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ABSTRACT: Zn-based aqueous batteries (ZABs) hold great
promise for large-scale energy storage applications due to the
merits of intrinsic safety and low cost. Nevertheless, the thorny
issues of metallic Zn anodes, including dendrite growth and
parasitic side reactions, have severely limited the application of
ZABs. Despite the encouraging improvements for stabilizing Zn
anodes through surface modification, electrolyte optimization, and
structural design, fundamentally addressing the inherent thermo-
dynamics and kinetics obstacles of Zn anodes remains crucial in
realizing reliable ZABs with ultrahigh efficiency, capacity, and
cyclability. The target of this perspective is to elucidate the
prominent status of Zn metal anode electrochemistry first from the
perspective of zincophilicity and zincophobicity. Recent progress in ZABs is critically appraised for addressing the key issues, with
special emphasis on the trade-off between zincophilic and zincophobic electrochemistry. Challenges and prospects for further
exploration of a reliable Zn anode are presented, which are expected to boost in-depth research and practical applications of
advanced ZABs.
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1. INTRODUCTION
Exploring reliable electrochemical energy storage systems has
been widely considered a promising approach to realizing
carbon neutralization.1−5 Of particular interest are recharge-
able lithium-ion batteries (LIBs).6 However, a series of
endogenous challenges, including safety risks posed by
flammable organic electrolytes and potential supply chain
shortages caused by the uneven geographical distribution of
raw materials, has hindered the further application of LIBs at
the grid scale.7−11 Zn-based aqueous batteries (ZABs) based
on metallic Zn anodes and water electrolytes have attracted
tremendous interest owing to their low potential (−0.76 V in
neutral and acidic media or −1.21 V in alkaline media vs
standard hydrogen electrode), high theoretical capacity (820
mAh g−1 or 5855 mAh cm−3), low cost, and impressive
safety.12,13 Nevertheless, the practical application of ZABs is
still harassed by the uncontrolled growth of dendrites with high
Young’s modulus during repeated host-less Zn plating/
stripping processes, which may ultimately lead to the
deterioration of electrochemical performance and trigger the
internal short circuit.14,15 Besides, inevitable hydrogen
evolution, corrosion, and passivation may lower the redox
kinetics and Coulombic efficiency (CE) due to the
thermodynamic instability of metallic Zn anodes in weakly

acidic electrolytes, ultimately accelerating the degradation of
the metallic anode.16,17 Therefore, optimizing nucleation and
inducing homogeneous Zn plating/stripping as well as
suppressing the parasitic reaction at a fundamental level are
urgently required.
The ability to bond zinc is identified as a decisive factor

affecting the initial nucleation and subsequent deposition of Zn
metal, playing a critical role in Zn plating/stripping behavior.
As shown in Figure 1, generally, strong Zn bonding ability
(zincophilicity) could decrease the Zn nucleation energy
barrier, guide the initial nucleation, and homogenize the
subsequent Zn deposition by forming stable structures with Zn
species.18 Meanwhile, weak Zn bonding ability (zincophilicity)
can effectively inhibit parasitic reactions by regulating Zn2+
solvation structures and suppressing water decomposition.19

Therefore, choosing between zincophilicity and zincophobicity
is a trade-off between dendrites and parasitic reactions.
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Systematically understanding the correlation between zinco-
philicity and zincophobicity and establishing the relationship of
composition-structure-performance can provide selection
criteria for the construction of reliable Zn metal anodes. In
particular, a perspective regarding the trade-off between
zincophilicity and zincophobicity for stabilizing Zn metal
anodes would be timely. Herein, for the first time, the
fundamentals, bias, and selection criteria of zincophilic or
zincophobic sites are analyzed in-depth. Then critical appraisal
is raised regarding how to integratively design Zn metal anodes
with concomitant advantages of zincophilicity and zincopho-

bicity. Finally, novel insights are rendered collectively for the
future development of stable ZABs.

2. FUNDAMENTALS

The quantitative description of the affinity between Zn and the
substrate can be theoretically reflected by calculating the
adsorption energy (Eads) of Zn atoms on the substrate via
density functional theory. The Eads can be obtained according
to the following equation:20

E E E Eads sub Zn sub Zn=

Figure 1. Correlation between zincophilicity and zincophobicity in the Zn metal anode.

Figure 2. Definition of zincophilicity and zincophobicity. A summary of calculated binding energy between different materials and the Zn atom.
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where the Esub‑Zn, Esub, and EZn represent the energies of the Zn
adsorbed metal surface, the clean metal surface, and Zn atom,
respectively. As a key criterion for judging the potential
applicable functions (guiding or restricting), a positive
correlation appears in the absolute value of Eads along with
the affinity between Zn and substrate.21 In other words, if the
calculated Eads of the Zn atom on the substrate is substantially
higher than that of the Zn atom on Zn metal (−0.68 eV),22 the
substrate is considered to be zincophilic. Conversely, if the
substrate exhibits more intense repulsion to the Zn atom, it can
be considered that the relatively lower Eads leads to
zincophobicity.
Until now, various materials with high adsorbing ability for

Zn atom, including metals (Co, Ni, Cu, Ag, In, Sn, Au, Bi,
Sb),21,23−26 alloy (AgZn3, Brass, ZnZn5),

21,23 inorganic metal
compounds (ZnO, ZnF2, CuF2, MgF2),

21,26 polyanionic
hydrogel,27 and MXene28 have been employed to reinforce
the interfacial interaction between substrate and Zn. Mean-
while, inert inorganic oxides (CaCO3, TiO2, Kaolin, etc.),26

organic polymers (polybenzimidazole, polyamide, polyanthra-
quinone, etc.),29,30 and carbon have been reported as
zincophobic materials to address the endogenous challenges
of Zn anode. A summary of calculated binding energies
between different materials and Zn atoms is presented in
Figure 2, which can provide materials selection criteria for
stabilizing Zn anodes.

3. TO BE ZINCOPHILIC
It is the thermodynamic and kinetic factors that control the
nucleation processes of Zn at different heterogeneous
interfaces. From the perspective of thermodynamics, the
nucleation process is determined by the reduction of free
energy caused by the phase transition and the increase in
surface energy due to the formation of a new interface. The
former is the driving force of nucleation, while the latter is the
origin of the nucleation barrier.31 According to the classical
heterogeneous nucleation theory, tuning the absorb/bonding
ability of the interface to Zn2+ to improve the zincophilicity can
reduce the nucleation barrier and induce more compact and
uniform Zn deposition (Figure 3a),18,23,26 thereby boosting
electrochemical performance.

Introducing zincophilic species has been proposed to
reinforce the interfacial interaction between the substrate and
Zn2+ for suppressing Zn dendrite formation. Although
extensive efforts have been demonstrated, the inhomogeneous
distribution and agglomeration of zincophilic species usually
result in an uneven Zn2+ flux and Zn deposition. Meanwhile,
coverage of these zincophilic sites after compounding with Zn
or pulverization caused by infinite relative volume change
would undoubtedly cause the loss of seeding function, resulting
in ineluctable Zn dendrite growth and failure of Zn-based
batteries, especially after repeated plating/stripping cycles. In
addition, the fact that zincophilic sites are directly exposed to
electrolytes may exacerbate the risk of irreversible self-
instability, water decomposition, as well as irreversible
depletion of Zn2+ from the cation sources.32 Consequently,
the zincophilic components must be thermodynamically inert
or spatially confined most appropriately through both physical
and/or chemical confinement effects.

4. TO BE ZINCOPHOBIC
Apart from inducing Zn metal deposition by using zincophilic
species to decorate the current collectors, it is also essential to
construct an artificial interface with low metal affinity
(zincophobicity) to prevent the side reactions by means of
shielding the Zn anode from the electrolyte, and inhibit Zn
dendrites by redistributing Zn2+ at the anode/electrolyte
interface (Figure 3b).19,33 By enabling the electrolyte to
penetrate and enrich within a narrow range adjacent to the
anode surface, the zincophobic artificial interface limits the
reverse Zn2+ transmission, shields hydrated Zn2+ in the
electrolyte, and confines the smooth deposition of metallic Zn.
Although the zincophobic interface protected Zn anodes

usually exhibit improved stability and reversibility, the inherent
problem of low depth of discharge has not been addressed yet
due to the limited Zn2+ guiding effect of the zincophobic layer
at the electrode−electrolyte interface. Moreover, the sluggish
deposition kinetics of Zn2+ caused by insulating zincophobic
artificial coating barriers may lead to higher voltage hysteresis
and unsatisfactory durability.

Figure 3. Schematic diagram of Zn plating behavior on the (a) zincophilic and (b) zincophobic scaffold.
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5. ZINCOPHILICITY AND/OR ZINCOPHOBICITY?
More practically, the most significant challenge and inevitable
barrier of Zn-based batteries lie in the instability of metallic Zn
anodes. Although extensive efforts in interface engineering
have been demonstrated, two major issues, namely deterio-
rated dendrite growth and parasitic side reactions, have
plagued further practical development. Therefore, fundamen-
tally addressing the intrinsic thermodynamics and kinetics
problems remains crucial in realizing reliable Zn anodes with
ultrahigh efficiency, capacity, and cyclability.
5.1. Surface Engineering with Artificial Zincophilicity
and/or Zincophobicity

Surface engineering has been widely used to stabilize the Zn−
electrolyte interface by adjusting the ion transmission flux,
homogenizing the electric field distribution on the electrode
surface, and affecting the growth direction of metallic Zn.
Generally, the artificial layer makes sense in two ways (Figure
4): 1) as a hindrance that can keep the Zn anode away from
the active water in an aqueous electrolyte, and 2) as a guiding
layer that can guide the Zn to deposit uniformly.34−36 To
ensure superior functionality, the artificial interfaces should
fulfill several requisite characteristics of 1) chemical and
electrochemical inertia to get rid of the electrolyte-related side-
reactions; 2) high Zn2+ conductivity, which facilitates ions to
diffuse at high speed and deposit in favorable kinetics; 3)
appropriate zincophobic desolvation process, which suppresses
free water molecule and anion to react with inner Zn metal,
guides and confines the Zn2+ plating and stripping process
underneath; 4) abundant zincophilic nucleation sites per unit
area to attract Zn2+, which homogenizes the electric field to
avoid concentration polarization as well as enhances the
following controllability of Zn nucleation and homogeneity of
crystal growth; and 5) superadhesion to the metallic Zn
surface, along with high mechanical stability and high dynamic
adaptability, which allows Zn to withstand the sharp changes in
volume effectively during Zn plating/stripping process.
To stabilize the Zn−electrolyte interface, a zincophobic−

zincophilic bifunctional artificial interlayer can be introduced
as a protective layer to effectively avoid the corrosion and
dendrite formation of metal anodes. As demonstrated by Zhi
and co-workers,37 a spatial gradient 3D heterostructure coating
layer consisting of fluorinated alloy nanoparticles was in situ
constructed. The inner section of the 3D heterostructure is
occupied by a CuZn alloy, while the outermost section is
fluorinated compound ZnF2. The electrically insulated ZnF2
prevents direct electron transfer, along with induced H2O
decomposition. Moreover, the CuZn biphasic alloy accelerates

the kinetics of Zn2+ with a dendrite-free morphology to realize
a high cycling stability.
Additionally, Chen et al. put forward an “all-in-one” strategy

by combining zincophilicity and zincophobicity to stabilize Zn
anodes for high-performance ZABs.38 A bifunctional layer of
polyzwitterionic ionic liquid (PZIL) with zwitterionic func-
tional groups can not only guide the Zn2+ distribution to
manipulate Zn plating/stripping behavior under the artificial
layer but also establish a water-poor interlayer on the surface of
the Zn anode to avoid the occurrence of side reactions.
Moreover, those oxygen-containing functional groups in the
polymer chain lead to high-degree adhesion to Zn metal in the
period of electrochemical cycles. Thanks to these peculiar
characteristics, PZIL-Zn was able to cycle as long as 2600 h at
1 mA cm−2, with an ultrahigh average CE of 99.65% for 1000
cycles. To modulate Zn plating at high capacities, a Sb/Sb2Zn3
heterostructured interface has been developed.25 Benefiting
from the ultralow onset hydrogen evolution reaction (HER)
overpotential and homogeneous electric field distribution of
the Sb/Sb2Zn3-heterostructured interface throughout the
dynamic Zn electrodeposition process, the Zn anode enables
an ultrahigh areal capacity of 200 mAh cm−2 with a CE of
98.5%. Our group designed a robust Bi@Zn heterometallic
interface with metrics of both kinetics zincophilia and
thermodynamics inertia for tough ZABs.24 Kinetically, the
zincophilic Bi and in situ-formed Zn−Bi alloy solid solution
interface promotes fast and uniform hexagonal crystal
nucleation and deposition of Zn due to its low adsorption
energy and superior wettability. From a thermodynamic
standpoint, the metallic Bi with passivated electrocatalytic
character is effective in suppressing side reactions owing to the
high Gibbs free energy of hydrogen adsorption at 1.11 eV. The
elaborated “kinetics metalphilia and thermodynamics inertia”
metrics for the zincophilic−zincophobic interface delivers an
ultralong cycling lifespan over more than 4700 cycles with an
ultralow overpotential ∼55 mV even at 10 mA cm−2. Despite
significant advancements, the long-term operational stability of
nondynamic adaptive layers is ultimately constrained by the
huge volume change resulting from the hostless nature of the
Zn foil anode. To address this limitation and enhance
interfacial compatibility, a dual electrolyte/electrode interphase
composed of the inner zinc sulfate hydroxide (ZSH) layer and
the outer ZSH/CaSO4·2H2O hybrid layer was in situ generated
on the surface of the anode.39 This interface could not only
inhibit the HER side reaction by presolvating Zn2+ and
blocking the electron acquisition of water but also regulate the
uniform deposition of Zn2+ by the effect of heterojunction
charge aggregation and electric field homogenization.

Figure 4. Schematics of surface engineering via a zincophobic−zincophilic bifunctional artificial interlayer.
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The hydrated [Zn(H2O)x]2+ ion complex, free water outside
the Zn2+-solvated sheath, and/or desolvated water molecules
can lead to Zn chemical instability, along with aggravation of
nonuniform Zn deposition in the aqueous environment.40,41 In
addition to constructing a dehydrated environment at the
interface between the electrolyte and Zn anode, recently, from
the perspective of regulating the solvation structure of Zn2+,
well-ordered nanoporous structural materials, including
metal−organic frameworks (MOFs),42−45 covalent organic
frameworks,46−48 and zeolite molecular,49 have been employed
to alleviate the concentration gradient at the interface via ion
sieving effect for highly reversible Zn-metal anodes (Figure 5).
Generally, the supersaturated electrolyte layer is capable of
inhibiting dendrites formation and parasitic reactions via
weakening Zn2+ solvation effect and promoting desolvation
kinetics.50,51 For instance, ZIF-7 with narrow channels (2.94 Å
in size window) was employed as a host to reduce the
reactivity of water molecules and confine the association of
solvated Zn2+-H2O ions for a homogeneous Zn deposition.42

The design shows multiple merits: 1) rejecting the large
fraction of active water via a partial desolvation process inside
MOF channels in advance and repelling anions via electrostatic
repulsion under an electric field; 2) bonding with the
detrimental H2O molecules by the hydrogen bond network
existing in the porous MOF layer and ensuring a minor
amount of water in neighboring electrode surface. Benefiting
from the fewer side reactions, dramatic improvement occurred
in the lifespan and electrodeposit morphology for the plating/
stripping behavior of the Zn anode. Apart from the
aforementioned advantages, the electrokinetic effect induced
by the zincophilic sites on the channel surface of well-ordered
nanoporous structural materials benefits uniform shock
electrodeposition.52 Typically, countless zincophilic nitrogen-
containing functional groups on the inner channel wall of ZIF-
11 would intensely attract Zn2+, resulting in a uniform
interfacial electric double layer. It is conducive to smooth
electrokinetic surface conduction as well as stable deionization
shock in the channel, which renders dendrite-free and fast Zn
deposition.
Manipulating planar Zn electrodeposition with preferred

orientation along the (002) plane is also desirable to
simultaneously boost Zn plating/stripping efficiency and Zn
anode stability.47,53 Aiming at achieving uniformly planar and
dendrite-free Zn deposition, Guo and co-workers developed a
porous fluorinated COF (FCOF) film as a multifunctional
platform to protect the Zn anode.47 The porous F-containing
nanochannels exert a favorable confinement effect over the

film, which contributes to the desolvation and rapid trans-
portation of hydrated Zn2+, and hinders the aqueous
electrolyte from Zn corrosion. At the same time, the surface
energy of the Zn (002) crystal plane could be reduced by the
strong interaction between Zn and F in the FCOF, which
guarantees the metallic Zn growth along preferred (002)
planes. Consequently, prolonged cycle life can be achieved for
the FCOF@Zn anodes under a wide range of current densities
of 5−80 mA cm−2. Moreover, oriented-attachment-regulated
Zn stacking with a high zinc utilization rate, facilitated by well-
spaced Prussian blue analog (PBA) nanocubes acting as Zn2+
tunnels, was also achieved through a trapping-then-planting
process.54 The Zn2+ trapped in the isometric nanocavities of
PBA is well-spaced at approximately 5 Å, which initiates the
oriented-attached Zn (002) preferential orientation and
promotes the lateral stacking of Zn nucleates. As a result, the
PBA-decorated anode delivers stable zinc plating/stripping for
6600 cycles at 5 mA cm−2 with a rigorous 100% zinc utilization
rate protocol.
It can be seen that surface engineering with artificial

zincophilicity or zincophobicity strategies can deal with the
problematic issues for Zn anodes, but it will increase the
resistance and weaken the mass transfer. Meanwhile, Zn2+
channels within the bifunctional protective layers are easily
blocked by deposited metallic Zn, resulting in sluggish
electrochemical kinetics and restricted Zn2+ migration in the
interfacial layer. There is still a lack of sufficient understanding
of the effects of basic parameters such as thickness, density,
uniformity, and adhesion of the zincophobic−zincophilic
bifunctional artificial interlayer on the long-term stable service
of Zn anodes.
5.2. Electrolyte In Situ Induced Zincophilicity and/or
Zincophobicity

During the metallic Zn plating process, a large number of
active H2O molecules are generated on the Zn surface by
hydrolysis [Zn(H2O)6]2+. The hydrolysis of Zn2+ occurs as
Zn2+ + 6H2O ↔ Zn[(H2O)6]2+ ↔ Zn[(H2O)5OH]+ + H+. As
a result, the H2 evolution, metal corrosion, along with
aggravation of nonuniform Zn deposition are inevitable by
the OH− and/or H+ ions from the active water.55,56 From the
thermodynamic aspect, decreasing the content/activity of
water molecules belonging to Zn2+ solvation structures in
electrolytes, and restricting the free water in the interface of
electrode and electrolyte, have been demonstrated effective in
suppressing the parasitic reactions and dendrite growth.57−59

Although a dual zincophobic−zincophilic bifunctional artificial
interlayer can effectively achieve highly reversible Zn metal

Figure 5. Schematics of nanoporous ion sieve-induced zincophilicity or zincophobicity design.
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anode chemistry, the fabrication and implementation of such a
functional layer are relatively difficult and complex. More
realistically, the bifunctional characteristic can be achieved by
optimizing the composition of the electrolyte to weaken the
bonding strength between solvated H2O and Zn2+ (i.e.,
thermodynamically inert electrolyte with zincophobic water),
and in situ construct a uniform Zn-ion conductive solid−
electrolyte interface (SEI) on the surface of Zn anode
(zincophilic interface with high kinetics) (Figure 6).
To this end, Cao et al. constructed a zincophilic/

zincophobic bilayer interphase for a highly reversible Zn-
metal anode by using a ZnCl2 aqueous electrolyte with DMSO
or SnCl2 additive.

19,60 The strong interactions between H2O
and the additive together with the replacement of H2O in the
Zn2+ solvation sheath by DMSO or concentrated Cl− would
effectively decrease the water activity. At the same time, a self-
repairable and zincophilic SEI with high Zn2+ conductivity can
be in situ formed, which can inhibit the decomposition of
solvated H2O and suppress Zn dendrite growth. The
combination of reducing H2O activity with zincophobic
electrolyte and accelerating reaction kinetics with zincophilic
interface enables long-term Zn stripping/plating with high CE.
Similarly, Luo and co-workers proposed a reasonable bifunc-
tional SEI-design principle for Zn anodes by optimizing the
composition of electrolytes.61 The composite SEI composed
mainly of Zn3(PO4)2 and ZnF2 was constructed in situ on the
Zn surface through a KPF6 additive-induced chemical strategy.
Zn3(PO4)2 possesses a high interface energy with Zn metal,
which offers great potential to suppress dendrite growth. ZnF2
exhibits unique advantages in terms of accelerating Zn2+
transfer and deposition kinetics. Thanks to the synergistic
effect, the versatile SEI could not only circumvent the
intractable electrochemical route but also improve the
thermo-kinetic and deposition behaviors of Zn anode. Besides
ionic additives, nonionic additives, including inorganics and
organics, can also inhibit Zn dendrites and reduce side
reactions. Silk fibroin (SF) has been proposed as an effective
electrolyte additive for dendrite-free Zn anode.62 Specifically,
SF could preferentially adsorb on the Zn surface. The
abundant polar groups endow SF with high zincophilicity,
which effectively guides the homogeneous redistribution of
Zn2+ flux and promises a dendrite-free Zn anode. At the same
time, SF could easily coordinate with Zn2+ to reduce
coordinated H2O, thus alleviating the water-induced side
reactions. In addition to manipulating Zn2+ solvation structure,
the synergetic coupling of zincophobic repulsion effect and
facilitating Zn2+ flux have also been employed. Wang and
coauthors proposed a zincophobic electrolyte by introducing

succinenitrile molecules.63 The intrinsically zincophobic
electrolyte could reduce the affinity of Zn metal to the
electrolyte and prevent the occurrence of corrosion and HER
caused by the interface water. Moreover, the zincophobic
electrolyte exhibits a stronger affinity for the SEI formed by the
horizontal stacking of zinc hydroxide sulfate, which ensures
rapid Zn2+ flux while inhibiting the growth of dendrites. To
further enhance the durability and reliability of aqueous Zn
chemistry, Li et al. designed a zincophilicity and hydro-
phobicity self-assembled multilayer (SAM) using L-cysteine as
a molecular building block.64 This SAM is capable of
reconfiguring in response to environmental conditions and
triggering a dynamic replenishment interphase to confront the
change in electrode morphology. The structure of the electrical
double layer is modulated by the molecular multilayer, leading
to accelerated electrode dynamics and the mitigation of the
concentration polarization at the interface. The hydrophobic
properties effectively inhibit the occurrence of water-mediated
parasitic side reactions. Furthermore, the topological structure
offers ample deposition space, enabling the realization of the
area-induced deposition effect, which significantly contributes
to the formation of a dense and well-organized zinc deposition
morphology.
The in situ-induced zincophilicity and/or zincophobicity by

means of electrolyte optimization has attracted much attention
due to the features of facile preparation and cost-effectiveness.
Despite these advances, it should be noted that SEI-stabilized
electrolyte additives are easily consumed during the cycling
process. Moreover, the problems of the aqueous environment,
especially the low chemical/electrochemical/thermal stability
of the electrolyte, are still severe challenges.
5.3. Electrode Structural Design toward Zincophilicity
and/or Zincophobicity

From the perspective of electrode structural design, fabricating
3D porous conductive host to anchor or confine Zn is
considered an effective method to minimize dendrite
formation by means of decreasing local current density and
uniformizing Zn deposition.65 Meanwhile, embedding Zn-
metal into the 3D host can support massive Zn deposition.66 In
addition to guiding dense Zn accumulation, the ability to
inhibit side reactions is also a requisite for the host. The
essence of hydrogen evolution can be ascribed to the direct
contact between active water in the electrolyte and the metallic
anode. From the view of thermodynamics, the key to
minimizing hydrogen evolution lies in the development of
anticatalysts (catalytic passivation) with increased HER
overpotential.21,67 Consequently, the synergistic combination
of 3D conductive frameworks with zincophilic species and/or

Figure 6. Schematics of electrolyte-induced zincophilicity and/or zincophobicity design.
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anticatalysts would be a feasible approach to achieve stable
ZABs with simultaneously ultrahigh Zn stripping/plating rates
and superior long-term cycling life (Figure 7).
To fulfill the multiple requirements mentioned, a 3D porous

carbon fiber-based microscaffold decorated with zincophilic Sn
nanodots/nanoparticles was fabricated as a host for stabilizing
the Zn metal anode.14,68 The highly zincophilic metallic Sn not
only favors the nucleation and the inward-growth during Zn
plating but also inhibits the hydrogen evolution side reactions.
Recently, our group proposed a hierarchical confinement
strategy to design spatial traps through a host composed of
porous Co-embedded carbon cages (denoted as CoCC) for
controlling the electrodeposition behavior of metallic Zn and
stabilizing ZABs.69 It is worth noting that the zincophilic Co
sites are precisely protected by the zincophobic porous carbon
layer, which not only lowers the nucleation energy barrier and
guides the preferential internal nucleation of Zn metal but also
effectively prevents the zincophilic sites from being directly
exposed to the electrolyte, reducing the possibility of water
decomposition. The 3D macroporous conductive framework
could homogenize the current distribution and redistribute the
Zn2+ flux to a wide range. Meanwhile, a 3D all-in-one network
with porous hollow carbon cages was used as traps to
accommodate and spatially confine the deposition of metallic
Zn and suppress dendrite growth. Benefiting from the
optimized structure design and composition combination, the
developed composite anode shows small voltage hysteresis and
prolonged cycling stability, even at high current densities.
Apart from improving the HER overpotential, avoiding direct
contact of electrolyte with the metal anode by directional
encapsulation of Zn metal into a 3D highly zincophilic skeleton
with longitudinal sealing and laterally porous structure is also
effective in stabilizing the Zn metal anode. Zhou and
collaborators constructed a 3D host (denoted as MGA) with
zincophilic MXene and graphene for uniform Zn encapsula-
tion.28 The inherent fluorine functional group in MXene could
induce an in situ-formed ZnF2-rich SEI at the anode/
electrolyte interface, which effectively guides the uniform
nucleation. Moreover, passivation and HER during the cycles
can be suppressed according to the design of encapsulating the
bulk Zn in a 3D microscale pattern. An impressive flat function
could be illustrated in a symmetric cell by the MGA@Zn
composite anode in a synergistic manner, even at a large
current density of 10 mA cm−2 over 1000 cycles.
Reasonable structural design via zincophilicity and/or

zincophobicity modifications can homogenize the distribution
of Zn2+ flux by reducing the local current density, guiding and
regulating uniform Zn deposition within the whole framework,
and alleviating partial volume changes during the plating/

stripping process. However, the inferior mechanical toughness
(both strong and ductile) of the 3D porous host is not
sufficient to buffer huge internal stress fluctuations and prevent
electrode disintegration, especially under conditions of high
depth of discharge and long-term operation. In addition, the
increase in the contact area between the electrolyte and
metallic Zn will aggravate the corrosion and HER.

6. CONCLUSIONS AND PERSPECTIVES
To conclude, the notable progress in rechargeable ZABs with
intrinsic safety and high energy density is encouraging and
exciting. Nevertheless, the state-of-the-art ZABs still cannot
meet the requirements of practical applications due to the
limited cycling stability of Zn metal anodes in aqueous
electrolytes. Reasonable zincophilic/zincophobic modification
should be able to tune the interfacial properties, thereby
suppressing the side reaction and inducing the homogeneous
deposition of Zn. More importantly, synergistically integrating
and/or balancing the zincophilic and zincophobic sites may
enhance the reversibility and stability of Zn to a further extent.
Although significant progress and considerable achievements
have been achieved in stabilizing the Zn metal anodes, there
are still challenges but sufficient scope to meet the practical
metrics of ZABs. Therefore, it is suggested that future works
may be carried out in the following areas:

a) In-depth understanding of the zincophilic/zincophobic
mechanism should be established. At present, there is
merely thorough and intensive research on the crucial
parameters of zincophilicity or zincophobicity, while a
systematic research net, similar to lithium bond
chemistry in lithium metal anodes, has yet to be
established. Consequently, it is significant and necessary
to put forward rules systematically for further under-
standing of ZABs.

b) The stability of zincophilic/zincophobic sites should be
improved. It is possible that the zincophilic/zincophobic
sites may undergo chemical action in the electrolyte or
go through the electrochemical change in the repeated
electric field to defunctionalize or be disabled gradually.

c) Novel forms of zincophilic/zincophobic sites should be
developed. Zincophilic sites with self-healing capability
after structural damage or zincophobic artificial layers
consisting of organic−inorganic composites with ex-
cellent mechanical strength/toughness may achieve
multiple protection for Zn anodes.

d) The integration of multiple advantages that combine the
strategies of structural design, interface modification,
electrolyte optimization, and advanced separator in a

Figure 7. Schematics of structural engineering via zincophilicity or zincophobicity design.
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harmonized manner is expected to achieve synergisti-
cally protective and functional strategies.

e) Advanced in situ characterization techniques, including
real-time visualization and spectral characterization, can
be employed to comprehensively investigate the reaction
dynamics, transport kinetics, and thermodynamics of
ZABs during the electrochemical reaction process.

f) The comprehensive understanding of Zn metal anodes
under practical conditions is still often neglected.
Extravagant Zn is employed in current ZABs batteries,
leading to high component cost, low Zn utilization rate,
and unsatisfactory energy/power densities. Therefore,
the cost of the raw material and fabrication process
should be considered to ensure competitiveness. In
addition, improving the Zn utilization rate while
reducing the positive-to-negative electrode ratio is a
crucial requirement for the development of ZABs with
practicality and commercial feasibility.
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