance
when tested at low temperatures [80]. The participation of succinonitrile in the unique
aqueous Zn2+ solvation shell enables stabilization of the Zn plating/stripping process, and
the coulombic efficiency of Zn/Zn2+ reversibility can achieve 98.4%. Moreover, all of the
water molecules participated in the formation of a eutectic, which delayed the oxidation
process and suppressed solvation. When this DES electrolyte was used in the Zn-organic
battery, the battery showed an unprecedented cycle ability with a low capacity decay rate
(0.004% per cycle over 3500 cycles) and superior low-temperature performance. Since the
studies on DESs for ZIBs are still in the very beginning stage, rapid development can be
expected because of the merits of DESs [81–83].

3.2.2. Hydrogel Electrolytes

Hydrogel electrolytes, which can serve both as electrolytes and separators, have at-
tracted significant attention because of their numerous functional groups, good mechanical
properties, and notably constrained active water content in comparison to WiS or DES
electrolytes (Figure 6). For this type of electrolyte, zinc salt-containing electrolytes are
embedded in the network of polymer chains. The possibility of electrolyte leakage, which
always happens in liquid electrolytes, can be highly reduced. These features promote
the hydrogel electrolyte to be the most promising candidate for flexible energy storage
devices. Gel electrolytes based on polyvinyl alcohol (PVA) [84], xanthan gum [85], and car-
boxymethyl cellulose (CMC) [86] have been investigated a lot, and all of them have shown
an inhibition of dendrite formation and improvement in long-term cycling stability. But,
the drawback of zinc salt selectivity and poor mechanical properties restrained their further
application. However, the hydrogel electrolytes with cross-linking can effectively solve
these problems. Gelatin-based hydrogel electrolyte exhibits much stronger mechanical
properties compared with the abovementioned gel electrolytes with the help of hydrogen
bonds between -OH, -CO, and -NH2 functional groups [87]. But, the thermodynamic
stability of these gel electrolytes is unsatisfactory. The gel electrolytes with chemical cross-
linking possess a more stable network structure, such as polyacrylamide (PAM) [88] and
polyacrylic acid (PAA) based gel electrolytes. PAM-based gel electrolytes with 2 M ZnSO4
and 0.1 M MnSO4 can display a tensile strength of up to 273 kPa and stretch strain higher
than 3000% [89].
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and the blue-green hydrogel is MMT-PAM hydrogel stained with Prussian blue.) Reproduced with
permission [18]. Copyright 2023, Elsevier. (B) Chemical structure of CA protective layer. (C) Digital
photograph showing elasticity of CA hydrogel. (E) Long-term galvanostatic cycling performances
of symmetrical E-Zn@CA and bare-Zn cells at a current density of 10 mA cm−2 (areal capacity:
2 mAh cm−2). (B,C,E) Reproduced with permission [20]. Copyright 2022, Elsevier. (F) Schematic
illustrations of the hydrogel electrolyte anti-freezing mechanism. (G) Digital images of the CSAM,
CSAM-S, and CSAM-C hydrogels after 12 h storage at −30 ◦C and the mechanical flexibility demon-
stration for the CSAM-C hydrogel. (H) Cycling performance of the symmetrical Zn cells with
CSAM-C electrolyte under 0.5 mA cm−2 at −30 ◦C. Reproduced with permission [19]. Copyright
2022, Wiley-VCH.

3.2.3. Functional Additives

The introduction of functional additives was recognized to be an economical and
effective method to improve the Zn reversibility in ZIBs, and it has been proven that even
a very small amount of additives can significantly change the morphology of deposited
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Zn [90]. The additives can confine the 2D zinc-ion diffusion, regulate the local current
distribution, and lower the electrolyte freezing point. According to recent reports, both in-
organic ions and organic molecules introduced into electrolytes have shown high efficiency
in inhibiting dendrite growth and alleviating the side reaction during the charge/discharge
process. The inorganic additives, such as InSO4, [91] Boric acid, [91] SnO2, [91] SnCl2, [92]
Na2SO4, [15,93], and LiCl [94] were used to tune the Zn2+ deposition process during the
plating/stripping cycles (Figure 7). Specifically, the inorganic additives improve the Zn
reversibility in the following ways: (1) Manipulating the crystallographic orientation. As
discussed in Section 3.1, the (002) plane has lower thermodynamic free energy and moderate
angle alignment to the substrate compared with other planes. During the plating/stripping
process, the Zn ions can be deposited uniformly, and the battery will show high electro-
chemical performance. (2) Electrostatic shielding. Due to the low reduction potential of Li+

and Na+, they were adsorbed or accumulated much easier than Zn2+ ions in the local region
with high current density. The first adsorbed metal ions will form an electrostatic shielding
layer, and this layer will inhibit the tip effect that prevents the Zn2+ ions from aggregating
at these nuclei. Asf organic additives and many chemicals such as tetrabutylammonium
sulfate (TBA2SO4) [95], polyethylene oxide (PEO) [96], polyacrylamide (PAM) [97], and
dimethyl sulfoxide (DMSO) [98] were used to prolong the lifetime of ZIBs. Some of these
kinds of functional additives can be adsorbed onto the tip of Zn protrusions at the very
beginning of the plating process so that the tip effect can be highly suppressed, preventing
subsequent deposition of Zn2+ onto the protrusion. As a result, a consistent and uniform
zinc deposition can be facilitated. In addition, some organic additives can decrease the
energy barrier of the Zn2+ de-solvation process, which can accelerate the plating/stripping
process and enhance the Zn reversibility. Some of these organic additives possess func-
tional groups that can form a strong bond with a water molecule, which can highly depress
the deposition of H2O and then suppress the HER and side reactions. In addition, some
organic additives have special functional groups that can damage the hydrogen bonds
when coordinated with a water molecule. With the help of these additives, the freezing
point of the electrolyte can be lowered, which can broaden the way to fabricate the aqueous
zinc battery at a low temperature.
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Figure 7. (A) Schematic of sericin molecules. (B) Relationship between the safe electrochemical
window and the energy levels of electrodes/electrolytes according to the frontier molecular orbital
theory. (C) Molecular orbital energies of H2O molecules and sericin molecules. (D) Cycling stability
of the Zn symmetrical cells without and with 0.2% sericin additive at 1.0 mA cm−2/1.0 mAh cm−2.
Reproduced with permission [30]. Copyright 2022, Wiley-VCH. (E) Schematic illustration for the
preparation process of the N,S-CDs. (F) Observations of the Zn2+ ion deposition behavior. In situ
OM images of the Zn plating process at 5 mA cm−2 in the electrolyte without and with 0.1% N,S-
CDs. Reproduced with permission [99]. Copyright 2023, Royal Society of Chemistry. (G) Schematic
illustration of the Zn plating process and in situ observation of Zn plating in the Zn//Zn cell
without/with NH4OH additives. (H,I) AFM image of the Zn anode surface after cycled in electrolyte
without/with NH4OH additive. Reproduced with permission [100]. Copyright 2023, Springer.

3.3. Three-Dimensional Structural Skeleton and Alloy Strategies

Building a 3D structural skeleton is another way to effectively restrict dendrite growth
and increase the lifetime of the anode [101,102]. Since Zn dendrites are mostly derived
from the uneven local current density distribution, the 3D electrode or current collector
can provide much more electroactive nucleation sites and homogeneous electrical field
distribution when compared with the 2D planar electrode (Figure 8). However, certain
conditions need to be met for the design of a 3D electrode or current collector. First, the
as-prepared 3D substrate should have the advantages of a highly open architecture, high
electronic conductivity, high electrochemical stability, and high corrosion resistance. Then,
the 3D structure should also possess high hydrogen evolution overpotential. Based on
these rules, metal substrates such as Cu [97] and Ni [103] have been employed in this
strategy because they have excellent electronic conductivity and high HER overpotentials.
For example, Kang et al. prepared a 3D porous copper-supported Zn anode via a simple
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electrodeposition method [104]. The Zn was deposited on the pre-etched porous copper
foil; the excellent electrical conductivity and open architecture of the pre-etched copper foil
ensure the compact and uniform deposition of Zn during the charge/discharge process,
further reducing the polarization and stabilizing the cycling performance. In consideration
of the application of ZIBs in the field of portable and wearable devices, the substrates with
lightweight, flexible, and elastic conductive carbon-based materials were attempted to be
used as current collectors. Therefore, large amounts of carbon-based materials, such as
carbon cloth (CC) [105,106], carbon felt (CF) [107], carbon nanotubes (CNTs) [108], and
MXene paper [109], were tested as the current collector in recent reports. Most of the
carbon-based substrates have hydrophilic groups, which afford the substrate an excellent
electrolyte wettability. In addition, the 3D skeletons should have good structural stability
to accommodate the zinc metal volume change during the plating/stripping process.
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Alloying zinc with other metals, such as Ga/In [110], Sn [111], Cu [112], P [113], and
Al [102], was proposed to be an effective method to improve the lifespan of Zn anode. The
introduced foreign metal can work as the 3D current collector during the charge/discharge
process; the high electronic conductivity, enlarged electroactive surface, and even electrical
field distribution make the alloy anode remarkably effective in suppressing dendrite growth
and alleviating the high hydrogen evolution. In addition, the eutectic alloy anodes also
have high corrosion resistance, which can highly alleviate the side reaction and corrosion
on the electrode. For example, a lamellar-structured Zn/Al eutectic alloy that is composed
of alternative zinc and aluminum sheets was reported by Wang et al. [101]. During the
plating/stripping process, the Al lamella worked as the 2D skeleton to host the deposited
Zn, and the electrostatic shield effect can guide the Zn2+ to be deposited uniformly; in
addition, the aluminum will be oxidized into Al2O3 that can protect the alloy from further
dissolution in the electrolyte. Taking advantage of these merits, the eutectic alloy can
extend the lifespan of the symmetric cell to 2000 h with a stable overpotential and high
coulombic efficiency.

4. Outlook

In this work, the challenges facing zinc metal anodes in mild aqueous ZIBs are dis-
cussed, such as zinc dendrites and protrusions, the hydrogen evolution reaction, and the
passivation layer existing on the zinc anode surface, and the formation mechanisms are
discussed. The strategies to overcome or alleviate these challenges are also provided,
for example, the ultra-thin and electrochemically stable protective coating, which should
be well designed for high-performance ZIBs, electrolyte modification, and 3D structural
skeleton and alloy strategies. Specifically, (1) for the surface engineering, a stable and
ultrathin artificial protective layer and surface Zn crystallographic orientation should be
well designed to prevent corrosion and the HER and also alleviate dendrite growth; (2) for
the electrolyte modification, highly concentrated electrolyte, the hydrogel electrolyte, and
functional additives are three promising approaches to enhance ZIBs’ electrochemical
performance and suppress the undesired side reaction; (3) for the 3D structural skeleton
and alloys, the new 3D configuration with more electroactive nucleation sites and ho-
mogeneous electrical field distribution should be further investigated. Hence, intensive
research with systematic and in-depth comprehension still needs to be performed in this
field to elucidate the mechanism of battery failure and to optimize strategies to overcome
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the drawbacks. We hope this mini-review will accelerate the development of ZIBs in the
laboratory and industry, further investigate their potential commercialization value, and
leverage already established manufacturing processes and know-how from the current
rechargeable battery industry.
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