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Zinc-anode-based batteries are widely used in energy storage devices due to their low cost, high-energy

density, and environmental friendliness. However, the fatal dendrite growth of the zinc anode during

cyclic plating and stripping processes severely affects the service life of the batteries. Herein, a ZIF-8-

derived Zn-ZnO@C-550 anode, i.e. ZnO nanoarrays grown in situ on the surface of zinc foil via chemical

deposition followed by hydrothermal synthesis and annealing, is designed for zinc–air batteries. With this

prepared self-supported anode, the assembled zinc–air battery exhibits excellent discharge performance

(995.77 mA h) compared to the same size of zinc foil, and remarkable cycling performance (more than

1200 cycles at a large current density of 10 mA cm−2) with dendrite growth being suppressed. The

superior anti-dendritic properties of the fabricated Zn-ZnO@C-550 anode can be attributed to the highly

ordered array structure of the Zn anode, which allows a homogeneous zinc ion concentration to avoid

the growth of metallic zinc clusters, as confirmed by a simulation of the electrode current density distri-

bution. The reversibility of Zn2+ plating/stripping in this work provides a promising strategy for preparing a

dendrite-free metal anode of these Zn-related batteries.

Introduction

The rapid consumption of fossil energy is bringing about a
serious crisis of energy and the environment; hence it is
important to develop renewable and sustainable clean energy
resources to replace fossil fuels.1,2 Currently, lithium-ion bat-
teries are widely used in laptops, mobile phones and electric
vehicles due to their excellent cycle performance.3 However, Li-
ion batteries have many safety concerns, which severely restrict
their further development. For this reason, zinc–air batteries
(ZABs) are being pushed forward as alternatives due to their
safe aqueous electrolyte, higher specific capacity (1086 W h
kg−1),4–6 and the abundant zinc resources for zinc anodes,
including metal zinc, zinc oxide and zinc composites.7–9 Thus,
ZABs with multiple advantages of low cost,10 environmental
friendliness, and high energy density have been considered to
be one of the most promising battery technologies.11 However,
poor cycling stability, the existence of side reactions (anode

passivation, self-corrosion of Zn and hydrogen evolution cor-
rosion), and zinc dendrite growth severely limit the commer-
cial development of zinc–air batteries.12–14 One of the most
common fatal problems is the growth of zinc dendrites, which
will pierce the separator and lead to short-circuits in ZABs.

Owing to the fact that dendrite growth is generally induced
by the nonuniform distribution of ions in the vicinity of a zinc
electrode with a limited specific surface area, the formation of
dendrites is inevitable.15 The excessive local current density
and unrestricted 2D diffusion of Zn2+ formed on a planar zinc
electrode with low surface area easily lead to dendrite gene-
ration during the cycling process.16,17 To improve the perform-
ance of a zinc anode, plenty of efforts have been made structu-
rally to inhibit dendrite growth. The main solutions to the
above problems include two aspects: (1) optimize the interface
between electrode and electrolyte to enhance the uniform dis-
tribution of zinc ions. A planar zinc electrode18 is limited by
its own contact area with the electrolyte, and often forms a
nonuniform passivation layer.19 As a result, some areas with
higher local concentration could induce the growth of zinc
protrusions. Subsequently, crystal anisotropy and the cusp
effect20,21 accelerate dendrite growth. To ensure uniformity of
electroplating, researchers have built a nano-porous coating as
a buffer layer between the electrode and the electrolyte. For
example, in the construction of a (0 0 1)-faceted TiO2 layer, the
relatively low zinc affinity,22 porous nano-CaCO3 coating,
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HfO2 coating14 all serve the purpose of regulating the depo-
sition of zinc and inhibiting the growth of dendrites. (2)
Construct a three-dimensional network24 which has a larger
specific surface areas with more steric sites. A three-dimen-
sional network designed to promote certain Zn nucleation can
not only mitigate dendrite formation, but also provide more
vacancies for the volume expansion caused by Zn deposition,
thus avoiding electrode deformation. In previous work, a
three-dimensional Zn/CNT foam skeleton,25 h-WO3/3DG zinc
anode,26 and 3D porous Zn19 were constructed to enlarge the
contact area between electrode and electrolyte. Moreover, a
three-dimensional structure can also improve the wettability of
the electrode surface, thus increasing mass transport, and
theoretically improving reversibility by confining the plating/
stripping process within the structure.25,27

In this work, self-supported zinc anodes with highly
ordered ZnO nanoarrays grown in situ on the surface of zinc
foil were constructed for zinc–air batteries. The Zn plating/
stripping process is restricted in the arrays, thus achieving
dendrite-free growth in a macro sense. In addition, the highly
ordered nanoarray structure increases the wettability of the
electrode and improves charge transfer efficiency at the same
time. Through this research, it was found that the Zn-
ZnO@C-550 electrode had a lower polarization and a pro-
longed lifespan of over 1200 cycles, which provides a promis-
ing idea for dendrite-free zinc anodes of zinc–air batteries.

Results and discussion

Fig. 1a shows a schematic diagram of the fabrication of a Zn-
ZnO@C-550 composite electrode. Firstly, highly ordered ZnO

arrays were formed on the surface of zinc foil (Zn–ZnO) by
chemical deposition. And then, a layer of ZIF-8 was grown
in situ on the ZnO-nanoarray-coated zinc foil (Zn-ZnO@ZIF-8)
via a hydrothermal reaction. Finally, the ZIF-8 layer evolved
into N-doped carbon, undergoing annealing at 550 °C in an Ar
atmosphere. Zn-ZnO@ZIF-8 precursors treated at other temp-
eratures (500 °C and 600 °C) were prepared as control samples.

The morphologies were then revealed by SEM. The SEM image
of zinc foil shows its rather smooth surface (Fig. S1a, in ESI†).
After treatment by chemical deposition, a highly uniform and
ordered rod-like ZnO nanoarray structure is formed on the surface
(Fig. 1b and c). The density of the array can be controlled by the
concentration of NaOH (Fig. S1d and e†). After the secondary
growth of ZIF-8 on the surface of Zn–ZnO, a uniform layer coating
on the ZnO nanoarray is observed on the surface (Fig. 1d), which
to certain extent preserves the high order of the array structure.
After further calcination treatment of Zn-ZnO@ZIF-8, rough rod-
shaped ZnO coated with an N-doped carbon layer are exposed on
the electrode surface (Fig. 1e and g). The EDX elemental mapping
analysis indicates that C, N, O and Zn are uniformly distributed
in the Zn-ZnO@C-550 electrode (Fig. 1f).

The XRD technique was used to reveal the crystal phase of
these prepared samples. XRD patterns of both Zn-ZnO@ZIF-8
and Zn-ZnO@C-550 show characteristic peaks of ZnO and Zn.
The characteristic peaks located at 31.840°, 34.502°, 36.332°, and
47.652° correspond to (1 0 0), (0 0 2), (1 0 1), and (1 0 2) crystal
planes, respectively. While peaks at 36.289°, 38.993° and 43.220°
correspond to (0 0 2), (1 0 0), and (1 0 1) crystal planes of Zn
metal, respectively (Fig. 1h). The control samples treated at
500 °C and 600 °C show similar XRD patterns to those of Zn-
ZnO@C-550 (Fig. S2, ESI†). Remarkably, the disappearance of
some of the peaks attributed to ZIF-8 in these calcined electrodes
indicates that carbonization of ZIF-8 has occurred.28

To further understand the principle of zinc deposition on the
zinc foil and Zn-ZnO@C-550 surface, the current distribution on
the electrodes in electrolyte was simulated using Fluent. The cal-
culation shows that the current density tends to accumulate on
zinc protrusions, as shown in Fig. 2a, where the maximum
current density appears at the tip. This further proves how zinc
protrusion exacerbate dendrite formation. From a macro perspec-
tive, as the reaction goes on, the uneven deposition causes a
rough and uneven electrode surface, which in turn affects the
charge distribution on the electrode surface. As shown in Fig. 2a,
the charge accumulation at the tip attracts more Zn2+, which
intensifies the inhomogeneous deposition on the bump and
leads to the growth of Zn dendrites (Fig. 2c). They eventually form
dead zinc deposits on the bottom of the battery as the reaction
continues, reducing the battery life. In contrast, the calculation
shows that the current density is higher on the sides of the arrays,
where zinc deposits are concentrated around them, as shown in
Fig. 2b. At the same time, the array structure can regulate the
deposition behavior of zinc and confine it to the interior of the
void. This structure is more attractive to zinc ions and promotes
the uniform deposition of zinc.

To investigate the role of the constructed structure of the
Zn-ZnO@C-550 electrode in the suppression of dendrite

Fig. 1 (a) Schematic diagram of the synthesis process of the Zn-
ZnO@C-550 electrode. SEM images of (b) nano-ZnO array, (c) cross-
sectional image of nano-ZnO array, (d) Zn-ZnO@ZIF-8 and (e) Zn-
ZnO@C-550, and (f ) EDX elemental mappings of Zn-ZnO@C-550, (g)
cross-sectional image of Zn-ZnO@C-550. (h) XRD patterns of nano-
ZnO array, Zn-ZnO@ZIF-8 and Zn-ZnO@C-550, respectively.
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growth, the process of morphological evolution during
repeated plating experiments was recorded by the SEM tech-
nique. The plating experiments are shown in Fig. S4.† As
shown in Fig. 2e and g, no metallic Zn deposits were found in
the red circles; this indicates that the reaction rate is slow
here. The uneven charge distribution on the electrode surface
may lead to different reaction rates on its surface, which will
ultimately affect the ion concentration distribution on the elec-
trode surface. During cycling, some small zinc particles
initially deposit on the surface of the zinc foil with a relatively
balanced electric field.29 Subsequently, charges accumulate at
the tips of these small zinc deposits, which serve as a charge
center for further zinc deposition.30,31 The initial sedimentary
nucleation shows a strong electric field effect, which could
exacerbate dendrite growth.27,32 Due to a memory effect, den-
drite growth at this position will intensify. As shown in Fig. 2g,
a large number of metallic Zn clusters appeared in the orange
circles, which further confirmed that the tip effect accelerates
the deposition of metallic zinc. When it grows to a certain
length, the dendrite could cause short-circuit failure. As
expected, the SEM images of the morphological evolution of
zinc foil after undergoing Zn2+ deposition behavior in alkaline
electrolytes reveal that the surface of the zinc foil is composed
of random zinc particles, which gradually accumulate to form
large zinc cluster protrusions with deposition from 10 to
20 min (Fig. 2e–h). The non-uniform deposition on zinc foil
can be attributed to the limited ion and electron transmission
path caused by its small specific surface area, poor wettability,
and increased resistance induced by a ZnO passivated layer,

which will greatly degrade its reversibility for a zinc–air
battery.19 By contrast, the Zn-ZnO@C-550 electrode presents
an entirely different deposition process (Fig. 2i–l). The depo-
sition process on the surface of the Zn-ZnO@C-550 electrode
starts from the nucleation and deposition of different crystal
planes on the bottom surface, and then extends and grows to
the surrounding voids (Fig. 2j, shown in orange circles). After
20 minutes, it is filled to form a flat and dendrite-free zinc
surface (Fig. 2l, shown in orange circles). Then the electroche-
mically active surface areas (ECSAs) of Zn-ZnO@C-550 and Zn
foil are evaluated by double-layer capacitance (Cdl). Zn-
ZnO@C-550 possesses a larger Cdl

33 than Zn foil, indicating
its large surface area (Fig. S5, ESI†). Therefore, the 3D structure
of the Zn-ZnO@C-550 electrode possesses a large surface area
with numerous voids, and can provide enough space for the
volume expansion of the zinc electrode during deposition,19

which eventually prevents battery decay.
The electrochemical stability of bare zinc foil and the Zn-

ZnO@C-550 composite electrode was inspected by assembling
them into a full zinc–air battery with 4 M aqueous KOH as
electrolyte, an air electrode as the cathode and zinc foil as the
anode. In the discharging process (Fig. 3a), the voltage of zinc
foil decays fast, which may be attributed to the uneven current
distribution on the electrode surface. As shown in Fig. 3b, LSV
results show that with increasing current density, the overpo-
tential of bare zinc foil increases, and the overall battery per-
formance deteriorates dramatically. This may be attributed to
the self-discharge reaction on the surface of bare zinc foil,34

which accelerates the corrosion process and leads to voltage

Fig. 2 Simulations of the relative intensity distributions of localized current density for (a) zinc foil and (b) Zn-ZnO@C-550. (c and d) Schematics of
bare zinc foil and Zn-ZnO@C-550 during repeated plating/stripping behavior. Morphological evolution of (e–h) pristine Zn and (i–l) Zn-ZnO@C-550
electrodes during the plating process at a current density of 5.0 mA cm−2 with different durations.
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instability. It is worth noting that the cell with Zn-ZnO@C-X as
anode shows a certain improvement in discharge performance
(Fig. S6a, ESI†). A comparison of charge and discharge per-
formance shows that the overall performance of the Zn-
ZnO@C-550 battery is superior to that of Zn foil. During the
discharge process (Fig. 3a), the Zn-ZnO@C-550 battery exhibits
higher voltage at the same current density, indicating its
superior corrosion resistance and robust stability under high
current density. In the charging process (Fig. 3b), the Zn-
ZnO@C-550 battery exhibits lower overpotential, which could
reflect the relatively lower cell resistance and better zinc depo-
sition performance. The improved cell performance may be
attributed to the array structure of the Zn-ZnO@C-550 surface
which is conducive to the homogeneous dispersion of the
local Zn2+ concentration, to achieve the purpose of uniform
deposition and suppression of dendrite growth (Fig. 2i–l).

To evaluate the corrosion resistance of pristine zinc foil and
Zn-ZnO@C-550, the electrochemical performance of the anodes
was examined with a three-electrode setup. Fig. 3c shows the cor-
rosion resistance profiles of pristine zinc foil and Zn-ZnO@C-550.
It illustrates the linear polarization curves35 of the two kinds of
electrode, which can be used to calculate Ecorr and jcorr.

36 Notably,
the current fluctuations in Fig. 3c may possibly be caused by the
corrosion passivation of zinc and the hydrogen evolution reaction
in corrosive liquids.37,38 The data in Table 1 was obtained by
fitting the data to observe the corrosion of the metal anode and
cathode. The corrosion inhibition efficiency is calculated with the
following formula (eqn (1)):39

j:E% ¼ ðjcorr0 � jcorrÞ
jcorr0

� 100% ð1Þ

where jcorr
0 and jcorr represent the corrosion current densities

of pristine zinc foil and Zn-ZnO@C-X (X = 500, 550, 600),
respectively. A lower corrosion current density indicates better

corrosion resistance.40 As shown in Table 1, the Zn-
ZnO@C-550 composite electrode has a lower current density.
The corrosion polarization curve of the original zinc foil is
11.50 mA cm−2. In contrast, the self-corrosion potential of Zn-
ZnO@C-X moved in a positive direction as the zinc anodic
reaction decreased (Fig. S7, ESI†). With original zinc foil as
blank samples, the corrosion inhibition rates of the Zn-
ZnO@C-500, Zn-ZnO@C-550 and Zn-ZnO@C-600 electrodes
were calculated to be 40.16%, 56.83% and 41.77%, respectively
(Table 1). The corrosion current of the Zn-ZnO@C-550 elec-
trode reached 4.96 mA cm−2. The results indicate that the
carbon coating on Zn plays a key role in protecting Zn from
corrosion in KOH electrolyte41 by reducing the direct contact
between zinc and the electrolyte, and enhancing the hydrogen
evolution overpotential. It can be seen from Fig. S8, ESI† that
the zinc foil electrode was subjected to corrosion fracture
when immersed in KOH for 150 h. The Zn-ZnO@C-550 elec-
trode had good integrity, which further confirmed the cor-
rosion resistance of the Zn-ZnO@C-550 electrode.

Fig. 3d and S9, ESI† display the EIS performance of bare
zinc foil and Zn-ZnO@C-X, respectively. The EIS curves were
analyzed using ZView software based on an equivalent circuit
(inset Fig. 3d) and the best fitting results are listed in Table S2,
ESI.† As can be seen from the impedance diagram, it consists
mainly of a semicircle in the high-frequency field and a
sloping straight line in the low-frequency field. The high-fre-
quency region is mainly controlled by the electrode reaction
kinetics. The lower resistance of the Zn-ZnO@C-550 electrode
is mainly attributed to the fact that this electrode has a larger
contact area with the electrolyte and better electrode wettabil-
ity, which facilitates the charge transfer process and thus pos-
sesses a smaller charge transfer resistance (Rct) than the other
control electrodes. The low-frequency region is mainly con-
trolled by the diffusion process of the reaction products. For
zinc foil, however, a large amount of ZnO formed on foil leads
to the rough surface of the zinc foil after corrosion, severely
limiting the zincate diffusion process, thus producing a rather
high EIS impedance in zinc foil. To further investigate the
influence of temperature on the reaction kinetic performance
of Zn-ZnO@C-550, the EIS impedance of the electrode at
different temperatures was tested. Based on the classical
Arrhenius law, the EIS impedance plots at different tempera-
tures were fitted, as shown in Fig. S10, ESI,† which shows that
the dissolution energy base of the Zn-ZnO@C-550 cell is
21.3 kJ mol−1, smaller than that of a Zn foil cell (49.2 kJ
mol−1). The smaller activation energy barrier for Zn-

Fig. 3 (a and b) Comparison of the discharge/charge polarization
curves of zinc foil and Zn-ZnO@C-550 in a zinc–air battery, respectively.
(c) Linear polarization curves of zinc anodes measured with a scanning
speed of 0.17 mV s−1 relative to the open circuit voltage in the voltage
range of −0.2 V to 0.4 V (vs. Ag/AgCl). (d) Impedance test of bare zinc
foil and the Zn-ZnO@C-550 composite electrode.

Table 1 Parameters for the corrosion of bare zinc foil and Zn-ZnO@C-
X modified Zn electrodes

Sample Ecorr (V vs. Ag/AgCl) jcorr (mA cm−2) j.E (%)

Zinc foil −1.62 11.50 N/A
Zn-ZnO@C-500 −1.55 6.88 40.16
Zn-ZnO@C-550 −1.56 4.96 56.83
Zn-ZnO@C-600 −1.54 6.70 41.77
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ZnO@C-550 demonstrates the better Zn2+ dissolution ability
on its surface,42,43 which may be attributed to more vacancies
on the Zn-ZnO@C-550 surface promoting the rapid diffusion
of Zn2+, thus significantly lowering the energy barrier.44

Moreover, to reveal the electrical and ionic conductivity of the
prepared electrodes, their conductivities were calculated
according to eqn (1), ESI.† The conductivities of zinc foil, Zn-
ZnO and Zn-ZnO@C-550 electrode were 401.7, 263.7 and
640.3 ms cm−1, respectively (Table S2, ESI†). In contrast, the
conductivity of the ZnO array electrodes was relatively poor.
This indicates that the ZIF-8-derived carbon material has
reasonable electrical conductivity.45

At the same time, a side reaction such as passivation will
occur in the discharge process, which will increase the con-
sumption of zinc foil and reduce the lifespan of the zinc. The
Zn-ZnO@C-550 composite reduces the direct contact between
zinc foil and electrolyte, and inhibits side reactions to some
extent. As a preliminary test of Zn and Zn-ZnO@C-X perform-
ance, four zinc electrodes with the same quality and specifica-
tions were assembled and discharged to 0.8 V with a current
density of 10 mA cm−2 at ambient temperature (Fig. 4a and
S11, ESI†).46–48 Remarkably, the curve of the Zn-ZnO@C-550
electrode shows a short drop followed by a rise at the initial
stage of the discharge. The voltage decay comes mainly from the
ohmic polarization at the start of discharge, where the load
current produces a certain voltage drop across the internal resis-
tance of the cell.49 Then, as the electrolyte penetrates further into
the voids of the electrode surface, the voltage loss will reduce as
the ohmic polarization decreases, and the voltage will rise back
up until it is stable.50 As shown in Table S3,† the capacity of a
battery with Zn-ZnO@C-550 as anode is 995.77 mA h, 2.5 times
more than that of bare zinc foil of the same size (387.63 mA h).
The uniform discharge of the Zn-ZnO@C-550 electrode is attribu-

ted to the higher utilization of zinc. As shown in Fig. 4b, the
potential of the oxidation current peak in the anodic polarization
curve of the Zn-ZnO@C-550 electrode shifts to higher potential
compared with zinc foil, indicating that the passivation of the
zinc electrode was delayed due to the protection of the carbon
layer. That is, the oxidation of Zn is hindered by the carbon layer
to some degree.

The Zn-ZnO@C-550 electrode also exhibits high rate stabi-
lity performance that keeps working within the wide current
density range of 1.0 mA cm−2 to 10.0 mA cm−2, as shown in
Fig. 5b. The long-term cycling performances of the zinc–air
batteries were investigated at a charge/discharge current
density of 10 mA cm−2. Fig. 5c shows that the charge–dis-
charge of the Zn-ZnO@C-550 composite electrode has stable
plateaus and the voltage attenuation process is much lower
than that of a bare zinc foil electrode. After 100 cycles, the
overpotential of the zinc foil battery starts to increase. This
may be due to the increased dendrite growth on the electrode
surface (Fig. 5h); the migration of Zn(OH)4

2− (Fig. 5a) on the
electrode surface is hindered, and the formation of ZnO on the
electrode surface finally affects the progress of the reaction. In
contrast, the Zn-ZnO@C-550 battery can be cycled stably for
more than 1200 cycles without significant voltage fluctuation.
This is mainly attributed to the carbon coating for electrode
protection. The Zn-ZnO@C-500/600 cycle performances are
shown in Fig. S12, ESI.† This structure makes the current dis-
tribution on the zinc electrode more consistent, thus suppres-
sing the growth of dendrites and enhancing battery life.51 In
addition, the cycle life of a cell with a ZIF-8 electrode
(Zn@C-550) was tested, which can be maintained only over
400 cycles, far inferior to that of the Zn-ZnO@C-550 cell (1200
cycles) (Fig. S13†). Therefore, the array structure plays an
important role in advancing the durability of the electrode. As
shown in Fig. 5d, in the initial charging process, the overpo-
tential of the bare zinc electrode is 912.9 mV, which is much
higher than that of the Zn-ZnO@C-550 composite electrode
(624.3 mV). The higher overpotential of the bare zinc electrode
may be attributed to the passivation reaction that requires
more energy to activate. In other words, the combined use of
N doping and carbon coating can effectively restrain electro-
chemical polarization, especially at high current density. At the
45th and 75th cycles, the overpotential of the battery with zinc
foil decreases, but remains at more than 700 mV (Fig. 5e and f).
The Zn-ZnO@C-550 battery is stable, and the overpotentials of
the 1st, 45th, and 75th cycles are all maintained at about 600 mV.
EIS measurements verify that the interfacial transfer resistance Rct
of the Zn-ZnO@C-550 composite electrode is only 0.0549 Ω. An
optical contact angle measuring instrument (KJ-625) was used to
measure the contact angles of bare zinc foil and Zn-ZnO@C-550,
respectively. As shown in Fig. 4c and d, the wetting angle of bare
zinc foil is 87.5°, and that of the Zn-ZnO@C-550 composite elec-
trode is 77.2°. Better contact between electrode and electrolyte
improves ion transfer efficiency between the KOH-based electro-
lyte and the zinc electrode.52 Electrochemical measurements
verify that Zn-ZnO@C-550 plays an important role in improving
battery performance and inhibiting dendrite growth.

Fig. 4 (a) Discharge performance curve of a zinc–air battery with zinc
foil or Zn-ZnO@C-550 as anode at a current density of 10 mA cm−2. (b)
Anodic polarization curve in a three-electrode configuration. (c and d)
Wetting angle tests for zinc and Zn-ZnO@C-550.
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To demonstrate the role of our well-crafted anode in sup-
pressing dendrite growth, scanning electron microscopy (SEM)
of the zinc foil anode or the Zn-ZnO@C-550 anode after
cycling were investigated. After 60 cycles, the initially smooth
surface of zinc foil (Fig. S1a, ESI†) transforms into a rough
surface with a large number of agglomerated Zn protrusions
(Fig. 5g, shown in the orange circle). Consequently, initial Zn
nucleation sites evolve into protuberances (as shown in
Fig. 2g), where zinc ions tend to migrate to the tip site, indu-
cing deposition of dendritic structures.24,53 Under 100 cycle
life, it can be seen from the electron microscope image that a
large number of holes are corroded on the surface of the elec-
trode and a large number of flaky zinc dendrites grow (Fig. 5h,
shown in the orange circle and Fig. S14g†). With the continu-
ous progress of the reaction, the dendrites on the electrode
surface continued to intensify, and a large amount of white
ZnO was formed on the surface, as shown in Fig. 5i (orange
circle) and Fig. S14h, ESI.† By contrast, the Zn-ZnO@C-550
electrode illustrates an entirely different deposition process.

The metallic zinc is deposited around different planes of the
crystal, avoiding the agglomeration of metallic zinc during
deposition, as shown in Fig. 5j. As the number of cycles
increases, with more zinc deposited on the surface, a uniform
surface eventually forms on the electrode, as shown in Fig. 5k.
At 400 and 500 cycles, as the surface zinc thickens, no obvious
flaky zinc formation is seen (Fig. S14b–e, ESI†). After 1000
cycles, metal zinc was uniformly deposited on the surface of
the electrode, and no obvious lamellar dendrites were found,
as shown in Fig. 5l and S14f, ESI.† The formation of irregular
zinc was reduced and dendrite growth was inhibited. This is
exactly how the protection of the carbon coating inhibits the
side reactions on the electrode surface, thus achieving a
higher utilization efficiency of the electrode.54,55 Thus, the
difference in the morphological evolution between pristine
zinc and the Zn-ZnO@C-550 electrode during the plating/strip-
ping process confirms the spatially confined Zn growth and
the superior Zn dendrite suppression in the Zn-ZnO@C-550
electrode.19

Fig. 5 (a) Schematic illustration of the operation of a zinc–air battery. (b) Rate performance of zinc foil and the Zn-ZnO@C-550 composite elec-
trode at current densities from 1.0 to 10.0 mA cm−2. (c) Cyclic voltammetry curves of bare zinc foil and the Zn-ZnO@C-550 composite electrode in
the first 100 cycles. CV curve of bare zinc foil and the Zn-ZnO@C-550 composite electrode at a current density of 10 mA cm−2. (d) Comparison of
overpotential performance between bare zinc foil and the Zn-ZnO@C-550 composite electrode in the first charging process. (e and f) Diagram of
overpotential performance changes of bare zinc foil and Zn-ZnO@C-550 during the 45th and 75th cycles. (g–i) SEM of the zinc foil when zinc foil is
used as an anode in a zinc–air battery after 60, 100, 234 cycles, respectively. ( j–l) SEM of the Zn plate when Zn-ZnO@C-550 is used as an anode in
a zinc–air battery after 60, 234, 1000 cycles, respectively.
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In addition, the array structure also promotes the uniform
deposition of Zn2+ and eventually achieves dendrite-free zinc
growth. The highly ordered array structure provides enough
active sites for the deposition of zinc ions, and provides
enough space for the volume expansion from zinc deposition
at the same time. Thus, the dendrite growth was inhibited and
the battery life was improved.

Conclusion

In summary, we report Zn-ZnO@C-550 as a novel zinc anode
for ZABs. The regular surface structure and high specific
surface area endow the Zn-ZnO@C-550 anode with fast reac-
tion kinetics and structural durability. Our results confirm
that the ZIF-8-derived Zn-ZnO@C-550 electrode induces
bottom-top Zn deposition behavior with low overpotential
during plating/stripping. More importantly, the Zn-
ZnO@C-550 electrode inhibits the growth of dendrite mor-
phology. Calculations show that the uniform current density
distribution on the array surface confines the zinc deposition
behavior to the voids between the arrays, which is the main
reason for achieving suppression of dendrite growth. It
demonstrates a high discharge capacity (995.77 mA h) com-
pared to the same size of zinc foil and excellent cycling dura-
bility of 1200 cycles at a current density of 10 mA cm−2. The
electrode plating/stripping with the array structure has better
reversibility and shows a huge advantage in reducing the
growth of dendrites, which was confirmed by simulation of the
electrode current density distribution. This work provides an
idea for the study of dendrite-free zinc anodes in zinc–air
batteries.
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