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ABSTRACT: Aqueous rechargeable zinc (Zn) metal batteries
show great application prospects in grid-scale energy storage
devices due to their good safety, low cost, and considerable energy
density. However, the electrical and topographical inhomogeneity
caused by the native passivation layer of metallic Zn foil leads to
inhomogeneous electrochemical plating and stripping of metallic
Zn, and the limited accessible area to the electrolyte of the regular
foil electrode causes the poor rate capability, which together hinder
the practical application of the Zn metal electrode in rechargeable
aqueous batteries. In this work, we show that the native passivation
layer on the Zn foil electrode can be removed by a simple chemical
polishing strategy, associated with the formation of a three-dimensional ridge-like structure of metallic Zn (r-Zn) on the surface of
the Zn foil electrode due to the selective etching of weak crystallographic planes and grain boundary of metallic Zn. The clean and
uniform surface of the metallic Zn electrode enables homogeneous plating and stripping of metallic Zn, and the ridge-like structure
of r-Zn increases the accessible surface area to the electrolyte and reduces the local current density, which elevates the
electrochemical performance of the Zn metal anode with regard to the cycling stability and rate capability. It is demonstrated that a
r-Zn anode cycles stably for over 200 h at 1 mA cm−2 and 0.5 mA h cm−2 with a low overpotential of 20 mV, which far outperforms
39 h of cycling with an overpotential of 72 mV for its pristine metallic Zn counterpart.
KEYWORDS: aqueous zinc metal battery, passivation layer, chemical polishing, ridge-like structure, homogeneous plating

1. INTRODUCTION

The use of fossil fuels produces greenhouse gases (e.g., CO2,
N2O, and CH4) and other environmental pollutants, which
change Earth’s climate system. It is of vital importance to
develop technologies to utilize clean sustainable energy (e.g.,
wind, solar, and tide) with low cost and reduce the fossil fuel
consumption in the near future.1 However, the uneven spatial
and temporal distribution of renewable energy causes a big
challenge for their efficient utilization. One promising strategy
to address this issue is to develop an advanced battery system
with long cycle life and low cost for the storage of renewable
energy before its utilization.2,3 Among the various energy
storage systems, a long-life and low-cost aqueous Zn metal
battery is highly desirable.4−9 Aqueous electrolytes are safe,
green, easy to operate, and have high ionic conductivity.10−12

Also, the Zn metal is abundant and inexpensive, and its
bivalent carriers provide high capacity.7,13 Until now, zinc-
manganese dioxide (Zn-MnO2) batteries have occupied a large
part of the primary battery market. Unfortunately, the practical
application of the long-life rechargeable Zn-MnO2 battery has
yet been realized despite recent great research progress. A large
number of factors lead to poor cycle performance of the Zn
metal battery, including dendrite growth, corrosion, and
hydrogen evolution at the Zn metal anode. One of the

important factors is the uncontrollable and inhomogeneous Zn
deposition.14−17 The uncontrollable deposition of Zn produces
the electrical and topographical inhomogeneity of the electrode
and leads to the growth of Zn dendrites, which can pierce the
separator and cause short circuit of the battery. The
phenomenon of dendrite growth would be more serious
under large applied current densities,18 where the large applied
current density is a basic requirement for the application in
smart grids for energy storage equipment.19−21 Therefore, it is
of great significance to develop long lifespan and dendrite-free
Zn metal anodes for aqueous Zn metal batteries.
A complex and nonuniform native passivation layer exists on

the surface of conventional Zn foil, which is composed of zinc
oxide, basic zinc carbonate, and so on. Such a passivation layer
leads to inhomogeneous resistance for charge transport and
electric field distribution on the electrode surface during
electrochemical plating and stripping of metallic Zn, thereby
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causes the nucleation priority of metallic Zn during its plating
and dissolution priority during its stripping in some local areas,
and eventually leads to the uncontrollable deposition of Zn. In
the past years, great attention has been paid to homogenize the
plating and stripping of metallic Zn and improve the cycle life.
The nanoporous CaCO3 layer was coated on the surface of the
metallic Zn electrode, which homogenized the flux of Zn ions
and led to uniform deposition of metallic Zn.22 Similarly,
polyamide23 and metal−organic framework24 surface protec-
tion layers and polymer solid electrolytes25−29 were used to
achieve uniform Zn ion flux and uniform Zn deposition.
Sodium ions were introduced into the aqueous electrolyte,
which could be adsorbed at the electron enrichment site of the
Zn metal electrode and homogenize the electric field
distribution.30 Similarly, adding Mn2+ in the electrolyte could
also have a positive effect on the electrochemical cycling of the
Zn metal electrode.31,32 Besides, metallic Zn electrodes with
large accessible surface areas to electrolytes created by
electrode structure design (e.g., porous Zn sponge33 and
interconnected 3D scaffolds15,34−39) greatly reduced the local
current density and homogenized the surface electric field
distribution and Zn ion flux, which not only improved the
cycling stability but also improved the rate capability of the
metallic Zn electrode. Despite the much improved electro-
chemical performance by the above advanced electrode
structure and electrolyte engineering, these studies were
mainly conducted based on the use of the pristine Zn
metal. Little attention has been paid to the effect of the native
surface film of the pristine Zn metal on the electrochemical
performance of the Zn metal, which we think is very important
for understanding the metallic Zn chemistry for aqueous
batteries and realizing its practical application. Therefore, it is
of great significance to investigate the electrochemical
performance of the Zn metal electrode with a clean surface
without the passivation layer and design advanced metallic Zn
electrodes.
In this paper, we report a 3D ridge-like zinc (r-Zn) electrode

fabricated via a simple ultrasonic-assisted acid etching method.
The as-achieved structure shows three attractive merits for the
understanding and improvement of the Zn metal electrode for
rechargeable aqueous batteries: First, the impurities from the
surficial passivation layer are removed during the acid etching
process, which not only exposes a large amount of active Zn for
facile dissolution and deposition but also homogenizes the
electric field and ion flux at the electrode surface. Second, the
mass transfer process is improved from planar to three-
dimensional, also beneficial to improve the rate performance of
the Zn metal battery. Third, the effect of the native passivation
layer on the electrochemical performance of Zn metal
electrodes can be systematically investigated, which can help
to understand the electrochemical behavior of the Zn metal
and design advanced Zn metal electrodes. As a result, the as-
fabricated 3D r-Zn electrode with a fresh surface shows low
overpotential (20 mV) and good cycle life (200 cycles at 0.5
mA h cm−2 and 1 mA cm−2), which outperforms the pristine
Zn metal electrode with a native passivation layer.

2. EXPERIMENTAL SECTION
2.1. Preparation of the r-Zn. The r-Zn was fabricated using

commercial Zn foil (purity: 99.9 wt %, thickness: ∼200 μm) as the
starting material through a chemical etching route. Typically, a
pristine Zn foil was first rested in a dilute hydrochloric acid solution
(6 vol %) under sonication for 5 min at ∼25 °C and then rinsed with

deionized water and ethanol several times. To avoid oxidation, the Zn
foil after etching and rinsing was dried by Ar blowing and stored in an
Ar-filled glove box before further use and characterizations.

2.2. Characterization. The X-ray diffraction (XRD) patterns of
the pristine Zn and r-Zn foils were collected on a PANalytical B.V.,
Holland with Cu Kα radiation (λ = 0.154 nm). The morphology and
microstructure of the pristine Zn and r-Zn electrodes before and after
cycling were characterized by employing a scanning electron
microscope (SEM, Sirion 200).

2.3. Electrochemical Measurements. The pristine Zn and r-Zn
foils were first cut into disks (Φ = 12 mm) as the electrodes for
electrochemical characterizations. Zn || Zn and r-Zn || r-Zn
symmetrical cells were assembled with a coin cell configuration
(2032-type) in ambient conditions. Glass fiber (Φ = 16 mm) and 3 M
ZnSO4 were used as the separator and aqueous electrolyte,
respectively. Electrochemical plating/stripping measurement of
metallic Zn was performed on a Neware battery tester (Shenzhen
Neware Technology Co., Ltd., China) at current densities of 1−5 mA
cm−2 with fixed capacities of 0.2−0.5 mA h cm−2. The nucleation
overpotential measurement was conducted by plating metallic Zn on
different electrodes (pristine Zn or r-Zn electrode) in standard
CR2032 coin-type cells in the 3 M ZnSO4 aqueous electrolyte. The
electrochemical impedance spectrum (EIS) was collected on a
Biologic VMP3 electrochemical workstation with a frequency range
of 100 kHz to 0.01 Hz with an AC voltage of 5 mV.

3. RESULTS AND DISCUSSION
Figure 1 illustrates the important role of r-Zn in improving the
electrochemical plating/stripping behavior of metallic Zn. A

native nonuniform passivation layer generally exists on pristine
metallic Zn foil due to its high chemical reactivity. Such a
passivation layer mainly consists of ZnO and other Zn-
containing species,40,41 which can lead to high and nonuniform
surface electrochemical impedance. Further, the nonuniform
local surface structure leads to nonuniform Zn plating/
stripping and eventually dendrite formation (Figure 1a). In
our experiment, a chemical polishing process is introduced,
and the nonuniform passivation layer is removed, leaving a
clean surface of metallic Zn with a uniform surface structure.
The clean surface of the as-achieved Zn electrode can reduce
the nucleation overpotential, and its uniform surface is
beneficial for enabling uniform electrochemical plating/
stripping of metallic Zn due to the more uniform electric
field on the surface of the Zn metal electrode (Figure 1b).
Moreover, the chemical etching produces a 3D ridge-like
structure, which can increase the accessible surface area of the
electrode to the electrolyte, reduce the local current density,
and then the possibility for dendrite growth. Taking the above
factors into account, homogeneous nucleation and stable

Figure 1. Schematic illustration of the Zn plating process on (a) the
pristine Zn foil electrode with a native passivation layer and (b) the
3D r-Zn foil electrode with a clean surface.
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electrochemical plating/stripping behavior of metallic Zn can
be expected for the as-designed r-Zn electrode.
An ultrasonic-assisted chemical etching method was

employed to remove the native passivation layer of Zn foil,
as illustrated in Figure 2a. SEM was first carried out to track
the morphology evolution during the chemical etching. The
surface of pristine Zn foil was relatively smooth except for
some streaks, which were probably produced during its
fabrication (Figure 2b). After chemical etching for 2 min, the
initial smooth surface became rough, and aligned crystallo-
graphic planes of metallic Zn were observed in local areas with
a size of ∼30 μm (Figure 2c), implying that the initial
passivation layer on the very surface of the pristine Zn foil was
removed, and a certain crystallographic orientation of
hexagonal metallic Zn was exposed. This change in the surface
structure of the Zn foil was also identified by the naked eye.
The initial silver white for the pristine Zn foil turned pale white
for the r-Zn foil (inset of Figure 2b, 2d). After chemical etching
for 5 min, the crystallographic planes of metallic Zn were
further developed, and the 3D ridge-like structure was formed
on the surface of the Zn foil (Figure 2d), suggesting the
preferential etching to produce certain exposed crystallo-
graphic planes of hexagonal metallic Zn. XRD was performed
to investigate the ridge-like structure of the metallic Zn
electrode and its formation mechanism. As shown in Figure 2e,
the XRD peaks for pristine Zn foil matched well with the
standard hexagonal-phased metallic Zn (JCPDS No. 04-0831).
With the increase of etching time (e.g., 2 and 5 min), the
relative intensity for the (002) peak of metallic Zn decreased

(e.g., I(002):I(100):I(101) = 0.74:0.30:1 at 0 min, I(002):I(100):I(101) =
0.51:0.32:1 at 2 min, and I(002):I(100):I(101) = 0.20:0.27:1 at 5
min). The as-received commercial Zn foil was polycrystalline
covered with a native passivation layer on the surface. This
passivation layer could be removed in the initial stage of the
chemical etching process, leaving a clean surface with a large
number of grain boundaries and defects exposed. Such a
surface structure was more active than the bulk structure of
metallic Zn and therefore etched preferentially in the
subsequent etching process. As is known, the (002) crystal
plane is densely arranged and relatively more stable than other
planes in the hexagonal-phased Zn metal.42,43 The fast etching
of other crystal planes led to the decrease in the proportion of
the exposed (002) plane, which was consistent with the XRD
results (Figure 2e). Taken together, the formation of the 3D
ridge-like morphology is attributed to the selective etching of
grain boundaries and crystallographic planes of metallic Zn, as
demonstrated by the SEM and XRD results (Figure 2b−e).
Further prolonging the etching time to 15 min led to the
collapse of the foil structure (Figure S1). Therefore, the
etching time was fixed as 5 min in the subsequent studies. The
3D ridge-like structure for the r-Zn anode was further studied
by SEM (Figure 2f,g). The average width and depth of the
ridges were ∼1 and ∼7 μm, respectively. Moreover, the surface
of the ridge structure for the r-Zn foil was relatively rough in
comparison to the pristine Zn foil (Figure S2). The
electrochemical double-layer capacitance (Cdl) can reflect the
electrochemical surface active area of an electrode. As shown in
Table S1, the Cdl of the r-Zn electrode was determined to be

Figure 2. (a) Schematic illustration of the fabrication process of the r-Zn foil anode. Top-view SEM images of (b) pristine Zn foil, (c) Zn foil after
etching for 2 min, and (d) Zn foil after etching for 5 min. The insets in (b) and (d) are digital images for the corresponding electrodes. (e) XRD
patterns of pristine Zn and Zn foils after etching for 2 and 5 min. (f) High-resolution top-view SEM image of the r-Zn foil. (g) Cross-sectional SEM
image of the r-Zn foil.
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9.67 μF cm−2, which was 12 times that of pristine Zn (0.79 μF
cm−2), demonstrating the significantly increased electro-
chemical surface area for the r-Zn electrode. The clean surface
of the r-Zn electrode is beneficial for the uniform electro-
chemical deposition of metallic Zn. The continuous ridge
structure and its rough surface can increase the accessible
surface area to the electrolyte, thus reducing the risk for
dendrite formation and improving the rate capability of the r-
Zn electrode.
To investigate the electrochemical property of the r-Zn

electrode, r-Zn || r-Zn symmetric cells were assembled using
the aqueous ZnSO4 electrolyte. As shown in Figure 3a, the r-
Zn electrode exhibited stable electrochemical plating/stripping
behavior with an overpotential of 26 mV for 400 h (1000
cycles) at a current density of 1 mA cm−2 and an areal capacity
of 0.2 mA h cm−2. In contrast, the pristine Zn electrode
showed a much shorter lifespan of 180 h (450 cycles) with a
much higher overpotential of 77 mV under the same condition.
These results demonstrated the enhanced electrochemical
performance of the r-Zn electrode with a fresh surface and 3D
ridge-like structure. To further examine the practicability of the
r-Zn electrode, the fixed areal capacity for testing was increased
to 0.5 mA h cm−2. The r-Zn || r-Zn symmetrical cells
maintained stable electrochemical plating/stripping cycling for
200 h (200 cycles) at 1 mA cm−2 and 0.5 mA h cm−2. In sharp
contrast, the Zn || Zn symmetrical cells failed after 39 h (39
cycles) under the same test condition, which further
demonstrated the important role of the clean surface and 3D
ridge-like structure in improving the electrochemical cycling
stability of the Zn electrode. In addition to the cycling stability,

the r-Zn electrode showed an overpotential of 24 mV in the
first cycle, which was only 1/7 of that of pristine Zn (177 mV,
Figure 3c). Such improvement could be attributed to the
removal of the surface passivation layer and the enlarged
electrochemically active area for the r-Zn electrode. After 10
cycles, the overpotential of the pristine Zn electrode decreased
to 72 mV, and the electrode was activated. The passivation
layer on the pristine Zn electrode was detrimental to the
electrochemical plating/stripping behavior, which reduced
electrical conductivity and limited the diffusion of Zn ions.
For the r-Zn electrode, the overpotential was ∼20 mV at the
10th cycle, which was nearly the same as that at the 1st cycle,
suggesting the improved kinetics of the plating/stripping
behavior of metallic Zn after our chemical etching procedure.
The r-Zn electrode also shows advancement in overpotential in
comparison to many of the recently reported Zn metal
electrodes (Table S2). The r-Zn electrode displayed stable
cycling for over 200 cycles and exhibited a low overpotential of
22 mV for the 200th cycle, which was much lower than that for
pristine Zn after activation (72 mV, 10th cycle). The low
overpotential of the r-Zn electrodes reflected the fast ion
transport at the electrode/electrolyte interface,15,44,45 which
could also be attributed to the clean surface and 3D ridge-like
structure on the as-designed r-Zn electrode. Besides, the r-Zn
electrode showed stable Zn plating/stripping behavior for 56 h
(280 cycles) at 5 mA cm−2 and 0.5 mA h cm−2 (Figure S3). In
contrast, the pristine Zn electrode showed a much shorter
lifespan of 27 h (135 cycles) under the same test condition,
demonstrating the improved electrochemical performance of
the r-Zn electrode.

Figure 3. Voltage profiles of Zn || Zn and r-Zn || r-Zn symmetric cells at (a) 1 mA cm−2 and 0.2 mA h cm−2 and (b) 1 mA cm−2 and 0.5 mA h cm−2.
(c) The high-resolution voltage profiles for the 1st, 10th, and 200th cycles for the Zn || Zn and r-Zn || r-Zn symmetric cells at 1 mA cm−2 and 0.5
mA h cm−2.
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The r-Zn electrode with clean surface and high electro-
chemical activity can avoid the nonuniform deposition of
metallic Zn during the plating/stripping cycling. As shown in
Figure 4a, nonuniform deposition behavior of metallic Zn was
for the pristine Zn electrode at 0.5 mA h cm−2 and 1 mA cm−2.
We noted that the Zn metal was not uniformly plated on the
pristine Zn electrode (Figure S4a). The native passivation layer
of the pristine Zn electrode may lead to the uneven electric
field during electrochemical plating due to its inhomogeneity
in thickness and composition. In contrast, the r-Zn electrode
maintained its initial morphology under the same condition
after electrochemical plating (Figure 4b, Figure S4b),
suggesting the uniform plating behavior of the r-Zn electrode.
To verify the stability of the 3D ridge-like structure, 0.5 mA h
cm−2 of metallic Zn was stripped from the r-Zn electrode at 1
mA cm−2. The initial structure of the r-Zn electrode was well
maintained, indicating its uniform stripping behavior. In
contrast, a number of pits were observed on the surface of
the pristine Zn electrode after the same stripping process
(Figure S5), suggesting the much improved electrochemical
stripping behavior of metallic Zn after the removal of the
native surface passivation layer. Moreover, after 10 plating/
stripping cycles at 1 mA cm−2 and 0.5 mA h cm−2, a large
number of flaky Zn were formed on the pristine Zn electrode
(Figure 4c, Figure S6a), which were stacked randomly. The
random distribution of these as-formed Zn flakes would further
cause the inhomogeneity of plating/stripping and produce
“dead Zn”, resulting in battery failure or loss in active Zn. For
the r-Zn electrode, the overall morphology and structure were
maintained well after 10 plating/stripping cycles (Figure 4d,
Figure S6b), demonstrating the important role of a clean
surface and 3D ridge-like structure in improving the cycling
stability of the Zn metal electrode. The nonuniform plating of
metallic Zn can be understood by the nucleation overpotential
during electrochemical plating.15,46 Smaller nucleation over-
potential demonstrated smaller nucleation resistance and easier
nucleation behavior, and thus, a large number of nucleus of

crystallization were produced, leading to uniform deposition of
metallic Zn. As shown in Figure 4e, the pristine Zn electrode
underwent a sharp voltage drop to 75 mV at 1 mA cm−2. In
contrast, the r-Zn electrode showed almost no voltage drop,
and the voltage response was stable during the whole plating
process, indicating the uniform nucleation and plating process.
At various current densities, the r-Zn electrode maintained a
lower nucleation overpotential than the pristine Zn electrode
(Figure 4f). Even at the current density as high as 20 mA cm−2,
the overpotential of the r-Zn electrode was only 60 mV, much
lower than the value in the previous work.15 Also, stable
voltage was observed during the entire plating process (Figure
S7). The above results suggested that the Zn plating/stripping
process was more uniform for the r-Zn electrode than the
pristine Zn electrode. Electrochemical impedance spectroscopy
(EIS) was carried out to study the charge transfer on pristine
Zn and r-Zn electrodes. As shown in Figure 4g, the charge
transfer resistance of the r-Zn electrode before cycling was
∼380 Ω, much smaller than that of the pristine Zn electrode
(∼1370 Ω), which should be mainly attributed to the removal
of the surface passivation layer and the increased accessible
surface area to the electrolyte. In addition, the solution
resistance (Rs) for the r-Zn electrode was much smaller than
that of pristine Zn (0.90 vs 18.39 Ω, Figure S8 and Table S1),
indicating the significantly improved electronic conductivity of
r-Zn after the removal of the native surface passivation layer.
After electrochemical activation (10 plating/stripping cycles),
the charge transfer resistance of both electrodes decreased.
The charge transfer resistance of the r-Zn electrode was ∼50
Ω, which was much smaller than that of the pristine Zn
electrode (∼140 Ω), demonstrating the important role of the
fresh electrode surface and the 3D ridge-like structure on
enlarging the electrochemical specific surface area and
accelerating the mass transfer for the r-Zn electrode. All
these above results revealed the improved reaction kinetics and
stability of the r-Zn electrode due to the removal of the surface

Figure 4. SEM images of the surface of (a) pristine Zn and (b) r-Zn foil electrodes after electrochemical plating of 0.5 mA h cm−2 of metallic Zn.
SEM images of the surface of (c) pristine Zn and (d) r-Zn foil electrodes after 10 plating/stripping cycles at 1 mA cm−2 and 0.5 mA h cm−2. (e)
The voltage−time curves for pristine Zn and r-Zn anode during Zn nucleation at 1 mA cm−2. (f) The nucleation overpotential of pristine Zn and r-
Zn foil electrodes at different current densities. Nyquist plots of pristine Zn and r-Zn foil electrodes (g) before cycling and (h) after 10 plating/
stripping cycles at 1 mA cm−2 and 0.5 mA h cm−2.
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passivation layer and the construction of the 3D ridge-like
structure.

4. CONCLUSIONS
In summary, we reported the preparation of the r-Zn electrode
with a clean surface and 3D ridge-like structure as a high-
performance Zn metal anode for aqueous rechargeable
batteries. The r-Zn anode was fabricated through a facile
chemical etching method, during which the native pristine
passivation surface layer was removed, and the 3D ridge-like
structure with an increased electrochemically active surface was
formed on the Zn foil electrode. The as-achieved r-Zn
electrode showed accelerated mass transfer processes and
thus stable electrochemical plating/stripping behavior with low
overpotential without the formation of the undesirable Zn
dendrite. The overpotential of the r-Zn electrode remained at
22 mV at 1 mA cm−2 and 0.5 mA h cm−2 after 200 h of cycling,
much better than the pristine Zn electrode with a native
passivation layer (e.g., 72 mV after 39 h of cycling). This work
reveals the significant role of a clean surface on the
electrochemical plating/stripping behavior of Zn metal electro-
des, including the reduced overpotential, enhanced cycling
stability, and suppression of dendrite growth, and also inspires
the rational design and fabrication of the Zn metal electrode
toward practical application for aqueous rechargeable batteries.
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