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ABSTRACT: Uncontrollable dendrite growth can jeopardize the
cycle life of aqueous Zn batteries. Here, we propose a general
strategy of engineering artificial protrusions (APs) on the electrode
surface to regulate the distribution of the electrode interface
electric field and induce stable Zn plating/stripping for Zn
batteries. The junction-free AP-Cu network is constructed on Cu
foil by an ultrafast Joule-heating-welding method. COMSOL
simulation reveals that a stronger microelectric field is formed
around the individual AP, which can effectively regulate a uniform
nucleation of Zn on the AP-Cu network. Guided by the structural
advantages of the AP design, the AP-Cu∥Zn cell delivers an
average Coulombic efficiency (CE) of 99.85% at 2 C with an areal
capacity of 1.77 mAh cm−2 for over 3000 cycles. Moreover, the AP design enables stable cycling of both Zn|AP-Cu∥V2O5 and anode-
free AP-Cu∥Br2 full cells, providing a promising strategy for the development of high-performance energy storage devices.
KEYWORDS: Zn anode, dendrite-free, artificial protrusion, Joule-heating, Cu nanowires, large-scale energy storage

With the fast development of sustainable yet intermittent
wind and solar energies, electrochemical energy storage

technologies have attracted much attention to integrating those
renewable energies into electric grids.1−3 Aqueous Zn-ion
batteries (AZIBs) are emerging as one of the most promising
candidates for grid-scale applications due to their merits of high
theoretical capacity (820 mAh g−1), low cost, and intrinsic high
safety.4−14 However, AZIBs still face the inherent issue of
dendrite growth from the Zn anodes, which leads to low
Coulombic efficiency (CE) and even short-circuiting of the
battery in prolonged cycle.15,16 Numerous research studies have
demonstrated that the dendrite growth is driven by “tip
effect”.17,18 During the Zn plating process, uneven Zn deposition
causes the formation of surface protrusions. These unevenly
distributed surface protrusions create a higher electric field
around them, resulting in the preferential accumulation and
deposition of Zn on those protrusions, ultimately leading to the
formation of Zn dendrites. Therefore, numerous endeavors have
been exerted to inhibit the formation of surface protrusion or
reduce the effect of surface protrusion in different ways,
including electrolyte modification,19−24 artificial SEI construc-
tion,25−29 and electrode design.30−32

Among those strategies, the texture design of electrode surface
is one of key research directions, which can regulate the
distribution and crystal orientation of Zn plating, thus alleviating
the detrimental effects of “tip effect”.33 For instance, a
zincophilic interfacial layer was constructed on the electrode

surface to reduce the nucleation barrier, thus reducing the
uncontrollable protrusion formation.34−37 The pretreatment of
Zn electrode with more exposure of the (002) surface or the
materials with low (002) crystal lattice distortion index was used
to induce Zn plating along (002) crystal facet by the epitaxial
growing technology, thereby decreasing the formation of surface
Zn protrusions.38−41 Besides, researchers designed a ridge-like
surface texture on the electrode and induced Zn plating at the
concavity areas. The concave voids not only provide sufficient
growing space but also can alleviate the dendrites growing
directly toward the cathode, thus reducing the effect of surface
protrusion.42−44 Although these texture design strategies are
effective in alleviating the dendrite growth of Zn anodes, it is still
necessary to study the Zn plating process and develop new
methods to suppress dendrite growth, which can provide more
options for the commercialization of Zn batteries.

The typical process of Zn plating can be roughly divided into
three consecutive stages, i.e., Zn nucleation, nucleus growth, and
further Zn growth. Several studies have shown that the uniform
nucleation of Zn at the initial plating stage is beneficial to guide
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the nucleus growth to maintain its uniformity and ultimately
form a uniform plating layer.34,45,46 To obtain evenly distributed
Zn embryos during the nucleation stage, a new design idea for
electrode surface texture by rationally utilizing the “tip effect” is
proposed in this work. Different from the above strategies to
reduce surface protrusions or construct a uniform electric field
distribution by using a 3D electrode, we propose a general
strategy of engineering an artificial protrusions (AP) network on
the electrode surface to induce the homogeneous Zn nucleation
and growth. We take advantage of the high curvature surface of
these APs, which can construct a stronger microelectric field
around them, thereby inducing Zn nucleation on these APs and
avoiding uncontrollable Zn nucleation and growth on the
electrode surface. To prove the advantages of our strategy, a Cu
foil electrode with the AP design (AP-Cu), generated by a facile
Joule-heating welding process, is used as a model. Benefiting
from the robust AP structure design, the Zn plating layer on the
AP-Cu electrode is more uniform than that on the pristine Cu
foil electrode. The asymmetric AP-Cu∥Zn cell shows an average
Coulombic efficiency (CE) of 99.85% at 2 C with an areal
capacity of 1.77 mAh cm−2 for over 3000 cycles. Further, the
fabricated anode-free Zn∥Br2 battery using the AP-Cu anode
shows much-improved cycle stability, which delivers a high
discharge voltage of ∼1.6 V and a 97% energy retention after 900
cycles with an areal capacity of 2 mAh cm−2 at 5 C.

■ SIMULATION AND DESIGN PRINCIPLE OF AP
DESIGN

Before the experimental verification of the AP design, COMSOL
simulations of the distributions of the surface electric field and
the electric current density were implemented to explore the
workingmechanism of the AP design and guide the construction
of the AP-Cu electrode. As shown in Figure S1a and Figure 1a,b,
the electric field strength and the plating current intensity
around the AP (i.e., high curvature surface) are obviously
stronger than the flat area. The simulated results suggest that a
stronger microelectric field is constructed around the AP, where
the deposition of Zn is prone to occur. The simulation results are
also consistent with the previously reported literature.47

According to the simulation results of electrode with one AP,
if numerous APs are evenly constructed on the electrode surface,
the nucleation behavior of Zn should be effectively regulated to
plate on those APs under the effect of stronger microelectric
field around those APs, which can avoid the uncontrollable
nucleation and dendrite growth. To prove this hypothesis,
multiple artificial protrusions were evenly constructed on the
electrode surface (Figure S1b). The simulated distributions of
surface electric field (Figure 1c) and plating current intensity
(Figure 1d) show that the stronger microelectric field is formed
around individual AP, suggesting that Zn can be effectively
regulated to nucleate on those artificial protrusions. Besides, the
surface electric field distribution of electrode with multiple APs
is alsomore uniform than that of electrode with one AP as shown
in Figure S3. Based on the above results, it can be inferred that
the uniform and dense single layer AP network constructed on

Figure 1. Simulation and working mechanism of the AP design. COMSOL simulation of the electric field distribution at the electrode/electrolyte
interface with (a) one artificial protrusion, (c) multiple artificial protrusions, and (e) the localized Zn deposition. COMSOL simulation of the plating
current intensity distribution at the electrode/electrolyte interface with (b) one artificial protrusion, (d) multiple artificial protrusions, and (f) the
localized Zn deposition. Schematic illustrations of Zn deposition on the electrode surface (g) without and (h) with artificial protrusions.
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the electrode surface can introduce uniform Zn nucleation,
resulting in uniform Zn plating, as illustrated in Figure 1g,h.

Apart from the ability of AP network to induce uniform
nucleation and growth of Zn, the situation in which localized Zn
deposition occurs on the electrode surface with AP design is also
considered and simulated by COMSOL. One of the reasons for
this situation is insufficient external energy (low plating current
density) providing for Zn plating, which can cause a reduction in
the number of nucleus and poor nucleation uniformity, resulting
in the localized Zn deposition and growth of dendrite.37 As
displayed in Figure S2 and Figure 1e,f, the microelectric field

strength and the plating current intensity around the AP without
Zn deposition are obviously stronger than that of the APwith Zn
deposition. It suggests that the external energy for Zn deposition
will be more distributed on the AP without Zn deposition, which
can activate extra nucleation sites to induce preferential
deposition of Zn on these APs. Hence, this “self-activation”
process may regulate the Zn deposition behavior and promote
the uniformity of Zn deposition on the AP electrode design,
even if uneven local zinc deposition occurs.

Figure 2. Preparation and characterization of AP-Cu. (a) Schematic of the preparation process of AP-Cu. (b) SEM image of synthesized AP-Cu.
Magnified images of the junction-free welding (c) between Cu nanowires and Cu nanowires, and (d) Cu nanowires and Cu foil. The structure stability
test of AP electrode (e) before and (f) after ultrafast Joule-heating-welding treatment. (g) Voltage profiles of galvanostatic Zn plating on the pristine Cu
and AP-Cu electrodes. (h) Linear polarization curves of the pristine Cu and AP-Cu electrodes.
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■ PREPARATION AND CHARACTERIZATION OF
AP-CU

To experimentally prove this concept, the synthesized Cu
nanowires48,49 were chosen as artificial protrusions (Figure S4).
The AP-Cu electrode was facilely prepared by two steps of spray
deposition and a well-established Joule-heating welding,50,51 as
illustrated in Figure 2a and Figure S5. Before Joule heating-
welding, the Cu nanowires are in a stacked state on the Cu
surface without robust connection (Figure S6), which can be
easily removed from Cu foil by the ultrasonic washing (Figure
2e). After 4 s of ultrafast Joule-heating-welding treatment, the
synthesized AP-Cu exhibits a morphology of uniform
distribution of the junction-free AP network (Figure 2b). The
magnified SEM image of AP-Cu shows that Cu nanowires are
welded together with each other and with the Cu substrate
(Figure 2c,d), which helps to reduce the contact resistance of
electrode.52 Meanwhile, the APs remain on the Cu foil after
ultrasonic washing (Figure 2f), demonstrating robust structure
stability. The XRD pattern of the AP-Cu shows the same crystal
plane orientation as the pristine Cu (Figure S7). Furthermore,
the nucleation overpotential and deposition kinetics of Zn on
the AP-Cu electrode were characterized. Benefiting from the AP

design, Zn deposited on AP-Cu electrode has a lower nucleation
overpotential and better deposition kinetics than these of Zn
deposited on pristine Cu electrode (Figure 2g,h), suggesting
that a uniform Zn plating layer on the AP-Cu can be expected.

■ MORPHOLOGY OF ZN ELECTRODEPOSITION ON
PRISTINE CU AND AP-CU

To reveal the nucleation and growth process of Zn on pristine
Cu and AP-Cu, the surface morphology of pristine Cu and AP-
Cu with different areal capacities of Zn plating was observed by
SEM.On the pristine Cu surface, Zn is unevenly deposited at the
initial nucleation stage (Figure 3a). With the increase of
deposited areal capacity, those unevenly distributed nuclei of Zn
will continue to grow, leading to the deteriorated uniformity of
Zn plating (Figure 3b and Figure 3c). In comparison, the AP-Cu
shows uniform nucleation at the initial stage. Moreover, it is
further revealed that Zn was evenly deposited on the surface of
artificial protrusions (Figure 3d), which is consistent with the
simulated results of COMSOL. Guided by homogeneous
nucleation, the morphology of Zn deposited on the AP-Cu is
uniform even at a higher deposition areal capacity (Figure 3e,f).
Furthermore, the in situ observation was also employed to

Figure 3.Morphology of Zn plating on pristine Cu and AP-Cu substrates. SEM images of Zn plated on (a−c) Cu and (d−f) AP-Cu with different areal
capacities at 10 mA cm−2. In situ optical microscope visualization of Zn plated on (g) Cu and (h) AP-Cu at 10 mA cm−2. (i) The morphology of 10
mAh cm−2 of Zn plated on Cu and AP-Cu electrodes at different plating current densities. Scale bars: 5 mm. (j) Confocal laser scanning microscope
images of Zn plated on Cu and AP-Cu at 10 mA cm−2 with a high areal capacity of 10 mAh cm−2.
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monitor the Zn plating process in a homemade transparent
reactor (Figure S8). As shown in Figure 3g, the inhomogeneous
nucleation of Zn was observed on the pristine Cu substrate at the
initial deposition stage. With the increase of deposition time,
Zn2+ ions are attracted and deposited on the initial nucleation
sites, leading to uneven Zn plating (Figure S9a and Supporting
Information Video 1). In sharp contrast, uniform Zn deposition
was observed on the substrate of AP-Cu throughout the
deposition process (Figure 3h and Supporting Information
Video 2). The flat and dense Zn deposition on AP-Cu (Figure
S9b) demonstrates the excellent capability in the regulation of
homogeneous nucleation and growth.

Furthermore, the effect of external energy intensity (i.e.,
plating current density) providing for Zn nucleation and growth
on the morphology of Zn plating on pristine Cu and AP-Cu was
also investigated. Compared to uniform deposition of Zn on AP-
Cu, the uniformity of Zn deposited on pristine Cu deteriorates
with a decrease in plating current density (Figure 3i). It is
attributed to the decrease of nuclei number with the decrease of
plating current density.46,53 However, the uniform Zn
deposition on AP-Cu at low plating current densities can be
ascribed to the “self-activation” phenomenon of the AP
structure, as illustrated in Figure 1e,f. In addition, although the
uniformity of Zn deposition on the pristine Cu has been greatly

Figure 4. Electrochemical performance of the asymmetric AP-Cu∥Zn cell. (a) Coulombic efficiency of Cu∥Zn and AP-Cu∥Zn cells. Voltage profiles of
(b) Cu∥Zn and (c) AP-Cu∥Zn cells. (d) Coulombic efficiency of Cu∥Zn and AP-Cu∥Zn cells with a high areal capacity. (e) Coulombic efficiency of
Cu∥Zn and AP-Cu∥Zn cells at different rates. (f) Coulombic efficiency and (g) the corresponding voltage profiles of Cu∥Zn and AP-Cu∥Zn cells in 2
M ZnBr2 electrolyte.
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improved at the high plating current of 10 mA cm−2, the 3D
morphology of Zn deposited on the pristine Cu and AP-Cu
characterized by a confocal laser scanning microscope shows a
stark contrast, as shown in Figure 3j. The 3D morphology of Zn
plated on pristine Cu exhibits an uneven Zn deposition, and the
height distribution curve shows a wide height distribution from
5 to over 40 μm. In contrast, the 3Dmorphology of Zn plated on
AP-Cu shows a relatively flat surface, and the height distribution
is concentrated within a smaller range from 15 to over 25 μm
compared with that of Zn plated on pristine Cu. Based on those
results, improved electrochemical performance with the AP-Cu
electrode can be expected.

■ ELECTROCHEMICAL PERFORMANCE OF AP-CU
ELECTRODE

To evaluate the effect of the AP on the reversibility of Zn
plating/stripping, CE measurements of Cu∥Zn and AP-Cu∥Zn
cells were carried out. As shown in Figure 4a,b, the Cu∥Zn cell
only exhibits a cycle life of around 500 h. In contrast, the AP-
Cu∥Zn cell shows an eye-catching cycle life of more than 3000

cycles (∼3000 h) with an average CE of 99.85% (Figure 4a).
The voltage profile of the AP-Cu∥Zn cell shows a stable charge−
discharge process (Figure 4c and Figure S10). Moreover, the
Cu∥Zn cell exhibits an unstable cycle performance with a high
areal capacity of 4.42mAh cm−2, while the AP-Cu∥Zn cell shows
an excellent reversibility over 750 cycles with an average CE of
99.79% (Figure 4d and Figure S12). The improved electro-
chemical performances of the AP-Cu∥Zn cell also exhibit
advantages over those of previously reported studies (Table S1),
which demonstrates the application potential of the AP design.

The AP-Cu∥Zn cell was further tested at different rates. As
shown in Figure 4e and Figure S12a, the Cu∥Zn cell shows a
lower CE at 1 C, which should be attributed to the few numbers
of nuclei at low plating current densities, leading to the
deterioration of the uniformity of Zn plating and causing
incomplete stripping or forming “dead” Zn. Benefiting from the
regulation of AP, the AP-Cu∥Zn cell delivers a higher CE at a
low plating current density than that of the Cu∥Zn cell.
Meanwhile, the AP-Cu∥Zn cell shows a lower overpotential than
the Cu∥Zn cell at high rates (Figure S12b). After the rate tests,

Figure 5. Electrochemical performance of AP-Cu based Zn full cells. (a) Long-term cycle performance of the Zn|Cu∥V2O5 and Zn|AP-Cu∥V2O5
batteries. (b) Long-term cycle performance and (c) corresponding voltage profiles of the anode-free Zn∥Br2 batteries. (d) Long-term cycle
performance of the AP-Cu∥Br2 battery with an areal capacity of 5 mAh cm−2 at 1 C. (e) Schematic of scalable production of AP-Cu by a roll-to-roll
process.
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the asymmetric cells continued to cycle for long cycle tests. As
displayed in Figure 4e and Figure S12c, the CE of Cu∥Zn cell
has large fluctuations after 300 cycles, and the short-circuit signal
was observed after 700 cycles. The fluctuation of the CE should
be attributed to the polarization of the battery caused by uneven
Zn plating on the surface of the Cu electrode. Because of the
uneven Zn plating on the surface of the Cu electrode, the
polarization of the Cu∥Zn cell is relatively large and damages the
discharge efficiency. Due to the relatively low discharge
efficiency, the residual Zn will accumulate on the anode,
which may improve the uniformity of the plated Zn on the
electrode surface to a certain extent, leading to the polarization
decrease and discharge efficiency increase, thus causing the
fluctuation. In contrast, the AP-Cu∥Zn cell displays a stable
cycle performance over 1000 cycles and delivers an average CE
of 99.48% (Figure S12d). To verify the universality of the AP
design, the AP-Cu∥Zn cell was also tested in a ZnBr2 electrolyte,
which also shows an enhanced plating/stripping reversibility, as
shown in Figure 4f,g.

■ ELECTROCHEMICAL PERFORMANCE OF AP-CU
BASED ZN FULL CELLS

Two different full cells of Zn|AP-Cu∥V2O5 cell and anode-free
Zn∥Br2 cell were assembled to test their electrochemical
performance. Benefiting from the uniformity of the Zn|AP-Cu
electrode (Figure S13c), the Zn|AP-Cu∥V2O5 cell has a lower
charge transfer resistance (4.89 Ω) than that of the Zn|Cu∥V2O5
cell (7.72 Ω) (Figure S13d,e). Meanwhile, the Zn|AP-Cu∥V2O5
cell also has a higher discharge voltage platform and capacity
(Figure S13f) than the Zn|Cu∥V2O5 cell. Besides, the Zn|AP-
Cu∥V2O5 cell also exhibits a 60% capacity retention when the
discharge current increases from the 0.5 to 10 A g−1 (Figure
S14), significantly better than that of the Zn|Cu∥V2O5 cell
(48%). In the case of the long-term cycling performance (Figure
5a), the Zn|AP-Cu∥V2O5 cell shows a capacity of 135 mAh g−1

after 1500 cycles, while the capacity of the Zn|Cu∥V2O5 cell
drops quickly to 71 mAh g−1, demonstrating the greatly
improved electrochemical performance with the assistance of
the AP design.

Further, an anode-free Zn∥Br2 full cell was also assembled to
verify the advantages of AP design (AP-Cu∥Br2 or Cu∥Br2)
(Figures S15 and S16). With the assistance of the APs, the AP-
Cu∥Br2 battery delivers 97% energy retention after 900 cycles
(Figure 5b). The voltage profiles of AP-Cu∥Br2 battery also
exhibits a stable charge−discharge process with a high average
discharge voltage of ∼1.6 V (Figure 5c). In contrast, the energy
retention of the Cu∥Br2 battery decreases quickly after ∼300
cycles. The voltage profiles of the Cu∥Br2 battery show that a
platform located on ∼0.7 V appears after 300 cycles, which is
attributed to the Cu stripping during the discharge process.
Because the “dead Zn” is formed on the pristine Cu electrode
due to the uneven deposition, the residual TPABr3 accumulated
in the previous cycle will react with Cu and exhibit an ∼0.7 V
discharge platform. To explore the practicability of the AP-
Cu∥Br2 battery for energy storage applications, long-term
cycling tests under high areal capacities were carried out. As
shown in Figure 5d, the AP-Cu∥Br2 battery with an areal
capacity of 5 mAh cm−2 shows a stable cycle over 200 cycles,
which delivers an average Coulombic efficiency of 98.99% and
an average energy efficiency of 86.92%. The voltage profiles also
show a high average discharge voltage of ∼1.63 V (Figure S17).
The above full cell tests indicate that the electrode design of APs
in this work provides a promising strategy toward practical high-

performance aqueous Zn batteries. Based on the convenient
preparation process, robust structural stability, and enhanced
electrochemical performance of AP design, we also put forward
the concept of large-scale production of AP-Cu through a “roll-
to-roll” process, as illustrated in Figure 5e, exhibiting great
practical application potential.

In summary, we have rationally designed Zn anodes with
artificial protrusions to achieve reversible and stable Zn plating
and stripping for Zn batteries. The COMSOL simulation
revealed that a stronger microelectric field was constructed
around the AP, which can effectively induce uniform nucleation
and growth of Zn. Benefiting from the advantages of AP design,
the AP-Cu∥Zn cell delivered a stable cycling life for over 3000
cycles with an average Coulombic efficiency of 99.85% at 1.77
mAh cm−2. Further, the assembled Zn|AP-Cu∥V2O5 and anode-
free AP-Cu∥Br2 full cells showed an enhanced electrochemical
performance. Moreover, the scalable production of AP-Cu can
also be achieved by a roll-to-roll process, which shows great
promise in the development of rechargeable aqueous Zn
batteries for large-scale energy storage applications.
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