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ABSTRACT: The aqueous zinc metal battery holds great
potential for large-scale energy storage due to its safety, low cost,
and high theoretical capacity. However, challenges such as
corrosion and dendritic growth necessitate controlled zinc
deposition. This study employs epitaxy to achieve large-area,
dense, and ultraflat zinc plating on textured copper foil. High-
quality copper foils with Cu(100), Cu(110), and Cu(111) facets
were prepared and systematically compared. The results show that
Cu(111) is the most favorable for zinc deposition, offering the
lowest nucleation overpotential, diffusion energy, and interfacial
energy with a Coulombic efficiency (CE) of 99.93%. The study
sets a record for flat-zinc areal loading at 20 mAh/cm2. These
findings provide some clarity on the best-performing copper and
zinc crystalline facets, with Cu(111)/Zn(0002) ranking the highest. Using a MnO2−Zn full cell model, the research achieved an
exceptional cycle life of over 800 cycles in a cathode−anode-free battery configuration.
KEYWORDS: Epitaxial growth, Zinc ion battery, Copper single crystal, EBSD, Pole figure, cathode-anode-free aqueous battery

The rapid growth of the global energy storage market1 has
driven flourishing research for cost-effective and long-

duration batteries. This surge is underpinned by the escalating
demand for the integration of renewable energy and enhanced
power management systems. Among the various batteries for
grid-scale energy storage, the rechargeable aqueous zinc (Zn)
metal battery utilizing the plating/stripping electrochemistry
between the Zn2+ cation and zinc metal stands out as a highly
promising anode. This is attributed to its compatibility with
nonflammable aqueous electrolyte,2−6 tolerance to ambient
conditions,4 high gravimetric capacity (820 mAh g−1), 3 times
higher volumetric capacity (5854 Ah L−1) than lithium metal,7

low cost, and high abundance in Earth’s crust.8,9 However, the
practical application of rechargeable zinc metal batteries faces
critical challenges, particularly due to dendrite formation and
corrosion, which impede their energy efficiency and life.

To overcome these challenges in zinc metal anodes, various
approaches involving architectural design,10,11 electrolyte
optimization,12−15 and interfacial engineering16−19 have been
explored. Strategies such as 3D-wire/porous Zn structures have
been employed to suppress Zn dendrite growth.10 Innovations
in electrolytes, including various salts (e.g., Li2ZnCl4·9H2O,13

ZnCl2,
20 Zn(ClO4)2,

5 ZnSO4,
6 Zn(Ac)2,

21,22 Zn(TFSI)2,
4,23

Zn(OTf)2
24,25) and solvents (e.g., propylene carbonate,23

triethyl phosphate,24 N,N-dimethylformamide,26 ethylene

glycol,27 dimethyl sulfoxide28), aim to stabilize zinc deposition.
Interfacial engineering, using materials like polymers (e.g.,
polyamide,29 polyacrylonitrile30) and inorganic compounds
(e.g., CaCO3,

17 TiO2,
31 zeolitic imidazolate framework-832),

helps regulate zinc-ion flux and prevent corrosion. These
methods typically reduce Zn2+ mobility to minimize corrosion
and dendrite formation, improving dendrite-free zinc plating at
low current densities,18,33 but potentially limiting high-rate
capabilities of zinc batteries. In contrast, when using the
common low cost 1 M ZnSO4 aqueous electrolyte, dendrite
growth increases notably with the reduction of current density,
as shown in Figure S1.

An alternative method to preserve Zn2+ mobility, without
altering electrolyte chemistry, involves epitaxy-controlled metal
anode growth, as developed by Zheng et al.34 This approach
uses graphene layers as an epitaxial template for Zn(0002)
deposition, with a prediction of Co and Ti as other potential
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low-misfit substrates for zinc growth.34 This technique offers a
promising strategy for dendrite-free zinc without compromis-
ing the Zn2+ kinetics. However, maintaining the epitaxial
deposition of Cu on graphene and its good electrochemical
performance to practical areal capacities (>10 mAh/cm2)
remains to be demonstrated. In addition, it is not yet clear
which facet of zinc would provide the best electrochemical
performance. Thus, a high-quality substrate capable of
epitaxially growing various zinc facets is crucial for both
practical applications and a fundamental understanding.
Although various epitaxial substrates (such as copper) for
zinc metal batteries have been identified, there remains a
debate over which zinc facet and which substrate facet are
optimal. Some assert that Zn(0002) is the superior zinc
facet,34,35 while others advocate for Zn(1011).36 Meanwhile,
some claim Cu(220)35,37 is the optimal substrate facet for Zn
growth, while others favor Cu(100)37 or Cu(111).38−40 This
ongoing dispute is likely rooted in the absence of high-quality
single-crystal Cu substrates and a systematic understanding of
the epitaxial growth processes for various zinc facets.

To address this debate, we synthesized high-quality copper
single crystals fully exposed to either Cu(100), Cu(110), or
Cu(111) facets. The zinc deposition on three specific copper
facets was explored. We find that zinc deposits on single-crystal
Cu foil in a compact, highly epitaxial manner, in contrast to its
random growth on polycrystalline copper (poly-Cu) foil.
Among the facets studied, Cu(111) demonstrated the lowest
nucleation overpotential and highest Coulombic efficiency.
Density functional theory (DFT) calculations confirmed the
lowest zinc diffusion and interfacial energy for Cu(111). The
uniform zinc deposition of Zn(0002) on the Cu(111)
substrate results in batteries with enhanced corrosion
resistance and a significantly longer cycle life in symmetric

zinc cells. Moreover, it achieved a record-breaking cycle life in
MnO2−Zn cells with a cathode-anode-free configuration.
High Quality Single Crystal Cu with Different Facets.

To produce high-quality Cu facets, an annealing protocol at
1030 °C in a mixed hydrogen−argon atmosphere was used
(Figure 1a). By fine-tuning the annealing conditions, we
successfully synthesized three common Cu facets (Cu(100),
Cu(110), and Cu(111)) as detailed in the methods section.
The formation mechanism of Cu(111) during annealing was
surface energy governed,41,42 while an oxygen chemisorption-
induced reconstruction mechanism was proposed for Cu(100)
and Cu(110) formation.43 SEM images of postannealing
samples reveal larger crystal grains compared to the original
small-grained copper foil (poly-Cu; Figure 1b,c). Electron
backscatter diffraction (EBSD) mapping, a powerful technique
for characterizing grain orientation on the microscopic scale,
was used to analyze the surface crystal orientation of copper
before and after annealing (Figure 1d−g). In this technique,
electrons generated in the SEM are backscattered, causing local
diffraction at the sample surface, which is captured as a Kikuchi
map by the EBSD detector. These maps were then converted
to grain orientations along the z-axis using the MTEX
method,44 as shown in Figure 1d−g. It is evident that poly-
Cu contains plenty of small crystal grains, while annealed Cu
foils all displayed highly uniform orientations of (100), (110),
and (111). Statistically, the average grain diameter increased
from ∼20 μm in poly-Cu to ∼4 mm in annealed Cu(111)
(Figure S2). X-ray diffraction (XRD) analysis (Figure 1h−k),
with a 5 mm × 5 mm irradiation area, reveals sole significant
Cu(100), Cu(110), and Cu(111) peaks for annealed copper,
confirming the large-area high-quality synthesized single
crystal. These high-quality Cu facets provide a robust
experimental basis for studying zinc deposition behaviors on
different Cu facets.

Figure 1. Synthesis of high-quality Cu single crystals through annealing. (a) Illustration of the annealing process of copper foil. (b,c) SEM images
of copper foil before (b) and after (c) annealing. (d−k) EBSD mapping and XRD spectra of the poly-Cu (d, h), obtained Cu(111) (e, i), Cu(110)
(f, j), and Cu(100) (g, k), respectively. The inner figures in h−k refer to the surface atomic arrangement of the corresponding copper facets.
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Electrodeposition of Zn on poly-Cu and Single
Crystal Cu Facets. We examined zinc deposition on various
copper foils in 1 M ZnSO4 electrolyte at 10 mA cm−2 to an
areal capacity of 1 mAh cm−2. As shown in Figure 2a−h, zinc
forms random hexagonal shapes on poly-Cu with small
disoriented crystals. Upon switching to single-crystal copper
foils, zinc deposition becomes compact and textured (Figure
2a−c, e−g). On Cu(100), zinc flakes appear hexagonal and
perpendicular to each other yet slanted relative to the foil,
resulting in a slightly uneven surface. In contrast, zinc
deposition on Cu(110) and Cu(111) results in flat surfaces
and a uniform orientation. Specifically, Zn is parallel to

Cu(111), while it is uniformly slanted on Cu(110). Addition-
ally, this epitaxy-controlled zinc plating is not limited to ZnSO4
electrolyte, as similar flat zinc plating was also observed in zinc
acetate and zinc bis(trifluoromethanesulfonyl)imide electrolyte
using Cu(111) (Figure S3).

Such epitaxy control of zinc plating offers a solution for
continuous, dendrite-free deposition, making it possible to
achieve high areal mass loading in electrodes, which is crucial
for enhanced energy density to both cathode45 and anode46

materials. Here, benefiting from the large-area high-quality of
single crystal copper, we have successfully plated 20 mAh cm−2

of dendrite-free zinc onto Cu(111) with just 25 μm thickness

Figure 2. Electrodeposition of zinc onto different textured copper foils. (a−h) Models and SEM images of electrodeposited Zn (1 mAh cm−2 @ 10
mA cm−2) onto Cu(100) (a,e), Cu(110) (b,f), Cu(111) (c,g), and poly-Cu (d,h). (i−k) Cross-section model, image, and EDS mapping of high-
capacity zinc loading (20 mAh cm−2) onto poly-Cu. (l−n) Cross-section model, image, and EDS mapping of high-capacity zinc loading (20 mAh
cm−2) onto Cu(111). (o) Nucleation overpotential of zinc plating on different copper surfaces. (p) Aurbach measurement of zinc plating on
different copper surfaces. The calculated diffusion energy barrier of a zinc atom on different Cu facets and detailed information can be found in
Figure S5.
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(Figure 2i−n), setting a flat-zinc plating capacity record in
aqueous electrolytes. In contrast, the zinc thickness on poly-Cu
reaches 103 μm at the same capacity (Figure 2i−k). Dense
deposition on Cu(111) is confirmed by cross-sectional imaging
and EDS mapping, indicating an epitaxy-regulated, zero-
porosity plating process, unlike the 65% porosity seen in
poly-Cu (Figure S4).

Besides the morphological differences in electrodeposited
zinc on various copper foils, their electrochemical performance
also differs, as shown by the Aurbach method initially
developed for lithium metal.47−49 The Coulombic efficiency
(CE) of Zn plating and stripping on poly-Cu stands at 98.01%,
while single-crystal Cu(100), Cu(110), and Cu(111) enable
enhanced CEs of 99.16%, 99.18%, and 99.93%, respectively
(Figure 2p). This suggests higher reversibility when transition-

ing from polycrystalline to single-crystal surfaces, with
Cu(111) being the most efficient. Similarly, the trend in
nucleation overpotentials (poly-Cu > Cu(100) > Cu(110) >
Cu(111)) shown in Figure 2o follows the reversibility pattern,
suggesting that a higher nucleation overpotential leads to
uneven zinc plating, resulting in a more exposed zinc surface
that is prone to corrosion side reactions.

To understand the nucleation discrepancies across different
copper facets, we propose that the diffusion energy barrier
plays a crucial role, especially given the similarity in the Zn2+

distribution on flat single-crystal Cu interfaces. Zinc electro-
plating involves reduction of Zn2+ to Zn atoms on the
substrate, followed by diffusion to form nuclei (Figure S5).
Density functional theory (DFT) calculations show that
Cu(111) has the lowest diffusion energy barrier (Figure S5),

Figure 3. Pole figure illustration of zinc onto different Cu facets. (a) The mechanism of pole figure measurement. In the top part of this figure, the
gray hemisphere refers to the sample stage, and the cyan rectangle represents the X-ray-irradiation-pathway plane. In the bottom of this figure, the
purple plane is the one that parallels the sample surface (namely a pole), while the blue plane is the reference frame that fulfills Bragg’s law at θ,
meaning that a significant X-ray signal will be triggered if the blue plane becomes horizontal by reasonable rotating. It is also not difficult to find
that Ψ is the angle between the pole plane and the reference plane. (b−d) Pole figures of the 1 mAh cm−2 zinc deposited onto Cu(100) (b),
Cu(110) (c), and Cu(111) (d), where the circular ring with gray shadow refers to the pole figure of Zn, and the circular ring with blue shadow
refers to the pole figure of Cu. (e−g) 3D model illustration of the in-plane angle (ΔΦ) between epitaxial matched Cu and Zn facets (e, Cu(100)−
Zn(1011); f, Cu(110)−Zn(1012); g, Cu(111)−Zn(0002)). Note that in Figure 3d there are two conjugated points here originating from two large
single-crystal Cu(111) grains with a small in-plane angle to each other. More detailed pole figure analysis of zinc on Cu can be found in Figures
S9−S11.
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favoring a uniform zinc layer formation. In-situ optical cell
observations (Figure S6 and Video S1 and Video S2) reveal
quick zinc diffusion on Cu(111) due to this low energy barrier,
unlike the isolated zinc dots on poly-Cu. This could be why
Cu(111) excels in compact zinc plating, reversibility, and low
nucleation overpotential, making it ideal for rechargeable zinc
ion battery applications.
Crystallinity Relationship between Electrodeposited

Zinc and Copper. The orientation of electrodeposited zinc
onto different Cu facets monitored by XRD (Figure S7)
indicates that the preferred orientations of zinc on Cu(100),
Cu(110), and Cu(111) are Zn(1011), Zn(1012), and
Zn(0002), respectively. To understand the epitaxial deposition
mechanism on different copper facets, we conducted DFT
simulations to determine the interfacial energy between various
Cu and Zn facets. The main facets of zinc on Cu(100),
Cu(110), and Cu(111) are identified as Zn(1011), Zn(1012),
and Zn(0002), respectively, matching well with their low
lattice misfits (under 10%) based on XRD spectra (Figure S7).
Notably, the Cu(111)/Zn(0002) pair exhibits the least facet
misfit, at 2.3%. DFT calculations confirm that these Zn facets
are the most thermodynamically favorable for their respective
Cu facets (Figure S8d-f), aligning with the presumed epitaxial

relationships (Figure 2a-h). This theoretical insight supports
the observed epitaxial patterns.

We further employed pole figure analysis to elucidate the
epitaxial relationship between Cu and Zn. This method is
chosen because it yields statistical data across a substantial
sample size and is particularly useful for examining flat samples.
In contrast, other analytical techniques like TEM sample only
suitable minuscule areas and are difficult to observe with flat,
dense samples. Pole figure assessments offer two-dimensional
visual depictions of orientation, unlike the one-dimensional
spectra obtained from powder X-ray diffraction, thereby
illustrating the alignment of a chosen sample plane (the
pole) relative to a reference frame (Figure 3a). Correlating Cu
and Zn pole figures allows us to determine the relative in-plane
angles at Cu−Zn interfaces (Figures S9−S11). For instance, in
Figure 3d, the blue shadow represents the pole figure of single-
crystal Cu(111) using Cu(100) as a reference plane. Three
symmetrically distributed dot groups correspond to Cu(111)
due to copper’s cubic symmetry, with Ψ values around 54.8°
(the angle between Cu(111) and reference plane-Cu(100))
(Figure S11e). The gray shadow features six dot groups,
indicating zinc’s hexagonal symmetry and representing
Zn(0002) with Ψ values around 37.6° (angle between
Zn(0002) and reference plane-Zn(1013)) (Figure S11d).

Figure 4. Electrodeposition of zinc onto copper foil. (a) Morphology of deposited Zn onto Cu(111) foil (1 mAh cm−2 @ 10 mA cm−2). (b) XRD
patterns of deposited Zn onto pristine copper foil and Cu(111) foil. (c) Cross-section images of poly-Cu with 1 mAh cm−2 Zn. (d) Cross-section
images of Cu(111) with 1 mAh cm−2 Zn. (e) Symmetric cell of preloaded 5 mAh cm−2 Zn cycling at 0.5 mAh cm−2 and 1 mA cm−2 (electrolyte: 1
M ZnSO4). (f) Linear polarization curves of the Zn deposited onto poly-Cu and Cu(111) foil in an electrolyte of 1 M ZnSO4.
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This method visually confirms the Cu(111)−Zn(0002)
epitaxial relationship more robustly than powder XRD. The
in-plane angle ΔΦ of 60° (Figure 3g) at this interface achieved
by dual-pole figure characterization indicates a similar atomic
arrangement between Cu(111) and Zn(0002), as shown in
Figure S8c.

Similarly, generating atomic arrangements for the Cu(100)/
Zn(1011) interface and Cu(110)/Zn(1012) interface (Figure
S8a,b, Figure 3e,f) is achievable through their pole figures
(Figures 3b,c, S9, and S10). In contrast to the single-dot
pattern in Cu(110)/Zn(1012) and Cu(111)/Zn(0002)
systems, the Cu(100)/ Zn(1011) system exhibits a highly
crystalline Cu(100) signal but two separated cyan areas of zinc,
averagely perpendicular to each other for zinc. This difference
arises from the rectangular symmetry of Cu(100) conflicting
with the asymmetry of Zn(1011), resulting in two different
zinc plating orientations. This discrepancy can lead to grain-to-
grain stress, which could compromise the epitaxial relationship.
These pole figure findings align precisely with SEM and
reversibility observations (Figure 2a−h, p), reinforcing their
accuracy. Additionally, the extensive X-ray irradiation area
during pole figure measurements, surpassing 5 mm × 5 mm,
suggests that these results provide reliable three-dimensional
statistical evidence of uniformity at the Cu(110)/Zn(1012)
and Cu(111)/Zn(0002) interfaces, confirming the consistency
of epitaxial growth across large areas. Due to its superior
performance in compact zinc plating, high reversibility, low
nucleation overpotential, and minimal lattice misfit with the
corresponding epitaxial zinc facet, Cu(111) is exceptionally
well-suited for use in rechargeable zinc-ion battery applica-
tions, which will be our primary focus in subsequent battery
evaluation test.
Reversibility of Zinc Anode in Symmetric Cell. The

creation of large-area, high-quality single-crystal Cu(111) foil

facilitates the uniform epitaxial electrodeposition of zinc. This
is evident in Figure 4a, where ultraflat, millimeter-scale zinc
deposition on Cu(111) is achieved after plating 1 mAh cm−2 of
zinc. XRD analysis (Figure 4b), with a 5 mm × 5 mm
irradiation area, reveals a sole significant Zn(0002) peak on
Cu(111), confirming the uniformity. This large-scale flatness in
zinc plating (Figure 4d), unprecedented in previous reports,
contrasts with the uneven deposition on poly-Cu (Figure 4c).
These findings validate the effectiveness of high-quality
Cu(111) foil in achieving large-area dendrite-free zinc plating.

To evaluate the benefits of uniform zinc plating, we used
symmetric cells with 5 mAh cm−2 predeposited Zn on Cu and
cycled them at 1 mA cm−2 to 0.5 mAh cm−2. Poly-Cu showed
higher overpotential and a shorter cycle life (235 cycles)
compared to Cu(111)’s 880 cycles (Figure 4e). Increasing the
capacity to 5 mAh cm−2 at 10 mA cm−2 led to failure in poly-
Cu after 34 cycles, whereas Cu(111) sustained over 450 cycles
(Figure S12). In addition to preventing short-circuiting,
dendrite-free zinc growth results in a denser zinc layer,
which reduces the surface area exposed to water and thereby
decreases corrosion. Linear polarization tests show that the
corrosion current for zinc on Cu(111) is 0.68 mA cm−2, only
half of poly-Cu (1.42 mA cm−2), indicating significantly
reduced corrosion on Cu(111) (Figure 4f). This reduced
corrosion on Cu(111) prevents the formation of a dense solid
electrolyte interface on electrodeposited zinc, which, in the
case of poly-Cu, leads to higher overpotentials during cycling
(Figure 4e).
Full Cell Performance of MnO2−Zn Cathode−

Anode−Free Battery. To test the full cell efficacy using
Cu(111) as the anode current collector, we selected the
MnO2−Zn aqueous battery due to its environmental friend-
liness, cost-effectiveness, mishandling tolerance, and reasonable
energy density.50−54 Using carbon felt as a cathode-free current

Figure 5. Full cell cycling test of a MnO2−Zn aqueous battery with both cathode-free and anode-free electrodes. (a) Coulombic efficiency and
energy efficiency of pristine copper foil and Cu(111) foil as the anode-free current collectors (electrolyte: 1 M MnSO4 + 1 M ZnSO4, charge at 2.2
V to 0.5 mAh cm−2, then discharged at 5 mA cm−2 with a cutoff voltage of 1.0 V). (b) The first 10 discharge curves of Cu(111) foil (solid curve)
and poly-Cu foil (dash curve) in the Mn−Zn full cell. (c) The second, 400th, 500th, and 700th discharge curves of Cu(111) foil (solid curve) and
poly-Cu foil (dash curve) in a Mn−Zn full cell.
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collector and copper foil as an anode-free current collector, we
compared the cycling performances of poly-Cu and Cu(111)
(Figure 5).

The Cu(111) sustained 811 cycles with only 20% capacity
loss, significantly outperforming poly-Cu, which lasted only
500 cycles with over 70% capacity loss (Figure 5a). This
longevity with Cu(111) is a notable achievement in cathode-
anode-free MnO2−Zn batteries. The energy efficiency further
highlights Cu(111)’s superiority, maintaining a stable 80%
efficiency, whereas poly-Cu plummeted to 20% at the 500th
cycle. This is attributed to the severe corrosion and porous
plating of zinc on poly-Cu. Detailed discharge curves (Figure
5b,c) further illustrate Cu(111)’s lower overpotential and
capacity loss, benefiting from the epitaxially driven compact
zinc plating. Compared with poly-Cu, the higher discharge
plateau in Cu(111) is attributed to less electronic resistance
caused by corrosion product coating and lower electrolyte pH
due to less proton consumption from corrosion. Moreover, this
exceptional performance of Cu(111) compared to poly-Cu was
consistently observed across multiple discharge current
densities (Figure S13).

In summary, we successfully synthesized three highly
orientated copper facets and comprehensively examined the
epitaxial growth of zinc on various copper surfaces (Cu(100),
Cu(110), Cu(111)) and on unprocessed poly-Cu using an
aqueous electrolyte. The epitaxial pairings of Cu(100)/
Zn(1011), Cu(110)/Zn(1012) and Cu(111)/Zn(0002) were
verified through both practical experiments and theoretical
analysis. Notably, the Cu(111) facet demonstrated the most
favorable conditions for zinc diffusion and epitaxial growth,
marked by the lowest energy barriers and the lowest interfacial
energy. This leads to superior zinc plating qualities, exhibiting
high Coulombic efficiency (99.93%), 20 mAh cm−2 Zn plating
with no porosity, and large area of dendrite-free zinc plating.
These exceptional attributes contribute to record-setting
performance in rechargeable zinc aqueous batteries using a
standard ZnSO4 salt. The Cu(111) electrode showed
remarkable cyclability, exceeding 880 cycles in half-cell
configurations and achieving an unprecedented 811 cycles in
MnO2−Zn batteries with a cathode-anode-free setup. These
findings offer valuable insights into the electrochemical
epitaxial relationship between zinc and copper, highlighting
Cu(111) as an optimal material for current collectors in
rechargeable zinc batteries. The potential for large-scale
application of Cu(111) in these batteries as current collectors
is significant, especially considering the current rise in research
and industrialization of 2D materials, promising high-quality,
cost-effective solutions.
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