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ABSTRACT: The uncontrolled zinc dendrite growth during
plating leads to quick battery failure, which hinders the widespread
applications of aqueous zinc-ion batteries. The growth of Zn
dendrites is often promoted by the “tip effect”. In this work, we
propose a generate strategy to eliminate the “tip effect” by utilizing
the electrostatic shielding effect, which is achieved by coating Zn
anodes with magnetron sputtered Al-based alloy protective layers.
The Al can form a surface insulating Al2O3 layer and by
manipulating the Al content of Zn−Al alloy films, we are able to
control the strength of the electrostatic shield, therefore realizing a
long lifespan of Zn anodes up to 3000 h at a practical operating
condition of 1.0 mA cm−2 and 1.0 mAh cm−2. In addition, the
concept can be extended to other Al-based systems such as Ti−Al
alloy and achieve enhanced stability of Zn anodes, demonstrating the generality and efficacy of our strategy.
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Aqueous rechargeable zinc-ion batteries (ZIBs) are
considered as a promising candidate for electric vehicles,

mobile devices, and large-scale energy storage systems.1−3 ZIBs
utilize metallic Zn as an anode, which has many advantages
including high volumetric/gravimetric capacity (5854 mAh
cm−3 or 820 mAh g−1), relatively low redox potential (−0.76 V
vs. standard hydrogen electrode, or SHE), high safety, and low
toxicity.4−6 However, the utilization of Zn anode in ZIBs still
faces many challenges, especially the Zn dendrite growth that
would eventually lead to short-circuit and consequent battery
failure, which hinders the widespread applications of ZIBs.7

The “tip effect” caused by irregular and uncontrollable Zn
deposition is the main reason for Zn dendrite growth.8−10

During zinc plating process, Zn atoms tend to deposit onto
specific sites with low energy barrier and grow into initial
protuberances on Zn foil surface. The tips (protuberances)
have a very high curvature and thus exhibit a higher local
current density.11 Zn2+ ions are then preferably adsorbed on
these tips, which further accelerates the Zn dendrite growth.12

Therefore, eliminating the “tip effect” is crucial to realizing the
homogeneous distribution of current density and controllable
Zn deposition.
Electrostatic shielding mechanism has been widely used as

an effective way to eliminate the tip effect in lithium plating but
has rarely been used to regulate the Zn deposition.13−15

Electrolyte engineering is the main strategy to achieve the
electrostatic shielding effect.13,16−18 It often uses electrolyte

additives that contain cations (M+) with a lower reduction
potential than the target metal ions (e.g., Zn2+), which will not
be electroplated but instead be adsorbed on the tips, thus
forming an electrostatic shield.18 The positively charged shield
will repel the incoming charge carrier metal ions (i.e., Zn2+ in
ZIBs) from the electrolyte because of the electrostatic
repulsion, forcing them to be deposited onto adjacent regions
of the tips.13 In this way, the curvature of the tips will be
decreased and therefore an evenly distributed local current
density and the dendrite-free deposition can be achieved.
However, the inevitable continuous depletion of electrolyte
additives during cycling could lead to the weakening of
electrostatic shielding effect and decrease the stability of the
anodes. To avoid this issue, Jiang et al. designed a eutectic
zinc−aluminum alloy that is composed of alternating zinc and
aluminum nanolamellas as the anode for ZIBs.19 The alloy
anode showed enhanced lifespan. However, the fabrication of
the alloy anode is complicated and unlikely to be scaled up,
and it is difficult to delicately tune the electrostatic shielding
strength. In addition, the stripping of Zn directly from alloy
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might change the composition of the alloy and thus affect the
electrostatic shielding effect. Therefore, it is desired to develop
an alternative route to create the electrostatic shield with
tunable strength.
Here, we proposed that Al-based alloys can function as

effective protective layers for regulating the electrostatic
shielding effect. Although Al possesses a lower redox potential
of Al3+/Al (−1.66 V vs SHE) than Zn2+/Zn (−0.76 V vs SHE),
it rapidly forms a stable insulating aluminum oxide (Al2O3)
shell in aqueous solution, thus avoiding the dissolution of Al.20

The Zn2+ ions will then be adsorbed on the Al2O3 shell and
form an electrostatic shielding layer that prevents the further
deposition of Zn2+ ions. In this work, we fabricated Al-based
alloy films (i.e., Zn−Al and Ti−Al) using magnetron
sputtering, a technique that is suitable for large-scale
applications, which can not only precisely control the
composition but also ensures good adhesion of the Zn
anode and the alloy protective films without the use of binders.
We found that the strength of electrostatic shield can be
manipulated by adjusting the Al content in the alloy, therefore
the tip effect can be effectively eliminated. In particular, the
optimized Zn−Al alloy film-modified Zn anodes exhibit a long
lifespan of over 3000 h at a practical current density/capacity
of 1 mA/mAh cm−2. Similar enhancement was also observed in
the Ti−Al@Zn anode, further confirming the efficacy of
regulating electrostatic shielding effect in enhancing Zn anode
performance by engineering the Al-based alloy protective
coatings.
Pure Al, Zn0.34Al0.66, and Zn0.73Al0.27 films were fabricated by

magnetron sputtering (see Experimental Section in Supporting
Information). The X-ray diffraction (XRD) peaks of the as-
prepared samples are consistent with Al metal or Zn−Al alloys
(JCDPS: Zn #65-5973 and Al #85-1327) (Figure 1a). The X-
ray photoelectron spectroscopy (XPS) was then employed to
probe the surface chemical states of Al and Zn elements. The
peak at 72 eV in the Al 2p spectra can be assigned to metallic
Al (Figure 1b), whereas the one at ∼74.3 eV is ascribed to the
surface Al2O3 layer (Figure 1b).19 The latter peak in pure Al

layer shifts to higher binding energy, which is caused by the
charge accumulation on the surface during the measurement.
This phenomenon has been commonly observed in liter-
ature.21 The existence of Al in Zn0.73Al0.27 is further confirmed
by the XPS spectra of the etched samples (Figure S1). The Zn
2p and Zn LMM auger spectra suggest that the samples
contain both the metallic Zn and Zn2+ species (Figures S2).19

Scanning electron microscope (SEM) images show that all
three films exhibit a porous structure consisted of numerous
nanoparticles (Figures 1c−e). Energy dispersive spectroscopy
(EDS) mapping further illustrates the even distribution of O,
Al, and Zn elements (Figures S3). The three films possess
similar thickness and roughness (Figure S4, and see the
morphology of bare Zn in Figure S5). In general, a porous
structure can increase the contact area between the anode
surface and electrolyte. Indeed, the water contact angles of the
Zn−Al alloys are smaller than those of the bare Zn and pure Al
films (Figure S6), indicating the improved surface wettability.
In order to further investigate the microstructure of the
Zn0.73Al0.27 films, we conducted HADDF (high-angle annular
dark-field) imaging (Figure 1f). The HAADF image and the
corresponding element maps further confirm the existence of
O, Al and Zn in Zn0.73Al0.27 films. The high-resolution
transmission electron microscopy (HRTEM) image (Figure
1g) and the selected area electron diffraction (SAED) pattern
(Figure 1h) illustrate the coexistence of metallic Zn and Al,
which is consistent with the XRD result.
To evaluate the electrochemical performance of Zn−Al alloy

protected Zn anodes, symmetric batteries were assembled and
tested under a constant current density/capacity of 1.0 mA/
mAh cm−2. As shown in Figure 2a, the Al@Zn and
Zn0.34Al0.66@Zn anodes suffer from rapid short-circuit after
130 h, which are even inferior to the bare Zn anode (180 h).
This result indicates that Al-rich protective alloy layers cannot
inhibit the Zn dendrite growth. In sharp contrast, the
Zn0.73Al0.27@Zn anodes deliver an outstanding cycling stability
for at least 3000 h. In addition, it shows a lower voltage
hysteresis (48.3 mV) than that of the bare Zn (63.8 mV), Al@

Figure 1. Structural characterization of Zn−Al alloy films. (a) XRD patterns and (b) Al 2p XPS spectra of Al, Zn0.34Al0.66, and Zn0.73Al0.27 films.
SEM images of (c) Al, (d) Zn0.34Al0.66, and (e) Zn0.73Al0.27 coated Zn foils. (f) HADDF image and the corresponding elemental maps. (g) HRTEM
image and (h) SAED pattern of the Zn0.73Al0.27 films.
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Zn (171.6 mV), and Zn0.34Al0.66@Zn (65.3 mV) at the first
cycle (Figure 2b), suggesting that a proper Al content can
significantly enhance the lifespan. The small polarization
represents a low energy barrier for Zn nucleation.22 The
trend in nucleation overpotential of the four samples can be
further verified by the voltage profiles as shown in Figure S7.
There are significant voltage drops at the beginning of the Zn
metal deposition, followed by a flat voltage plateau. The
overpotential represents the heterogeneous nucleation barrier
that needs to be overcome for Zn deposition which is defined
as the difference between the bottom of the voltage dip and the
flat voltage plateau.23 For bare stainless steel (SS) substrate,
the overpotential is about 50 mV. As for Al@SS, a higher
overpotential (∼72 mV) is required. This is because the Al is
covered by the insulating Al2O3 surface layer, which would
produce a strong electrostatic shield and thus increase the Zn
nucleation barrier. In contrast, the Zn0.34Al0.66@SS and
Zn0.73Al0.27@SS possess lower overpotentials of 24 and 22
mV, respectively, which indicate the presence of metallic Zn in
the alloys favors the nucleation and growth of Zn. It is noted
that the cycling stability sensitively relies on the ratio of Al/Zn
in the alloy protective layers. The Zn0.73Al0.27@Zn possesses a
much longer lifespan than Zn0.34Al0.66@Zn. This is because
that a high Al/Zn ratio would create a strong electrostatic

shield, forcing Zn2+ ions to be deposited onto the limited
metallic Zn sites, which therefore accelerates the growth of Zn
dendrites. On the other hand, a relatively low Al/Zn ratio
could produce an electrostatic shield with moderate strength,
while there are still sufficient Zn sites for Zn plating, which
essentially leads to an even Zn deposition. Figure 2c compares
the performance of various Zn anodes under high current
density, and the Zn0.73Al0.27@Zn exhibits the best performance
that can stably cycle for at least 500 h at 2.0 mA/mAh cm−2.
However, the other three cells suffer from quick battery failure
during the cycling at the same testing conditions. Moreover,
the Zn0.73Al0.27@Zn electrodes also exhibit stable and flat
plateaus at various current densities (Figure 2d). The voltage
hysteresis is as small as ∼72 mV even at a high rate of 5 mA
cm−2, and quickly drops to ∼44 mV that is close to the initial
value in response to the current recovering to 0.5 mA cm−2.
We further evaluated the Coulombic efficiency using a
reported protocol.24 The result reveals that the Zn||
Zn0.73Al0.27@Ti cell possesses steady Coulombic efficiencies
(CEs) of 99.25% and 99.13% at 2 and 5 mA cm−2, respectively,
as well as high stability for more than 400 h (Figure 2e). In
contrast, the other three cells suffer from instable CE and low
lifespan. These results confirm that the Zn−Al alloy films with

Figure 2. Electrochemical performance of Zn−Al coated Zn anodes. (a) Galvanostatic cycling of symmetric cells at 1 mA cm2 and 1 mAh cm−2,
and (b) the corresponding voltage hysteresis of the first cycle. (c) Galvanostatic cycling of symmetric cells at 2 mA cm2 and 2 mAh cm−2. (d) Rate
performance at current densities from 0.5 to 5 mA cm−2 with a constant charge and discharge time of 1 h. (e) Coulombic efficiencies of the various
Zn electrodes at different conditions.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c03917
Nano Lett. 2022, 22, 1017−1023

1019

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c03917/suppl_file/nl1c03917_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03917?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03917?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03917?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03917?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c03917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


a proper Al content can effectively enhance the Zn anode
performance.
In order to further investigate the impact of the Zn−Al alloy

films on the structural evolution of the Zn anodes, we
conducted confocal laser scanning microscopy (3D CLSM)
characterization of the bare Zn, Al@Zn, Zn0.34Al0.66@Zn, and
Zn0.73Al0.27@Zn symmetric cells after cycling for 24 h at 1.0
mA/mAh cm−2. The result reveals that the surface (with a
large area of 1280 μm × 1280 μm) of Zn0.73Al0.27@Zn anode
after cycling is still flat, whereas the other three show a much
rougher surface where the Zn dendrites can be clearly seen
(Figure 3a−d). In addition, the SEM observation also suggests
the same phenomenon (Figure S8), further confirming that the
optimized electrostatic field of Zn0.73Al0.27 can effectively
suppress the Zn dendritic growth. It should be noted that
there was no detectable Al3+ ions in the electrolyte after 1 h
cycling by the inductively coupled plasma optical emission
spectroscopy (ICP-OES), indicating the high chemical stability
of Al in Zn−Al alloys. The electrochemical impedance
spectroscopy (EIS) result shows that the charge transfer
resistance of the Zn0.73Al0.27@Zn is lower than that of the bare
Zn, Al@Zn, and Zn0.34Al0.66@Zn, suggesting a more efficient
charge transfer process (Figure S9).19,25 The XRD pattern of
Zn0.73Al0.27@Zn after cycling for 24 h at a higher current
density/areal capacity (2.0 mA/mAh cm−2) reveals a much low
peak intensity of the byproduct (Zn4SO4(OH)6·H2O, or ZHS)
than that of bare Zn, suggesting that the Zn−Al coatings also
effectively suppress the side reactions (Figure S10). After long-
term cycling, big Zn dendrites/tips are observed on the bare
Zn, Al@Zn, and Zn0.34Al0.66@Zn electrodes, which directly
cause short-circuits (Figure S8e−g). However, the

Zn0.73Al0.27@Zn remains a relatively smooth surface even
after cycling for a much longer time of 1800 h, confirming the
outstanding cycling performance of the Zn0.73Al0.27@Zn
electrodes (Figure S8h and Figure S11). Indeed, the thickness
of Zn0.73Al0.27 alloy film barely changes after 24 h cycling and is
only increased by 35% after 1800 h (Figure S12). This result
further confirms the high chemical and mechanical stability of
the Zn0.73Al0.27 alloy films.
According to the above results, the diffusion and deposition

behavior of Zn2+ ions can be manipulated by tuning the Al
content of the alloy protective coatings. The Zn deposition on
the surfaces of the bare Zn, Al@Zn, Zn0.34Al0.66@Zn, and
Zn0.73Al0.27@Zn anodes are schematically illustrated in Figure
3e. On the bare Zn anode surface, Zn2+ ions tend to deposit on
the tips with a low nucleation barrier, leading to the growth of
Zn dendrites upon continuous cycling. As for the Al@Zn, the
Al is coated by an in situ formed dense insulating Al2O3 layer.
As a result, the Zn2+ ions can only diffuse through the porous
Al films (Figure 1c) and then deposit onto the underneath Zn
foil. The subsequent Zn ions will preferentially deposit on the
previously formed zinc nuclei to lower the nucleation energy,
which would eventually result in the growth of Zn dendrites.
Similarly, the protective coatings with a high Al (i.e.,
Zn0.34Al0.66@Zn) content also suffer from the above obstacles.
Zn2+ ions will preferentially deposit on the limited Zn sites,
which promotes the growth of Zn dendrites. In contrast, a
proper Al content (i.e., Zn0.73Al0.27@Zn) would produce a
moderate strength of electrostatic shield, thus forcing the Zn
ions to be evenly deposited onto the separately distributed Zn
sites, which avoids the excessive accumulation of Zn deposits
and thus dendrites. This eventually leads to a significantly

Figure 3. Structural evolution of various Zn electrodes. The 3D CLSM images of (a) bare Zn, (b) Al@Zn, (c) Zn0.34Al0.66@Zn, and (d)
Zn0.73Al0.27@Zn after 24 h cycling. (e) Schematic illustration of Zn deposition on different Zn electrodes. Simulated (f) electric field and (g) Zn2+

ion distribution of the bare Zn and Zn0.73Al0.27@Zn surfaces.
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improved lifespan of Zn anodes. To further illustrate the role
of Zn0.73Al0.27 alloy film in regulating the electric field and Zn2+

ion distribution at the anode surface, a theoretical simulation
was carried out using COMSOL (Figure 3f,g). The electric
field and Zn2+ ion distribution on the bare Zn surface display
an obvious intensity gradient during the Zn plating process.
Such enhanced local electric field and uneven ionic distribution
create a charge accumulated region, thus promoting Zn2+

deposition onto the specific sites. Because of the “tip effect”,
these small protuberances gradually evolve into large Zn
dendrites. In contrast, the uniformly distributed electric field
and Zn2+ ions ensure homogeneous Zn2+ deposition on the
surface, thereby maintaining a flat and smooth surface even
after long cycling. This theoretical result further explains the
enhanced performance of the Zn0.73Al0.27@Zn electrodes.
The above results have shown the overall performance of Zn

anodes can be improved by regulating the electrostatic
shielding strength of the surface protective coatings. The
versatility of our strategy was further verified by the enhanced
stability of Ti−Al alloy protected Zn anodes (see character-
ization and electrochemical performance of Ti−Al@Zn in
Figures S13−S16), To further evaluate the particle application,
the performance of the Zn0.73Al0.27@Zn||MnO2 full cells (see
the characterization of MnO2 cathodes in Figure S17) were
tested and compared with unmodified Zn||MnO2 cells. The
electrolyte was a solution of 2 M ZnSO4 and 0.1 M MnSO4.
Cyclic voltammetry (CV) curves show almost the same shape
and two pairs of redox peaks that are associated with the
oxidation/reduction of Mn(IV) to Mn(III)/Mn(II) species
(Figure 4a). Whereas the Zn0.73Al0.27@Zn||MnO2 batteries
exhibit a bigger integrated area than that of the bare Zn||MnO2
batteries during the first cycle, indicating the enhanced
capacity. The charge−discharge profiles of the Zn0.73Al0.27@
Zn||MnO2 batteries show a more stable voltage plateau and a
narrower voltage gap than that of the bare Zn||MnO2 after 50

and 1000 cycles (Figure 4b). The EIS result suggests that
batteries with Zn0.73Al0.27 alloy films possess a lower charge
transfer resistance and a faster Zn2+ ions diffusion kinetics than
that of with bare Zn electrodes (Figure 4c). This result is
consistent with the symmetric cell measurements. The rate
performance of the Zn0.73Al0.27@Zn||MnO2 and bare Zn||MnO2
batteries at various current densities from 0.6 to 12 C (1 C =
616 mA g−1) is displayed in Figure 4d. The capacity of
Zn0.73Al0.27@Zn||MnO2 battery returns to about 203 mAh g−1

(at 1.2 C) after cycling at a high current density (12 C), which
is higher than that of bare Zn||MnO2 cell (162 mAh g−1). More
importantly, the capacity of Zn0.73Al0.27@Zn||MnO2 battery
remains about 163 mAh g−1 (67% retention) after 1000 cycles,
which is dramatically higher than that of the bare Zn||MnO2
(30 mAh g−1, 13% retention) (Figure 4e). These results
confirm that the Zn0.73Al0.27 alloy films can significantly boost
the performance of Zn anodes in terms of both the capacity
and stability.

■ CONCLUSION

In summary, we proposed a generate strategy to significantly
enhance the cycling stability of Zn anodes by electrostatic
shielding manipulation. Specially, we prepared Zn−Al alloys
using magnetron sputtering and further investigated the impact
of Al content on the electrochemical performance of Zn
anodes. We found that a proper Al content leads to the
optimized strength of electrostatic shielding, therefore resulting
in a greatly prolonged cycling lifespan of at least 3000 h at 1
mA cm−2 and 1 mAh cm−2. The versatility of this strategy was
further verified by the Ti−Al alloy protective layers. Our work
highlights the important role of Al sites in regulating the
electrostatic shielding effect to achieve stable Zn plating and
further provides insights into the design of surface protective
layers for high performance ZIBs and potentially other
multivalent ion batteries.

Figure 4. Electrochemical performance of Zn0.73Al0.27@Zn||MnO2 full cells. (a) CV curves of the first cycle at 0.1 mV s−1, (b) charge/discharge
curves at 1.2 C, (c) EIS spectra before cycling, (d) rate performance, and (e) cycling stability at 1.2 C of the Zn0.73Al0.27@Zn||MnO2 and Zn||MnO2
full cells.
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