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The development of zinc-ion batteries with high energy density remains a great challenge due to the uncontrollable dendrite
growth on their zinc metal anodes. Film anodes plated on the substrate have attracted increasing attention to alleviate these
dendrite issues. Herein, we first point out that both the random crystal orientation and the low metal affinity of the substrate
are important factors of zinc dendrite formation. Accordingly, the (1 0 1) fully preferred tin interface layer with high zinc
affinity was fabricated by chemical tin plating on (1 0 0) oriented copper. This tin decorated copper substrate can realize high
reversible zinc plating/stripping behavior, and full cell using this zinc plated substrate can be operated for more than 1000
cycles with high capacity retention (85.3%) and low electrochemical impedance. The proposed strategy can be also applied to
lithium metal batteries, which demonstrates that the substrate orientation regulation and metal affinity design are the
promising approaches to achieve dendrite-free metal anode and overcome the challenges of highly reactive metal anodes.

1. Introduction

The high-energy metals (e.g., lithium, sodium, and zinc) are
considered to be the most promising anodematerials to realize
the next generation of high-energy-density batteries [1, 2].
Among them, zinc metal can exhibit high theoretical specific
capacity (820mAh⋅g−1), low redox potential (−0.76V versus
standard hydrogen electrode), abundant natural resources,
and low manufacturing cost, which endows aqueous zinc-
ion batteries with great potential to be applied in large-scale
energy storage systems [3, 4]. However, the practicality of zinc
metal batteries is hindered by the formation of rough and non-
uniform electrodeposits, which results in the continuous loss
of active material through multiple mechanisms [5–7]. This
phenomenon is also dangerous because when uneven or den-
dritic metal deposits grow in the inner space of the battery and
bridge the cathode and anode, the induced short circuit can
trigger the battery to burst [8, 9].

Numerous efforts have been devoted to alleviating these
zinc-related issues, including modulation of zinc anodes
(e.g., zinc alloy and protective layer), optimization of
electrolyte formulations, and design of current collectors
[10–14]. Designing current collectors is considered a feasible
approach to improve zinc plating/stripping reversibility in
comparison to the common hostless zinc foil anodes with
low zinc utilization [15, 16]. Commercial copper substrates
were intensively investigated for zinc deposition because
they are the immediately available primary material for
industrial manufacture [10, 17, 18]. However, the zinc
anodes always fail quickly when using pristine copper
current collectors, and their mechanism towards zinc
dendrite growth is still incompletely understood [19]. Most
researchers focus on constructing a thin layer of foreign
substances with high zinc affinity (such as tin and silver) to
reduce nucleation barriers and promote uniform zinc
growth during cycling but overlook its intrinsic factors
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affecting metal affinity [20–22]. We have proved in our pre-
vious work that zinc interacts differently with different crys-
tal facets of a foreign substance [23]. There is an obvious
difference in zinc adsorption on the randomly oriented sub-
strate with high zinc affinity, which enables zinc to be depos-
ited preferentially on the facet with stronger zinc affinity on
the surface with random orientation, resulting in uneven
zinc growth. Considering the facet-selective lithium deposi-
tion on a randomly oriented copper substrate, the orienta-
tion heterogeneity of the interface may also be one of the
main reasons for the inhomogeneous zinc deposition [24,
25]. Besides, uniformly oriented graphene coating layer with
low lattice mismatch to zinc can induce highly reversible
zinc electrodeposition, but its zinc affinity is insufficient
[20, 26]. Accordingly, the construction of a substrate surface
with both high zinc affinity and uniform crystal orientation
may be a more effective strategy to improve the cycling sta-
bility of electroplated zinc anodes in practical batteries.

In this work, we reveal the selective zinc deposition
behavior on polycrystalline copper foil with random crystal
orientation and further prove by theoretical simulations that
the orientation difference between grains on the surface is an
important factor in inducing uneven electric fields. A strat-
egy to construct a uniformly oriented substrate surface is
proposed to induce homogeneous zinc deposition based on
theoretical simulation prediction. A copper-supported (1 0
1) fully preferred tin (F-Sn@Cu) substrate is first fabricated
by chemical tin plating technology, in which the (1 0 0) fully
preferred copper (F-Cu) for tin plating is obtained by low-
temperature annealing of commercial copper foils. The as-
prepared F-Sn@Cu substrate with high zinc affinity exhibits
highly reversible zinc plating/stripping behavior, compact
deposition appearance, and enhanced hydrogen evolution
resistance. It is also demonstrated that this substrate with
fully preferred crystal orientation can be easily extended to
lithium metal anodes. The strategy of orientation regulation
and metal affinity design of interfaces provides research
insights for designing stable current collectors to resist the
dendrite growth on active metal anodes.

2. Results and Discussion

2.1. Influence of the Substrate Crystal Orientations on Zinc
Deposition. The zinc deposition behavior influenced by the
substrate crystal orientation was investigated on a specific
commercial copper foil with large grain size and random
orientation (Figures 1(a) and 1(b) and S1, S2). Interestingly,
there is a significant difference in the amount of zinc depo-
sition on different grains of the substrate surface after zinc
deposition at 5mAcm−2 for 20 s (Figures 1(c) and 1(d)).
Most of the zinc tends to be preferentially deposited on the
high-activity facets, as evidenced by the metallic luster on
the smooth plating layer. And there exist several inert facets
without electrochemical deposition reaction, which can be
explained by the difference in activity on different crystalline
facets of the randomly oriented copper substrate surface.
Such facet dependency of zinc deposition was further proved
by energy dispersive spectroscopy and electron back-
scattered diffraction (EBSD) analysis (Figure S3). It has

been demonstrated in some previous reports that different
crystal facets exhibit different exchange current densities
(ECD), which can reflect the difficulty of the electrode
reaction [27, 28]. Accordingly, the effect of the randomly
oriented surfaces with different ECD on the zinc deposition
behavior is simulated by the finite element method
(Table S1). The surfaces with different ECD show an uneven
electric field in the initial state, which leads to the selective
zinc deposition on the high electric field region and further
aggravates the uneven electric field distribution during the
continuous zinc plating process (Figure 1(e)). The selective
zinc deposition rather than the overall zinc deposition on
the interface evolves into uncontrollable dendrite growth
and induces rapid cell failure (Figure S4 and S5) [29, 30].
These experimental results and theoretical simulations
confirm that selective zinc deposition is affected by the
crystal orientation of substrate surfaces, which may be an
important factor in dendrite formation. Therefore, it can be
inferred that if the crystal orientation of the substrate surface
is uniform, a complete and homogeneous zinc deposition
can be achieved owing to the uniform electric field
distribution on the uniformly oriented surface without ECD
difference (Figure 1(f)).

2.2. Fabrication and Characterization of F-Cu and F-Sn@Cu.
A low-temperature annealing method was applied to convert
polycrystalline grains with random orientation into a uni-
form orientation in a common commercial copper foil. As
seen in the X-ray diffraction (XRD) pattern (Figure S6), the
(2 0 0) fully preferred copper is observed after the copper
foil was annealed at 450°C, which implies that the crystal
orientation of the copper foil surface was reconstructed after
low-temperature annealing [31]. There is no obvious change
in the annealed copper foil at both the microscopic and
macroscopic levels (Figure 2(a) and Figure S7, S8). The
crystal orientation shift toward (1 0 0) orientation in the
annealed copper foils is further confirmed by the EBSD
measurement. The annealed copper foil shows the relatively
uniform color close to red in the IPF map (Figure 2(b)) and
the obvious (0 0 1) orientation characteristic in the inverse
pole figure (Figure 2(c)) in comparison to the pristine
copper foil with a colorful IPF map and random directions
in the inverse pole figure (Figure S9). It is well known that
the (1 1 1) facet of copper is thermodynamically stable
because the close-packed copper (1 1 1) facet has the lowest
surface energy among all crystal facets in the face-centered
cubic structure [32, 33]. However, the stable copper
structure may be different if the driving force for grain
growth is not mainly surface energy but other energy (such
as strain energy caused by thermal stress) [34]. In situ XRD
clearly shows the crystal orientation shift process of copper
foil during the low-temperature annealing (Figure 2(d)). The
intensity of (2 0 0) peak increases with temperature, and
other peaks gradually weaken until disappearing, which
suggests a uniform shift of crystal facet induced by thermal
stress (Figure S10) [35]. Therefore, we have successfully
prepared the (1 0 0) fully preferred copper foil by low-
temperature annealing of commercial copper foil.
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The copper-supported tin interface layer was synthe-
sized by immersing the commercially randomly oriented
copper (R-Cu) and F-Cu foil in a tin salt solution for a
short duration (Figure 2(e), Movie S1). As shown in
Figure S11-S13, the chemical plated tin on R-Cu (R-
Sn@Cu) exhibits a rough surface morphology with
different grain shapes, and the surface of chemical plated
tin on F-Cu (F-Sn@Cu) is relatively flat with uniform
grain size and homogeneous thickness distribution
(150 nm) after chemical plating for 2min, which may be
ascribed to uniform nucleation and growth on the
uniformly oriented surface. The XRD patterns (Figure 2(f
)) show that there is only a strong Bragg reflection of
the tin (1 0 1) facet in the F-Sn@Cu foil, while the
polycrystalline tin reflection and a weak copper-tin
(CuSn) alloy peak is found in the R-Sn@Cu foil [36].
Since different crystal textures are realized at different
reaction durations, the crystal orientation of the tin layer
for a short-time chemical plating is further investigated
by XRD and discussed in detail in Figure S14 and S15
[22]. The EBSD analysis also confirms the nearly single
(1 0 1) facet in the F-Sn@Cu foil (Figure S16 and S17).
The above characterization results prove that the copper-
supported (1 0 1) fully preferred tin interface layer was
successfully fabricated by a facile chemical tin plating
method supplemented by low-temperature annealing. These
approaches are potential to be extended for the industrial
manufacture of unique current collectors (Figure S18).

The chemical tin plating on copper substrate is a replace-
ment reaction process, in which the tin ions in the solution

are deposited on the copper substrate, and the copper atoms
in the bulk are dissolved into the solution (Figure 2(g))
[37–39]. The concentrations of tin and copper ions in plat-
ing solution are 3.46 g L−1 and 1.53 g L−1 after tin plating
(Figure S19) (the concentration of tin ion is 5.26 g L−1 in
the original tin plating solution), which indicates that tin
ions in solution are partially reduced to tin metal layer on
the copper substrate. First-principles calculation was
applied to study the possible mechanism of oriented
chemical tin plating (Figures 2(h) and 2(i) and Figure S20,
S21). These differences in separation energy and binding
energy lead to the kinetic heterogeneity in tin deposition
on the different copper facets, which may be one of the
important reasons for the formation of randomly oriented
tin in R-Sn@Cu. Besides, the binding energy of tin on the
copper (2 2 0) facet is the largest among all calculated
facets, which may also facilitate the formation of CuSn
alloy on the copper (2 2 0) facet during the chemical tin
plating [40]. Furthermore, the surface energies of several tin
facets were calculated to investigate the tin deposition
morphology influenced by thermodynamics (Figure S22).
The surface energy of the tin (1 0 1) facet is the lowest
among the stable crystal surfaces in tin crystal. Therefore,
the formation of tin layer with fully preferred orientation
can be explained by the tendency of the uniform tin species
adsorbed on the F-Cu foil to form a thermodynamically
favorable surface with low surface energy during tin
deposition owing to the uniform copper separation and tin
adsorption on uniform-oriented copper during the chemical
plating reaction [41, 42].
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Figure 1: The selective zinc deposition on the specific copper foil with a large grain size. (a) Scanning electron microscope (SEM), the
corresponding inverse pole figure (IPF) map, and (b) (0 0 1) pole figure of the specific copper foil. Optical patterns of the specific copper
foil (c) before and (d) after zinc deposition at 5mA cm−2 for 20 s. The regions cycled by red and yellow refer to high-activity facet and
inert facet, respectively. Finite element simulations of electric field on the surface with (e) random and (f) uniform orientation.
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2.3. Electrochemical Performances of F-Sn@Cu. The zinc
deposition behavior was investigated in half cells with
the as-prepared current collectors as working electrodes
and zinc foils as the counter electrodes. As shown in
Figure 3(a), there is a sharp voltage drop at the beginning
of the zinc deposition, and subsequently a flat voltage pla-
teau on the R-Cu and F-Cu surfaces. However, the voltage
drop phenomenon is significantly diminished when the tin
interface layer is introduced on the copper foil. Besides,
the F-Sn@Cu substrate exhibits the lowest zinc plating
overpotential over a wide range of current densities from
0.5 to 5mAcm−2 (Figure 3(b) and Figure S23), which is

ascribed to more high-activity areas participated in plating
reaction. The overall interaction of zinc on the F-Sn@Cu
surface is higher than that on the randomly oriented tin and
copper substrates due to the strong binding of zinc with tin
and the eliminated binding energy difference on the
randomly oriented substrate, resulting in the low zinc
deposition overpotential for the F-Sn@Cu [20, 22]. Zinc
plating/stripping stability was further evaluated by cyclic
voltammetry (CV) measurement (Figure 3(c)). The peak
currents of substrates with fully preferred orientation (F-
Sn@Cu and F-Cu) are higher than those of randomly
oriented substrates (R-Sn@Cu and R-Cu) and their peak
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Figure 2: Preparation and structure characterization of F-Cu and F-Sn@Cu substrates. (a) Digital photograph, (b) IPF map image, and (c)
the inverse pole figure in (0 0 1) direction of the common commercial copper foil after annealing. (d) In situ XRD patterns of the common
commercial copper foil at elevated temperature. (e) Schematic illustration of chemical tin plating process. (f) XRD patterns of F-Sn@Cu and
R-Sn@Cu substrates. (g) Schematic illustration of the chemical tin plating on the copper foil. (h) Separation energy of copper atom from
different copper facets and (i) binding energy of tin on the different copper facets.
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voltage gaps for zinc plating/stripping are narrower, which
indicate a uniform and high-activity surface of F-Sn@Cu
to reduce nucleation barriers and induce even zinc
deposition [23, 43]. From the SEM images of as-prepared
electrodes after zinc deposition (Figures 3(d)–3(g) and
Figure S24-S26), zinc plating reaction can only occur at
some specific active regions on the R-Cu, while the sparse
deposits composed of zinc flakes cover the entire surface of
F-Cu, which can be attributed to the selective deposition
induced by the adsorption energy difference of zinc on the
different facets of R-Cu foil. There is almost no deposition
reaction on some facets of R-Cu surface due to the low zinc-
binding energy of these facets. When crystal orientations of

the substrate are uniform, entire zinc deposition can be
observed on the surface with uniform zinc adsorption
energy. The zinc deposition layer is relatively flat without
inert region when introducing the tin interface layer onto the
copper foil, but the R-Sn@Cu surface remains rugged with
random orientations after zinc plating. In sharp contrast, the
zinc plating surface of F-Sn@Cu is compact and no surface
without deposition reaction can be observed. Besides, F-
Sn@Cu shows the thinnest zinc plating layer among all the
prepared substrates (Figure S25). The same result is also
demonstrated by the real-time observation of the substrate
electrode surfaces in a half cell with zinc anodes during the
deposition process using in-situ optical microscope
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configuration (Figure S27 andMovies S2-5). To further clarify
the role of substrate orientation in regulating zinc deposition,
the binding energies of zinc on copper and tin surfaces were
calculated by density functional theory (Figure S28). The (1 0
1)-oriented tin surface shows higher binding energy of zinc
than other tin and the copper surface, which indicates strong
interaction of F-Sn@Cu substrate with zinc, resulting in a
more compact zinc plating layer. Besides, there are obvious
binding energy differences of zinc on the different facets of
randomly oriented tin and copper surfaces. In other words,
the high zinc-affinity facet on the randomly oriented
substrates can facilitate zinc deposition, while zinc deposition
on the inert facet with low zinc affinity is far hysteretic. This
phenomenon explains the rough surfaces on the substrate
with random crystal orientation after zinc deposition. Zinc
deposition on R-Cu with a half of tin-plated layer is
investigated to further demonstrate the preference of zinc
deposition on tin substrate over copper substrate. Optical
photographs and SEM images (Figure S29) show that a large
number of zinc are deposited on the tin-plated copper, but
the bare copper exhibits a rough surface with few zinc
protrusions, which indicates that tin is more favorable
interface for zinc deposition. In the in situ optical
observations for the sectional morphology (Figure 3(h),
Figure S30, and Movies S6-S9), the local protrusions are
formed in the early stage of zinc deposition and evolved into
dendrites in the subsequent deposition on the surfaces of R-
Cu and R-Sn@Cu, and then a large amount of dead zinc
remains on the surface after zinc stripping, which further
confirms the dendrite growth induced by the selective
deposition on the randomly oriented surface. For the cells
using F-Cu and F-Sn@Cu, zinc deposits exhibit a smooth
surface with almost no dead zinc on the surface after
complete zinc stripping. It can be seen from the XRD
patterns of the oriented substrates after zinc deposition that
the peak intensity ratios of both (1 0 1)/(0 0 1) and (1 0 1)/
(1 0 0) increase with the transition of the substrate
orientation from random to uniform (Figures 3(i) and 3(j)).
The uniformly oriented interface can further promote the zinc
deposition to grow toward the dominant (1 0 1) facet in
comparison with the randomly oriented interface. This (1 0
1) facet-dominated zinc deposition can lead to a dense
plating layer, as evidenced by the high peak intensity ratio
in F-Sn@Cu. Nucleation mechanism is analyzed by a
chronoamperometry (Figure S31), such as instantaneous
nucleation and progressive nucleation. Both tin and copper
metal substrates with and without uniform orientations follow
an instantaneous nucleation mode, which suggests that zinc
deposition quality on these substrates is greatly influenced by
the initial nucleation. Besides, hydrogen evolution suppression
and the electrical conductivity of tin substrate with fully
preferred crystal orientation are greatly enhanced when
compared with the random oriented tin and copper
(Figure S32 and S33), which can contribute to the superior
electrochemical performances for the F-Sn@Cu current
collector. Therefore, it can be concluded that the crystal
orientation and the metal affinity of the substrate both greatly
affect zinc deposition. On randomly oriented substrates, zinc
tends to be deposited on the highly active surface due to the

difference in zinc adsorption energy on different facets, and the
continuous deposition reaction inevitably leads to the dendrite
formation. When crystal orientations of the substrate are
uniform, the interaction between the zinc and substrate
plays a dominant role in adjusting the quality of zinc
deposition. Although zinc deposition can cover the entire
surface of the F-Cu substrate, there is only a loose zinc
plating layer with void space due to insufficient metal
affinity. The high-quality zinc metal thin film anode
obtained on the F-Sn@Cu substrate can be explained as a
synergistic effect of the uniform surface crystal orientation
and the high zinc affinity of the substrate. Besides, the
enhanced electrical conductivity driven by uniform crystal
orientation can also improve the zinc plating/stripping
reversibility by facilitating electron transfer [44].

Cycling performance of the prepared current collectors
was investigated in the half cell with zinc counter electrode.
The cells using F-Sn@Cu current collector can deliver a sta-
ble Coulombic efficiency (CE) of 99.2% over 510 cycles at a
current density of 1mAcm−2 and capacity of 1mAh cm−2,
which is significantly improved in comparison to those of
the R-Cu (98.6% after 30 cycles), F-Cu (99% after 60 cycles),
and R-Sn@Cu (97.8% after 276 cycles) (Figure 4(a) and
Figure S34). Even increasing the capacity to 2mAh cm−2,
F-Sn@Cu can be still operated stably for more than 380
cycles with the CE of 99.7% (Figure 4(b)). The excellent
cycling performance of half-cell using F-Sn@Cu can be
attributed to the stable and uniform surface of F-Sn@Cu,
which is confirmed by their dendrite-free morphology with
overall deposition after 50 cycles (Figures 4(c)–4(f) and
Figure S35). Besides, the poststripped F-Sn@Cu after 50
cycles exhibits a flat surface without obvious dead zinc and
by products (Figure S36). As shown in the XRD patterns
of cycled substrates (Figure 4(g)), no significant difference
is observed in F-Sn@Cu before and after cycling,
illustrating that the repeated plating and stripping process
cannot damage the crystal structure of the fully oriented
tin layer and the F-Sn@Cu surface still maintain uniform
tin (1 0 1) facet for favorable zinc deposition. No peaks
related to zinc hydroxide sulfate (ZHS) by-products are
observed on the oriented substrates (S-Cu and S-Sn@Cu)
after cycling in comparison to the strong ZHS reflection in
polycrystalline copper (R-Cu) and tin (R-Sn@Cu)
interfaces (Figure S37). The low CE is mainly due to the
continuous loss of active zinc in the zinc anode, such as
the formation of insulating ZHS and dead zinc induced by
the corrosion reaction and uneven plating/stripping on the
interface. The uniform zinc deposition and stripping, the
suppressed corrosion, and hydrogen evolution are realized
when introducing a uniformly oriented metallic tin layer
with high zinc metal affinity at the interface between copper
and electrolyte. As a result, the F-Sn@Cu substrate can
deliver steady long cycle life with high CE and low-voltage
hysteresis (Figure S38). Similar tests were conducted in the
half cell with F-Sn@Cu as the working electrode and lithium
metal as the counter electrode to investigate the effect of the
oriented tin interface layer on the lithium deposition, as
described in supporting information (Figure S39-S41).
Surprisingly, the F-Sn@Cu electrode exhibits significantly
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enhanced CE and cyclic stability of lithium plating/stripping
in the half cell, which demonstrates the feasibility of this
uniform-oriented tin decorated copper substrate in high-
performance lithium metal batteries.

2.4. Full Cell Evaluation. The F-Sn@Cu anode with the zinc
plating capacity of 2mAh cm−2 was used to couple with
NH4V4O10 cathode for demonstrating its practical applica-
tion in full cells using 2M ZnSO4 electrolyte (Figure S42).
The full cell using F-Sn@Cu anode can steadily operate for
1000 cycles at a current density of 3000mAg−1 with the
capacity retention of 85.3%, much superior to those of R-Cu
(9.8%), F-Cu (19.6%), and R-Sn@Cu (17.1%) (Figure 4(h)

and Figure S43, S44). It is evident from impedance
spectroscopy analysis that the charge-transfer resistance of
the full cell using the F-Sn@Cu anode is significantly
improved compared to the anode with random crystal
orientation, which is attributed to the strong interaction
between zinc and the uniformly oriented substrate with
improved conductivity (Figure 4(i) and Table S2). F-
Sn@Cu anode also exhibits improved electrochemical
performance in the full cell when matched with polyaniline
(PANI) cathode (Figure S45, S46, and Table S3), suggesting
the uniform-oriented tin-modified copper current collector
has broad application prospects as a host material for metal
electrodes.
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Figure 4: Electrochemical performance of F-Sn@Cu electrode in half-cells with a zinc counter electrode and full cells with NH4V4O10
cathode. CE of zinc plating/stripping on R-Sn@Cu and F-Sn@Cu at (a) 1mA cm−2 for 1mAh cm−2 and (b) 5mA cm−2 for 2mAh cm−2.
SEM images of (c) R-Cu, (d) F-Cu, (e) R-Sn@Cu, and (f) F-Sn@Cu electrodes after 50 cycles. (g) XRD patterns of R-Cu, F-Cu,
R-Sn@Cu, and F-Sn@Cu electrodes in the half-cell after 50 cycles. (h) Cycling performance of full cells using F-Sn@Cu and R-Cu anodes.
(i) Nyquist plots of the full cells using R-Cu, F-Cu, R-Sn@Cu, and F-Sn@Cu anodes.
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3. Conclusions

In summary, we discovered that substrate crystal orienta-
tion was one of the key reasons for the formation of zinc
dendrite by experimental observations and theoretical sim-
ulations. A crystal orientation strategy was proposed by
constructing a uniformly oriented substrate surface to
elude the interfacial inhomogeneous dendrite growth. A
copper-supported (1 0 1) fully preferred tin substrate was
fabricated by facile low-temperature copper annealing
and chemical tin plating technologies, which could induce
an even electric field on the entire surface to realize a
smooth and compact zinc plating layer with the advantage
of high zinc affinity of tin. This unique current collector
exhibited significantly improved reversibility of zinc plat-
ing/stripping in half-cells using zinc counter electrode
and full cells using NH4V4O10 or PANI cathodes. The
proposed strategies of substrate orientation regulation
and metal affinity design can afford a new idea to realize
dendrite-free metal anode for practical applications.

Data Availability

The data that support the findings of this study are available
from the corresponding author upon request.

Conflicts of Interest

The authors declare no conflict of interest.

Authors’ Contributions

H.W. and Q.Z. designed the experiment and participated
in the analysis of results. C.X. and Z.Y. participated in
the experimental design, synthesized the samples, carried
out the characterizations, and wrote the manuscript. H.J.
and Y.L. provided valuable advice and participated in
helpful discussions. T.W. analyzed the data and edited
the paper. W.L. provided theoretical calculation sugges-
tion. P.W. helped to characterize the materials. All authors
have read and approved the final paper. Chunlin Xie and
Zefang Yang contributed equally to this work and are
co-first authors.

Acknowledgments

This research was financially supported by the Hunan Pro-
vincial Science and Technology Plan Projects of China
(No. 2020JJ2042 and No. 2017TP1001), the National Nat-
ural Science Foundation of China (No. 21975289 and No.
22109181), and the Fundamental Research Funds for the
Central Universities of the Central South University
(2021zzts0071, 2022ZZTS0071). This work was supported
in part by the High Performance Computing Center of
Central South University and Hunan Navi New Materials
Technology Co., Ltd (EBSD test).

Supplementary Materials

The details of the method for the preparation and character-
ization of the materials are listed in the supporting informa-
tion document. Figures S1-S46 and Tables S1-S3 are shown
in the support information document. Movies S1-MS9 are
displayed in support information in MP4 format.
(Supplementary Materials)

References

[1] F. Wang, O. Borodin, T. Gao et al., “Highly reversible zinc
metal anode for aqueous batteries,” Nature Materials, vol. 17,
no. 6, pp. 543–549, 2018.

[2] Z. Liu, L. Qin, B. Lu, X. Wu, S. Liang, and J. Zhou, “Issues and
opportunities facing aqueous Mn2+/MnO2-based batteries,”
ChemSusChem, vol. 15, no. 10, article e202200348, 2022.

[3] P. Ruan, S. Liang, B. Lu, H. J. Fan, and J. Zhou, “Design strat-
egies for high-energy-density aqueous zinc batteries,” Ange-
wandte Chemie International Edition, vol. 61, no. 17, article
e202200598, 2022.

[4] D. Yuan, J. Zhao, H. Ren et al., “Anion texturing towards
dendrite-free Zn anode for aqueous rechargeable batteries,”
Angewandte Chemie International Edition, vol. 60, no. 13,
pp. 7213–7219, 2021.

[5] Q. Zhang, J. Luan, Y. Tang, X. Ji, and H. Wang, “Interfacial
design of dendrite-free zinc anodes for aqueous zinc-ion batte-
ries,” Angewandte Chemie International Edition, vol. 59,
no. 32, pp. 13180–13191, 2020.

[6] F. Xie, H. Li, X. Wang et al., “Mechanism for zincophilic sites
on zinc-metal anode hosts in aqueous batteries,” Advanced
Energy Materials, vol. 11, no. 9, article 2003419, 2021.

[7] J. Hao, B. Li, X. Li et al., “An in-depth study of Znmetal surface
chemistry for advanced aqueous Zn-ion batteries,” Advanced
Materials, vol. 32, no. 34, article e2003021, 2020.

[8] X. R. Chen, Y. X. Yao, C. Yan, R. Zhang, X. B. Cheng, and
Q. Zhang, “A diffusion‐‐reaction competition mechanism to
tailor lithium deposition for lithium‐metal batteries,” Ange-
wandte Chemie International Edition, vol. 59, no. 20,
pp. 7743–7747, 2020.

[9] D. Lin, Y. Liu, and Y. Cui, “Reviving the lithium metal anode
for high-energy batteries,” Nature Nanotechnology, vol. 12,
no. 3, pp. 194–206, 2017.

[10] Q. Zhang, J. Luan, L. Fu et al., “The three-dimensional
dendrite-free zinc anode on a copper mesh with a zinc- ori-
ented polyacrylamide electrolyte additive,” Angewandte Che-
mie International Edition, vol. 58, no. 44, pp. 15841–15847,
2019.

[11] H. Qiu, X. Du, J. Zhao et al., “Zinc anode-compatible in-situ
solid electrolyte interphase via cation solvation modulation,”
Communications, vol. 10, no. 1, pp. 1–12, 2019.

[12] S.-B. Wang, Q. Ran, R.-Q. Yao et al., “Lamella-nanostructured
eutectic zinc-aluminum alloys as reversible and dendrite-free
anodes for aqueous rechargeable batteries,” Communications,
vol. 11, no. 1, p. 1634, 2020.

[13] C. Xie, Q. Zhang, Z. Yang et al., “Intrinsically zincophobic pro-
tective layer for dendrite-free zinc metal anode,” Chinese
Chemical Letters, vol. 33, no. 5, pp. 2653–2657, 2021.

[14] Q. Zhang, Z. Yang, H. Ji et al., “Issues and rational design of
aqueous electrolyte for Zn-ion batteries,” SusMat, vol. 1,
no. 3, pp. 432–447, 2021.

8 Research

https://downloads.spj.sciencemag.org/research/2022/9841343.f1.zip


[15] C. Li, X. Xie, S. Liang, and J. Zhou, “Issues and future perspec-
tive on zinc metal anode for rechargeable aqueous zinc-ion
batteries,” Energy & Environmental Materials, vol. 3, no. 2,
pp. 146–159, 2020.

[16] Z. Yi, G. Chen, F. Hou, L. Wang, and J. Liang, “Strategies for
the stabilization of Zn Metal anodes for Zn-Ion batteries,”
Advanced Energy Materials, vol. 11, no. 1, 2021.

[17] Z. Kang, C. Wu, L. Dong et al., “3D porous copper skeleton
supported zinc anode toward high capacity and long cycle life
zinc ion batteries,” ACS Sustainable Chemistry & Engineering,
vol. 7, no. 3, pp. 3364–3371, 2019.

[18] C. Li, X. Shi, S. Liang et al., “Spatially homogeneous copper
foam as surface dendrite-free host for zinc metal anode,”
Chemical Engineering Journal, vol. 379, article 122248, 2020.

[19] Y. An, Y. Tian, Y. Li et al., “Heteroatom-doped 3D porous car-
bon architectures for highly stable aqueous zinc metal batteries
and non-aqueous lithium metal batteries,” Chemical Engineer-
ing Journal, vol. 400, article 125843, 2020.

[20] Y. Yin, S. Wang, Q. Zhang et al., “Dendrite-free zinc deposi-
tion induced by tin-modified multifunctional 3D host for sta-
ble zinc-based flow battery,” AdvancedMaterials, vol. 32, no. 6,
p. 1906803, 2020.

[21] Y. Zhang, G. Wang, F. Yu et al., “Highly reversible and
dendrite-free Zn electrodeposition enabled by a thin metallic
interfacial layer in aqueous batteries,” Chemical Engineering
Journal, vol. 416, article 128062, 2020.

[22] S. Li, J. Fu, G. Miao et al., “Toward planar and dendrite-free Zn
electrodepositions by regulating Sn-crystal textured surface,”
Advanced Materials, vol. 33, no. 21, p. 2008424, 2021.

[23] Q. Zhang, J. Luan, X. Huang et al., “Revealing the role of crys-
tal orientation of protective layers for stable zinc anode,” Com-
munications, vol. 11, no. 1, p. 3961, 2020.

[24] K. Ishikawa, Y. Ito, S. Harada, M. Tagawa, and T. Ujihara,
“Crystal orientation dependence of precipitate structure of
electrodeposited Li metal on cu current collectors,” Crystal
Growth & Design, vol. 17, no. 5, pp. 2379–2385, 2017.

[25] Y.-J. Kim, S. H. Kwon, H. Noh et al., “Facet selectivity of cu
current collector for Li electrodeposition,” Energy Storage
Materials, vol. 19, pp. 154–162, 2019.

[26] J. Zheng, Q. Zhao, T. Tang et al., “Reversible epitaxial electro-
deposition of metals in battery anodes,” Science, vol. 366,
no. 6465, pp. 645–648, 2019.

[27] S. Harinipriya andM. V. Sangaranarayanan, “Electron transfer
reactions at metal electrodes: influence of work function on
free energy of activation and exchange current density,” The
Journal of Chemical Physics, vol. 115, no. 13, pp. 6173–6178,
2001.

[28] C. N. Nanev and R. S. Rashkov, “Facet stability of crystals I.
factors determining the polyhedral (in)-stability of silver single
crystals during electrocrystallization at high current densities,”
Journal of Crystal Growth, vol. 121, no. 1-2, pp. 209–217, 1992.

[29] Y. Li, P. Wu, W. Zhong et al., “A progressive nucleation mech-
anism enables stable zinc stripping–plating behavior,” Energy
& Environmental Science, vol. 14, no. 10, pp. 5563–5571, 2021.

[30] Q. Zhang, J. Luan, X. Huang et al., “Simultaneously regulating
the ion distribution and electric field to achieve dendrite-free
Zn anode,” Small, vol. 16, no. 35, p. 2000929, 2020.

[31] S. Jin, M. Huang, Y. Kwon et al., “Colossal grain growth yields
single-crystal metal foils by contact-free annealing,” Science,
vol. 362, no. 6418, pp. 1021–1025, 2018.

[32] Q. Jiang, H. M. Lu, and M. Zhao, “Modelling of surface ener-
gies of elemental crystals,” Journal of Physics: Condensed Mat-
ter, vol. 16, no. 4, pp. 521–530, 2004.

[33] G. C. Kallinteris, N. I. Papanicolaou, G. A. Evangelakis, and
D. A. Papaconstantopoulos, “Tight-binding interatomic
potentials based on total-energy calculation: application to
noble metals using molecular-dynamics simulation,” Physical
Review B, vol. 55, no. 4, pp. 2150–2156, 1997.

[34] C. V. Thompson and R. Carel, “Stress and grain growth in thin
films,” Journal of the Mechanics and Physics of Solids, vol. 44,
no. 5, pp. 657–673, 1996.

[35] I. H. Tseng, Y.-T. Hsu, J. Leu, K. N. Tu, and C. Chen, “Effect of
thermal stress on anisotropic grain growth in nano-twinned
and un- twinned copper films,” Acta Materialia, vol. 206,
article 116637, 2021.

[36] Y. Xu, Y. Zhu, Y. Liu, and C. Wang, “Electrochemical perfor-
mance of porous carbon/tin composite anodes for sodium-
ion and lithium-ion batteries,” Advanced Energy Materials,
vol. 3, no. 1, pp. 128–133, 2013.

[37] R. D. Xu, “Investigation of deposition mechanism and charac-
teristics of electroless Sn plating,” Advanced Materials
Research, vol. 139-141, pp. 410–413, 2010.

[38] S. Shingubara, Z. Wang, T. Ida, H. Sakaue, and I. Takahagi,
“Direct electroless plating of Cu on barrier metals,” in Proceed-
ings of the IEEE 2002 International Interconnect Technology
Conference (Cat. No. 02EX519), Burlingame, CA, USA, 2002.

[39] E. Huttunen-Saarivirta, “Observations on the uniformity of
immersion tin coatings on copper,” Surface and Coatings
Technology, vol. 160, no. 2-3, pp. 288–294, 2002.

[40] Y. Zhang, J. D. Howe, S. Ben-Yoseph, Y. Wu, and N. Liu,
“Unveiling the origin of alloy-seeded and nondendritic growth
of Zn for rechargeable aqueous Zn batteries,” ACS Energy Let-
ters, vol. 6, no. 2, pp. 404–412, 2021.

[41] C. C. Wong, H. I. Smith, and C. V. Thompson, “Surface-
energy-driven secondary grain growth in thin Au films,”
Applied Physics Letters, vol. 48, no. 5, pp. 335–337, 1986.

[42] R. Carel, C. V. Thompson, and H. J. Frost, “Computer simula-
tion of strain energy effects vs surface and interface energy
effects on grain growth in thin films,” Acta Materialia,
vol. 44, no. 6, pp. 2479–2494, 1996.

[43] M. Song, H. Tan, D. Chao, and H. J. Fan, “Recent advances in
Zn-ion batteries,” Advanced Functional Materials, vol. 28,
no. 41, p. 1802564, 2018.

[44] Y. X. Zhan, P. Shi, R. Zhang et al., “Deciphering the effect of
electrical conductivity of hosts on lithium deposition in com-
posite lithium metal anodes,” Advanced Energy Materials,
vol. 11, no. 37, p. 2101654, 2021.

9Research


	Designing Zinc Deposition Substrate with Fully Preferred Orientation to Elude the Interfacial Inhomogeneous Dendrite Growth
	1. Introduction
	2. Results and Discussion
	2.1. Influence of the Substrate Crystal Orientations on Zinc Deposition
	2.2. Fabrication and Characterization of F-Cu and F-Sn@Cu
	2.3. Electrochemical Performances of F-Sn@Cu
	2.4. Full Cell Evaluation

	3. Conclusions
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

