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HIGHLIGHTS

® The loose rough surface of the Cu nanorod arrays provided ordered zinc migration channels and was used as a conductive substrate

to modulate the nucleation sites of Zn**, thereby promoting the uniform deposition of Zn>*.

® The self-assembled layer of thiol molecules effectively reduces the concentration of water molecules at the interface of the Zn anode,

ensuring the stability and reversibility of the Zn anode.

e The synergistic interfacial engineering strategy reduced the desolvation energy of zinc ions and achieved a higher ion transfer number.

ABSTRACT Achieving Zn anode stability is critical for advancing
commercialization of aqueous zinc-ion batteries. However, the instabil-

N

ity of zinc metal anodes driven by dendritic growth, hydrogen evolu- . o =g é ie
tion, and interfacial passivation remains a critical obstacle for advanc- x A & & %o o 70 (100)
ing aqueous zinc-ion batteries. In this paper, we report a synergistic s g ° & ’;é;'

interfacial engineering strategy that integrates in situ-grown zincophilic wo () (3 e soraton. B ‘
copper nanorod arrays with a self-assembled layer of 1-dodecanethiol ‘

to regulate ion flux and suppress side reactions simultaneously. The Consequences Performances

water-poor electric double-layer microenvironment derived from this ® Lower desolvation eneray ® 3,500k symmetric cycling
dual-function “zincophilic-hydrophobic” architecture (denoted as S B SR ® 99.65% CE over 900 cycles
HS-Cu@Zn) promotes uniform Zn deposition along the (100) plane, o o onha ® 2,000 cyclesat SA g

enhances desolvation kinetics (Zn®* transference number increased
from 0.47 to 0.75), and effectively excludes electroactive water mol-
ecules from the anode surface. As a result, the symmetric cells exhibit ultra-long cycling stability over 3500 h at 1 mA cm™2, while ZnlICu
half-cells maintain a Coulombic efficiency of 99.65% for 900 cycles. ZnVOIHS-Cu@Zn full cell demonstrates exceptional cycling stability,
achieving 2000 stable cycles at 5 A g~! with an average Coulombic efficiency of 99.8%.
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1 Introduction

Aqueous zinc-ion batteries (AZIBs) have emerged as prom-
ising candidates for next-generation secondary batteries,
owing to their intrinsic safety, environmental benignity, low
cost, and high theoretical specific capacities (820 mAh g~!
and 5855 mAh cm‘3) of zinc metal anodes [1-3]. However,
in aqueous electrolytes, the Zn anode faces several chal-
lenges: corrosion and hydrogen evolution reaction (HER)
caused by electrochemically active water molecules, as well
as dendrite growth due to uneven Zn** deposition result-
ing from irregular electric field distribution and localized
nucleation. These interfacial issues drastically limit the
cycle life and Coulombic efficiency (CE) of zinc-ion batter-
ies [4, 5], significantly hindering the practical development
of metal-water-based Zn batteries. To address these chal-
lenges, multiple strategies have been proposed, including
electrolyte engineering [6—8], functional separators design
[9, 10], and interfacial modification of Zn anodes through
protective coatings [11, 12] or structural tuning [13]. Among
them, constructing engineered interfacial layers has emerged
as a highly effective and scalable approach to stabilize Zn
deposition by regulating ion flux and suppressing side reac-
tions. Various hydrophilic coatings, such as ZnF, [14], kao-
linite [15], barium titanate [16], and organic polymers [17],
have been shown to facilitate Zn nucleation and mitigate
dendrite growth. In addition, the use of zincophilic metals or
alloys (e.g., Sn, In, Sb) has demonstrated reduced Zn nuclea-
tion barriers and improved plating uniformity through better
electric field homogenization [18-20].

It is worth noting that electrochemically active water mol-
ecules are also a central factor affecting the stability of Zn
anodes in aqueous batteries. Typically, the metal-modified
material has a nanoscale rough structure, consisting of par-
ticles or flakes, which provides an easy access for free water
molecules to the zinc metal surface [21-23]. As a result, the
enrichment of free water molecules at the Zn anode—electro-
lyte interface can lead to electrochemical corrosion of the
zinc metal over a long period of time, thus accelerating the
formation of the irreversible product “dead zinc” [24]. At the
same time, hydrogen evolution accelerates the detachment of
the surface-modified material to the point where zinc utiliza-
tion and reversibility are reduced. Thus, a rationally designed
interface that simultaneously promotes uniform Zn plating
and suppresses interfacial water activity is urgently needed

© The authors

Self-assembled layers offer a promising route to achieve
such multifunctional interfacial engineering. This molecu-
lar layer forms via spontaneous chemisorption on metal
surfaces, enabling precise control over surface chemistry,
wettability, and interfacial interactions [25-28]. Their appli-
cation has been extensively explored in biosensors and nano-
technology, but their integration with metal anode systems,
particularly in aqueous batteries, remains underexplored
[29, 30]. Based on this, we introduce a synergistic inter-
facial design that combines in situ-grown copper nanorod
arrays as zincophilic channels with a hydrophobic layer
of 1-dodecanethiol on the Zn surface (Fig. 1a). The cop-
per nanorods regulate nucleation and reduce charge transfer
resistance, while the thiol layer, covalently bonded via Cu—S
interactions, repels free water molecules. This engineered
“zincophilic—hydrophobic” interface enhances desolvation
of hydrated Zn>* and promotes planar Zn deposition along
the (100) plane, inhibits dendritic growth, and significantly
improves interfacial stability. As a result, the symmetric
cell with HS-Cu@Zn exhibits a stable cycle up to 3500 h at
1 mA cm™2. ZnVOIIHS-Cu@Zn full cell was able to stably
cycle for 2000 cycles at a high current density of 5 A g~!
with an average Coulombic efficiency of 99.8%. Our find-
ings offer a generalizable strategy for interface engineering
in aqueous metal batteries by simultaneously addressing
dendrite formation and water-induced degradation through
dual-function interfacial modulation.

2 Experimental Section
2.1 Synthesis of Cu@Zn and HS-Cu@Zn Anodes

Commercial zinc foil (100 pm, 4 cm X 5 cm) was cleaned via
ultrasonic treatment in ethanol to remove surface contami-
nants. To fabricate Cu@Zn, the cleaned foils were immersed
in an aqueous solution containing 0.2 M CuSO, (Aladdin
Biochemical Technology Co., Ltd. AR, 99%) and 0.1 M
H,SO, (Sinopharm Chemical Reagent Co., Ltd. GR) for 5s,
allowing galvanic replacement. After thorough rinsing with
deionized water, the samples were dried in a vacuum oven
at 50 °C for 1h. For hydrophobic surface modification, the
dried Cu@Zn was immersed in a 1-dodecanethiol solution
for 30 min to allow the formation of a self-assembled layer.
The resulting HS-Cu@Zn anodes were sequentially rinsed
with ethanol and deionized water and dried under vacuum.

https://doi.org/10.1007/s40820-026-02153-4
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Fig. 1 Construction and characterization of the engineered "zincophilic-hydrophobic" interface on Zn anode (HS-Cu@Zn). a Schematic illus-
tration of the HS-Cu@Zn interface architecture showing in situ-grown Cu nanorod arrays and self-assembled thiol layer, enabling uniform Zn**
deposition and suppression of interfacial side reactions. b High-resolution XPS spectra of S 2p for HS-Cu@Zn. ¢ FTIR spectra of bare Zn,
HS-Cu@Zn, and free thiol molecules, highlighting the chemical signature of the self-assembled thiol layer on the modified anode. d Differential
capacitance curves in Na,SO, electrolyte. e Water contact angle measurements on bare Zn, Cu@Zn, and HS-Cu@Zn surfaces. f DFT-calculated
adsorption energies of H,O molecules on bare Zn, Cu@Zn and HS-Cu@Zn surfaces. g SEM image and corresponding cross-sectional EDS
elemental mapping of HS-Cu@Zn

2.2 Synthesis and Fabrication of ZnVO Cathodes

Zn; ,5V,0s (ZnVO) was synthesized via a hydrother-
mal method. Specifically, 0.5456 g of V,05 (Aladdin
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Biochemical Technology Co., Ltd. >99.5%) and 0.4275 g
of zinc acetate (Aladdin Biochemical Technology Co.,
Ltd. >99.99% metals basis) were dissolved in 67 mL of
deionized water. 4.66 mL acetone (Sinopharm Chemical
Reagent Co., Ltd. CP, 99.0%) and concentrated 0.3 mL
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HNO; (Sinopharm Chemical Reagent Co., Ltd. AR) were
added, and the mixture was stirred for 2h. The solution was
then sealed in a 100 mL Teflon-lined stainless-steel auto-
clave and heated at 180 °C for 24h. The resulting dark green
powder was washed with water and ethanol, followed by
drying at 80 °C under vacuum overnight. To fabricate the
cathode, ZnVO, acetylene black, and polyvinylidene fluoride
(PVDF) were mixed in a weight ratio of 7:2:1 and dispersed
in 1-methyl-2-pyrrolidinone (NMP, Shanghai Titan Technol-
ogy Co., Ltd. 99.5%) to form a uniform slurry. The slurry
was coated onto graphite paper and dried in a vacuum oven
at 60 °C overnight. The active material loading was approxi-

mately 1.5 mg cm 2.

3 Results and Discussion

3.1 Hierarchical Interface Engineering and Structural
Characterization of HS-Cu@Zn Anodes

To realize an anode surface that simultaneously directs
Zn>* migration and suppresses parasitic reactions, a zinco-
philic-hydrophobic interface was fabricated via a two-step
strategy. First, copper nanorod arrays were grown in situ
onto zinc foil through a rapid galvanic replacement reac-
tion, forming the Cu@Zn substrate (Figs. S1 and S2). Sub-
sequently, 1-dodecanethiol molecules were self-assembled
onto the Cu nanorods to yield a monomolecular hydropho-
bic coating, creating the HS-Cu@Zn anode. This hierar-
chical structure is designed to synergistically regulate zinc
nucleation behavior and reduce the concentration of water
molecules at the anode interface, promoting uniform zinc-
ion deposition to enhance the stability of the zinc anode
(Fig. 1a).

The high-resolution X-ray photoelectron spectroscopy
(XPS) spectrum of Cu 2p in Cu@Zn anode was decon-
volved into six peaks. The peaks at binding energies of
932.6 and 952.4 eV correspond to the Cu 2p;,, and Cu
2p,, of Cu (0), respectively [31]. The peaks at 934.9 and
954.8 eV are attributed to the Cu 2p5, and Cu 2p, , of Cu**
and are accompanied by characteristic oscillating satellite
peaks at 942.7 and 962.5 eV, which are indicative of Cu**
[32, 33] (Fig. S3). After thiol assembly, the Cu”* peak
disappeared and the Cu (0) peak (931.9-951.7 eV) shifted
slightly due to Cu-S bond formation. This change con-
firms that the binding of sulfur can significantly change the

© The authors

charge distribution around the Cu atoms, which can effec-
tively enhance the electron transfer during the reaction
[34]. The S 2p spectrum of HS-Cu@Zn (Fig. 1b) showed
peaks at 162.3 and 163.5 eV, corresponding to Cu—S and
C-S bonds, respectively. Compared to the Cu@Zn anode,
the characteristic peaks of S as well as the peak changes
of Cu elements can be clearly observed on the HS-Cu@
Zn surface (Fig. S4), confirming covalent bonding of thiol
groups to the Cu nanostructure. Fourier transform infra-
red spectroscopy (FTIR, Fig. 1c) further corroborated the
molecular identity of the assembled layer. In contrast to
free thiols, the C—H stretching vibration peaks of —CHj,
and —CH, groups appear on the surface of HS-Cu@Zn,
indicating that the sulfhydryl group in the thiol molecule
binds to the Cu metal through dehydrogenation. In fact,
the sulfur atoms in the thiol molecule have lone pair of
electrons that are able to form coordination bonds with
the empty orbitals on the surface of metallic copper and
change the chemical properties of the Cu surface [35, 36].
To verify that the self-assembled molecular layer remains
firmly anchored to the Cu nanolayer after battery assem-
bly, electrochemical double-layer capacitance measure-
ments in Na,SO, electrolyte (Fig. 1d) revealed that the
initial interfacial capacitance of the HS-Cu@Zn surface
differs from that of bare Zn and Cu@Zn surfaces, indicat-
ing that the thiol self-assembled layer alters the interfacial
charge distribution [37]. The interaction between the main
chains of the thiol molecule ensures an efficient stacking
of the thiol layer and the outward arrangement of the long-
chain alkyl groups gives it hydrophobicity.

The hydrophobicity of HS-Cu@Zn can be visualized by
the contact angle test of the H,O on different Zn anode sur-
faces. The contact angle of bare zinc (36°) is much smaller
than that of HS-Cu@Zn (121°). It is worth noting that due
to the formation of Cu nanorod arrays increases the rough-
ness of the zinc surface, while the contact angle of Cu@Zn
surface is 10° (Fig. le). Meanwhile, the adsorption energy
of water molecules on the surface of Zn anode was calcu-
lated to reveal the protection mechanism of self-assembled
thiol molecular layer on Zn anode. As depicted in Fig. 1f,
the adsorption energy of water molecules on the HS-Cu@
Zn surface is —0.017 eV, which is significantly lower than
that on the bare Zn (—0.05 eV) and Cu@Zn (—0.04 eV)
surfaces. Therefore, the dense modification of the thiol self-
assembled monolayer anchored by the Cu nanolayer can
modulate the hydrophilicity of the rough Cu@Zn surface,

https://doi.org/10.1007/s40820-026-02153-4
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thereby mitigating the corrosive effect of water molecules
on the zinc anode interface.

Scanning electron microscopy (SEM) showed that Cu@
Zn and HS-Cu@Zn had dramatically increased surface
roughness compared to bare Zn (Fig. S5), due to the for-
mation of densely packed “wheat-like” Cu nanorods. After
thiol assembly, additional nanoflower-like structures were
observed, likely corresponding to the organized thiol layer
(Fig. S6). Energy-dispersive X-ray spectroscopy (EDS)
revealed a uniform distribution of Zn, Cu, S, and C ele-
ments across the HS-Cu@Zn surface (Fig. S7). In addition,
cross-sectional EDS (Fig. 1g) revealed a~ 4 ym thick surface
layer composed of Cu and C elements on top of the Zn sub-
strate, highlighting the successful construction of the bilayer
interface. These results validate the design of a chemically
anchored, zincophilic and hydrophobic nanostructured sur-
face, which is expected to suppress parasitic side reactions
while guiding uniform Zn>* deposition.

3.2 Desolvation Kinetics and Zn** Deposition Behavior
on the HS-Cu@Zn Interface

To elucidate how the engineered interface regulates Zn>*
transport and deposition, we conducted a combined theo-
retical and electrochemical analysis. Density functional
theory (DFT) calculations, electrostatic potential (ESP), and
molecular orbital analysis were performed to understand the
chemical interactions between Zn2* ions, water molecules,
and the surface. Figures S8 and 2a show the water molecule
and a 1-dodecanethiol molecule, with the oxygen atom being
the main active site of negative charge in the water molecule.
In contrast, the active site of the sulfhydryl molecule is con-
centrated on the sulfur atom with a high negative electro-
static potential, which indicates that —SH is highly reactive
and covalently binds to Cu [38]. The differential charge den-
sity distribution further verifies the strong chemisorption of
thiol molecules on Cu nanolayers, demonstrating preferential
electron transfer from HS groups to Cu during this interfa-
cial process (Fig. 2b). The reconstructed zinc anode surface
effectively modulates the electric double-layer (EDL) charge
distribution while suppressing interfacial water adsorption,
consequently reducing the EDL capacitance from 98.5 to
25.6 uF cm~2 (Fig S9) [39]. Additionally, HS shows high
HOMO energy level (—6.35 eV) and low LUMO energy
level (0.32 eV) compared to water molecules (— 8.52 and

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

0.42 eV), which proves that —SH groups in thiol are more
susceptible to lose electrons and tightly adhere to the Cu
nanolayer surface, which effectively inhibits the decomposi-
tion of water molecules and stabilizes the Zn anode interface
(Fig. 2¢).

DFT simulations were used to calculate the adsorp-
tion energy of a Zn atom on various surfaces to explain the
intrinsic driving force of the accelerated desolvation of Cu
nanolayers. At the electrode/electrolyte interface, the stronger
zincophilicity facilitates the zinc ions to easily overcome the
solvated structural barriers and accelerate the reaction process.
HS-Cu@Zn exhibited the strongest Zn binding (— 1.049 eV),
significantly larger than bare Zn surface (—0.789 eV). Notably,
the adsorption energy of a Zn atom on the Cu@Zn surface
(—0.975 eV) was intermediate between that on the bare Zn and
HS-Cu@Zn (Figs. 2d and S10), indicating that the zincophilic
Cu nanorods and self-assembled thiol layer work cooperatively
to lower the nucleation energy barrier and promote Zn** cap-
ture. Meanwhile, nucleation overpotentials were evaluated
by galvanostatic plating tests. As shown in Fig. 2e, the initial
nucleation overpotential for HS-Cu@Zn was only 58 mV, sig-
nificantly lower than that the Cu@Zn (79 mV) and the bare
Zn (103 mV), confirming that the modified interface facilitates
easier nucleation of Zn. It is obvious that the good zincophilic-
ity of the in situ-grown Cu nanolayers and the excellent interfa-
cial desolvation ability of the self-assembled thiol layer led to
the uniform deposition of Zn ions. DFT simulations also evalu-
ated the desolvation energetics of hydrated Zn>*. The removal
energy for a single water molecule from Zn(H20)62Jr was cal-
culated to be -0.64 eV on HS-Cu@Zn, which is lower than
the energies on Cu@Zn (—0.52 eV) and bare Zn (—0.44 eV)
(Figs. 2f and S11). Therefore, Cu nanolayers with abundant
zincophilic sites provided ultrafast ion diffusion channels, and
the self-assembled thiol hydrophobic layer modulated the des-
olvation kinetics at the Zn anode interface and suppressed the
corrosion and hydrogen evolution caused by the decomposi-
tion of electroactive water molecules to increase the interfacial
stability (Fig. 2g). Theoretical simulations and experimental
results verify that the combination of the zincophilic ability of
Cu nanolayers and the thiol hydrophobic layer facilitates the
removal process of zinc ions from [Zn(H,0),] 2+ at the anode/
electrolyte interface and reduces the energy barrier for desolva-
tion. Meanwhile, the abundant nanoscale diffusion pathways
enable the rapid and continuous transfer of Zn>" and ensure
uniform Zn** flux.

@ Springer
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Fig. 2 Theoretical and experimental analysis of interfacial desolvation kinetics and Zn** deposition behavior on engineered HS-Cu@Zn anode.
a ESP distribution of 1-dodecanethiol (HS). b Charge density difference map illustrating strong chemisorption between Cu nanolayers and HS
molecules, with electron transfer from sulfur to copper. ¢ HOMO and LUMO energy levels of HS and H,O molecules. d DFT-calculated Zn
atom adsorption energies on bare Zn, Cu@Zn, and HS-Cu@Zn surfaces. e Nucleation overpotentials during Zn deposition on bare Zn, Cu@Zn
and HS-Cu@Zn substrates at | mA cm 2 in 2 M ZnSO,. f DFT-calculated desolvation energies for hydrated Zn(H,0)¢>* complexes on different
interfaces. Inset: corresponding molecular models. g Schematic illustration of Zn** desolvation and diffusion at the HS-Cu@Zn electrode/elec-
trolyte interface. h In situ Raman spectra tracking SO,> signal evolution on HS-Cu@Zn anode during Zn deposition

The dynamic evolutionary behavior of the EDL at the zin-

and the Raman signal intensity is positively correlated with
cophilic-hydrophobic interface of Zn** was monitored in

the ion concentration [40]. Therefore, by tracing the charac-

real time by in situ Raman spectra to investigate the mecha-
nism of its influence on the Zn deposition process. In fact, in
the aqueous ZnSO, electrolyte, the coordination number of
SO42‘ in the coordination structure of Zn** is about 0.8 ~1,

© The authors

teristic peak and the intensity change of SO,>~ at 980 cm™!
the concentration distribution state of Zn** at the interface
can be indirectly characterized [41]. For the bare Zn anode,
the intensity of the SO,>~

s

Raman signals continuously change

https://doi.org/10.1007/s40820-026-02153-4
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during the dynamic process of Zn deposition (Fig. S12), indi-
cating that the Zn>* flux exhibits uneven characteristics at
the interface. In contrast, the HS-Cu@Zn anode maintained
a stable Raman response throughout the deposition process
(Fig. 2h), confirming that its interfacial Zn>" concentration
was uniformly distributed and the dynamic equilibrium was
controllable, resulting in a homogeneous Zn deposition.

3.3 Electrochemical Kinetics and Corrosion Resistance
of HS-Cu@Zn Anodes

To evaluate the electrochemical kinetics and surface stabil-
ity conferred by the engineered interface, we investigated
corrosion resistance, Zn deposition morphology, ion trans-
port properties, and dendrite suppression behavior through
a series of electrochemical and microscopic characteriza-
tions. Tafel polarization curves show that HS-Cu@Zn anode
had a smaller corrosion current density (0.07 mA cm™~2) and
a larger corrosion potential (—0.015 V) compared to bare
zinc (0.16 mA cm™2, —0.016 V) (Fig. 3a). The decrease in
corrosion current density indicates a decrease in the cor-
rosion rate and the magnitude of the corrosion potential
reflects the degree of difficulty for corrosion to occur [42].
Typically, the reaction kinetics of the HER determines the
overall corrosion rate in a zinc-ion battery system. There-
fore, the reactivity of the HER was evaluated by linear
scanning voltammetry (LSV) testing, and the design of the
zincophilic-hydrophobic interface significantly reduced the
cathodic current density and increased the HER potential
(Fig. 3b). On the contrary, the bare zinc interface accelerated
the HER process, making the Zn anode less stable.
Scanning electron microscopy demonstrates the mor-
phological differences between bare Zn and HS-Cu@Zn
electrode after 50 days of immersion in 2 M ZnSO, electro-
lyte. As shown in Fig. 3c, the zinc foils show disorganized
and accumulated zinc deposits after immersion, a serious
parasitic reaction originating from the corrosion of free
water molecules. The alkali by-products generated by the
corrosion phenomenon mask the effective reaction sites of
the Zn anode, leading to uneven deposition of zinc ions,
and the continuous release of OH™ during zinc corrosion
establishes a concentration gradient to move them toward
the cathode, which disrupts the electrolyte equilibrium and
leads to a decrease in the capacity of the cathode material
[43]. However, the hydrophobic interface constructed by

| SHANGHAI JIAO TONG UNIVERSITY PRESS

thiol layer prevents water molecules from reacting on the
anode, resulting in a flat, dense and smooth morphology. In
addition, XRD tests demonstrate that the zinc foil produced
a strong signal peak of alkaline zinc sulfate after immersion
(Fig. 3d). In contrast, almost no characteristic signals were
observed for HS-Cu@Zn. The above results demonstrate the
better thermodynamic stability of HS-Cu@Zn compared to
bare Zn.

The effect of a zincophilic-hydrophobic interfacial layer
on the diffusion and deposition behavior of zinc ions was
elucidated using chronoamperometry (CA) test. The bare Zn
symmetric cell exhibits a typical two-dimensional diffusion
behavior within 600s of current duration (Fig. 3e), and the
resulting “tip effect” triggers the formation and growth of
dendrites. In contrast, the HS-Cu@Zn exhibits a constant
three-dimensional diffusion process with a small and stable
current response after a brief two-dimensional diffusion of
150s, suggesting that the modified interfacial layer promotes
the uniform nucleation and deposition of zinc. The trans-
ference number of Zn?* (¢,,>") is a critical parameter for
enhancing the electrochemical performance of batteries. By
analyzing the initial-state impedance (R,) and steady-state
impedance (R,) of symmetrical cells through I-t curves and
Nyquist plots (Fig. S13), the HS-Cu@Zn anode showed a
substantially enhanced £, >* value of 0.75, compared to 0.47
for bare Zn (Fig. 3f), demonstrating that the HS-Cu@Zn
provides abundant zincophilic sites and high-speed path-
ways for zinc-ion migration, thereby significantly increas-
ing the Zn>* migration rate. Compared with the bare Zn
anode, the integral area of the cyclic voltammetry curve of
the HS-Cu@Zn anode in the voltage range of —0.1 t0o 0.1 V
significantly increases (Fig. S14), indicating that the abun-
dant zinc nucleation sites increase the Zn** concentration at
the interface of the HS-Cu@Zn anode, which is conducive
to its diffusion [44].

Since Zn** in aqueous electrolytes usually exists in the
hydrated form in the solution of [Zn(H20)6]2+ and the des-
olvation process preferentially occurs before Zn deposition,
a faster desolvation process not only helps to alleviate the
side reactions induced by free water molecules at the Zn
anode interface, but also enhances the transport kinetics of
Zn**. The activation energy (E,) was calculated by measur-
ing the electrochemical impedance spectra (EIS) at differ-
ent temperatures in conjunction with the Arrhenius equation
and used to quantitatively describe the desolvation kinet-
ics. The E, of the bare Zn and HS-Cu@Zn anodes is 19.12

@ Springer
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and 18.04 kJ mol ™!, respectively (Figs. 3g and S15), which
indicated the stronger desolvation capability of HS-Cu@Zn
anode and enhances the electrochemical reaction kinetics.
Distribution of relaxation times (DRT) was further used to
analyze the transport kinetics of Zn** at different Zn anode
interfaces. Compared to the bare Zn anode (Fig. 3h), both
the charge transfer impedance (R,,) and ion diffusion resist-
ance (Rusion) Were significantly reduced during zinc depo-
sition at the HS-Cu@Zn anode interface for 60 min at a
current density of 2 mA cm~2 (Figs. 3i and S16), indicat-
ing that the HS-Cu@Zn anode benefits from a “zincophilic
-hydrophobic™ advantage. As the deposition time increases,
the T value of the bare Zn anode rises, indicating slower
interfacial reaction kinetics for zinc ions. Simultaneously,
the high electrochemical impedance value of the bare zinc
anode indicates hindered charge transfer processes at the
interface and significant polarization, thereby reducing sta-
bility during zinc deposition. Conversely, the R , parameter
of the HS-Cu@Zn anode tends toward stability, suggesting
faster desorption response times for zinc ions and more uni-
form deposition [45-47].

In situ optical microscopy was utilized to record the
dynamically evolution of zinc surface morphology during
electrolyte—electrode interfacial Zn deposition at different
Zn anodes to reveal the role of the zincophilic-hydrophobic
interfacial structure in inhibiting zinc dendrite formation
(Fig. 3j). After plating for 10 min, obvious granular bumps
can be observed on the bare zinc surface, and severe den-
drite growth occurs at 40 min of continuous deposition. In
contrast, the surface of the HS-Cu@Zn anode maintained a
flat deposition morphology due to the rapid desolvation of
zinc ions and effective zinc-ion flux regulation.

3.4 Stability and Reversibility of HS-Cu@Zn Anodes

The long-term electrochemical reversibility of the HS-Cu@
Zn anode was evaluated through a comprehensive set of half-
cell and symmetric cell measurements. Cyclic voltammetry
(CV) of ZnlITi asymmetric cells revealed that HS-Cu@Zn
exhibited stronger current response and lower overpotentials
than bare Zn anode (Fig. 4a), indicating improved reaction
kinetics and plating/stripping reversibility. The utilization
and reversibility of Zn were quantified using a “reservoir
ZnlICu half-cell” protocol. The HS-Cu@Zn anode achieved
an average CE of 93.7% and maintained highly stable
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voltage profiles over prolonged cycling, while the relatively
low CE of the bare ZnllCu highlighted its susceptibility to
parasitic side reactions (Fig. 4b). The CE was further tested
using ZnllCu half-cells to evaluate the reversibility of Zn
plating/stripping. The cell with HS-Cu@Zn anode could
reach up to 900 stable cycles with CE of 99.65%, while the
cell assembled with bare Zn anode failed to operate after
less than 150 cycles (Fig. 4¢), indicating that the interfacial
layer of “zincophilic—hydrophobic” interface ensures a high
reversibility of Zn plating/stripping. In addition, the polari-
zation curves of the HS-Cu@Zn anode after 900 cycles were
characterized by a low voltage gap (= 30 mV) and almost
overlapping, evidencing that the corrosion phenomenon was
suppressed (Fig. 4d). In contrast, the capacity curves of the
bare Zn anodes showed an unstable trend, indicating that the
ZnlICu cell began to experience rapid and irreversible zinc
deposition after 40 cycles, resulting in a drastic change in
CE and cell failure (Fig. S17). These results suggest that the
bifunctional interfacial layer of zincophilic and hydrophobic
formed by Cu-S covalent bonds facilitated charge transfer of
Zn**, constructed abundant ion transport channels for Zn*,
and significantly reduced the decomposition of water mol-
ecules on the anode surface.

Due to its enhancement of kinetic stability and inhibi-
tion of side reactions, the symmetric cell assembled with
HS-Cu@Zn delivered exceptional cycling stability over
3500h at 1 mA cm~2 and 1 mAh cm™2, significantly out-
performing bare Zn (407 h) and Cu@Zn (145 h) (Fig. 4e).
Compared to bare Zn anodes, the Zn—Cu interface decreases
the stability of the anode due to the enhanced hydrophilic-
ity. Even under a high current density of 10 mA cm™2, the
HS-Cu@Zn anode maintained stable operation for 500 h,
whereas bare Zn failed after only 130 h (Fig. S18). Fur-
thermore, the rate capability of the Zn anode was evaluated
by gradually increasing the current density. As depicted
in Fig. 4f, the cell with the HS-Cu@Zn anode presented
stable voltage curves within the current density range of
0.25-9.0 mA cm™. For the bare Zn anode, the voltage curve
becomes abnormal and short-circuited when the current
density exceeds 4.0 mA cm™~2. The results suggest that the
“zincophilic—hydrophobic” interface possesses favorable
zinc-ion conductivity and interface charge transfer ability.
This particular charge transfer can be attributed to the altera-
tion of charge distribution on the anode surface due to the
establishment of Cu nanolayers [48], which reduces the elec-
tron cloud density of the Zn atoms. The rate performance
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of symmetric cells assembled with different Zn anodes at
current densities of 1-8 mA cm™> was studied by fixing a
capacity of 0.5 mAh cm~2 (Figs. 4g and S19). It can be seen
that the HS-Cu@Zn cells have stable and small voltage hys-
teresis at current densities of 1, 2, 3, 4, 5, 6, and 8 mA cm ™2,
demonstrating excellent interfacial charge transfer capability.
In contrast, despite the bare Zn cell maintaining stable oper-
ation throughout the test, as the deposition capacity and rate
increase, a greater number of Zn** undergo charge transfer
at the interface. However, the bare Zn electrolyte interface
lacks the capability to accommodate these increased charge
transfers, resulting in severe voltage hysteresis, which will
lead to a decrease in the Zn utilization. The exchange current
density associated with the Zn electrodeposition process was
obtained from the Butler—Volmer equation approximation.
The fitting results showed that HS-Cu@Zn (13.26 mA cm™?)
exhibited a higher exchange current density than bare Zn
(11.95 mA cm~2), demonstrating the beneficial effect of the
“zincophilic—hydrophobic” layer on Zn deposition kinetics
(Fig. 4h).

In addition, differences in zinc deposition behavior on
different Zn anodes were investigated. As shown in Fig. 4i,
XRD pattern of zinc plating on ZnllZn symmetric cells after
50 cycles of 1 and 1 mAh cm~2 was tested. The (002)/(100)
peak intensity ratio during Zn deposition changes from 1.16
(bare Zn) to 1.01 (HS-Cu@Zn), and this decrease indicates
that the “zincophilic-hydrophobic” interface favors prefer-
ential deposition of Zn>* on the (100) plane. It is noteworthy
that in the hexagonal close-packed (hcp) structure of zinc,
the (100) plane is oriented perpendicular to the anode sur-
face [49]. Therefore, when the (100) plane is densely depos-
ited, a flat zinc metal anode is formed. Surface morphology
analysis by SEM revealed the surface of the bare Zn anode
after cycling was rough and inhomogeneous (Fig. 4j), and
the staggered direction of Zn>* deposition led to the sig-
nificant growth of dendrites. In contrast, the HS-Cu@Zn
anode after recycling had a dense and uniform deposition
layer. Similarly, the symmetric cell shows a similar Zn anode
morphology after 20 cycles (Fig. S20), indicating that the
effect of water molecules on the reversibility of the Zn anode
is not negligible even during the initial cycling of the cell.
In addition, confocal laser scanning microscopy (CLSM)
images also showed bare Zn after cycling with significant
height changes (Fig. 4k), demonstrating the rampant growth
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of dendrites. The HS-Cu@Zn anode surface remained flat.
Simultaneously, XPS characterization verifies that the sta-
bility of thiol groups on the HS-Cu@Zn surface remains
unimpaired after long-term electrochemical cycling; the
S 2p binding energy is consistent with that of the pristine
HS-Cu@Zn, and no additional characteristic peaks are
detected in the test spectra (Fig. S21). The above results
indicate that the zincophilic-hydrophobic interface is favora-
ble for inhibiting the generation of by-products and increas-
ing the reversibility of zinc-ion plating/stripping.

3.5 Electrochemical Performance of ZnVO-Based Full
Cells with HS-Cu@Zn Anodes

In order to explore the potential of HS-Cu@Zn anode for
practical applications, full cells with HS-Cu@Zn as anode
and ZnVO as cathode were assembled. CV curves of the full
cells using HS-Cu@Zn and bare Zn anodes were tested at
0.2 mV s~! and showed similar redox peaks (Fig. 5a), but
the voltage polarization during cycling was lower for the full
cell using HS-Cu@Zn anodes, suggesting that it favors Zn**/
Zn reaction kinetics. Moreover, CV profiles at different scan
rates (Fig. 5b) for ZnVOIHS-Cu@Zn reveal minimal peak
shifting and broadening, suggesting robust rate capability
and charge transfer. The EIS results also show that the R, of
the ZnVOIHS-Cu@Zn full cell was smaller, which confirms
that the modified interface suppresses the side reactions and
increases the fast redox kinetics of Zn ions (Fig. S22).

The enhanced reaction kinetics of the modification of the
Zn anode interface also contributes to the improvement of
the rate performance of the full cell. Figure 5S¢ demonstrates
that the discharge specific capacities of the ZnVOIHS-Cu@
Zn full cell were 450, 430, 404, 373, and 351 mAh g_1 at
current densities of 0.3, 0.5, 1,2,and 3 A g_l, respectively.
In contrast, full cells assembled with bare Zn anodes exhib-
ited lower capacity under the same conditions. Long-term
cycling performance at 2 A g~! revealed rapid capacity fad-
ing in the ZnVOllbare Zn cell, as evidenced by the polariza-
tion curves for 500 cycles (Fig. 5d). In contrast, the full cell
assembled with the HS-Cu@Zn anode showed stable cycling
performance (Fig. 5e).

In addition, self-discharge performance is one of the char-
acteristics to evaluate the durability of the battery during the
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storage period. Figures 5f and S23 show that by monitoring
the voltage change of the full cell after 24h of storage, it
was found that the ZnVOIIHS-Cu@Zn possessed a higher
capacity retention rate (89.1%), compared with 86% for
the bare Zn-assembled full cell, which further clarifies the
effectiveness of the modified interface in inhibiting the side
reactions. The cycling stability of the cells was evaluated at
2 A g7l after 5 cycles at a low current density of 0.5 A g™

Q
O

(Fig. 5g). The capacity of the assembled ZnVOIIHS-Cu@Zn
cell after 1000 cycles was 150 mA h g~!. In comparison, the
capacity of the ZnVOlIl bare Zn cell after cycling was only
61.5 mA h g~! with a capacity retention rate of 23.8%. In
addition, Fig. Sh demonstrates that the HS-Cu@Zn cell also
had excellent cycling stability at 5 A g~! with an average
coulombic efficiency of 99.8%. This indicates that HS-Cu@
Zn has better interfacial stability than bare Zn.
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4 Conclusions

A simple and highly efficient synergistic interfacial engi-
neering strategy was used to realize a “zincophilic-hydro-
phobic” Zn anode interface, thus reducing the desolvation
energy of zinc ions and achieving higher ion transference
number (0.75). Specifically, the loosely rough surface
derived from Cu nanorod arrays provides ordered zinc
migration channels and serves as a conductive substrate, reg-
ulating the nucleation sites of Zn>* ions and promoting their
uniform deposition. Meanwhile, the surface hydrophobicity
imparted by terminal functional groups of HS molecules
effectively minimizes water molecule concentration at the
anode interface, ensuring enhanced stability and reversibility
of the Zn anode. Therefore, the symmetric battery assem-
bled with HS-Cu@Zn exhibits stable and consistent perfor-
mance for 3500h at 1 mA cm~2. Even under a high current
density of 10 mA ¢cm™2, it maintained a cycling stability of
500h. The ZnllCu half-cell maintain a CE of 99.56% after
900 cycles. The assembled ZnVOIHS-Cu@Zn full cell had
an average CE of 99.8% at 5 A g~!, exhibiting an excellent
cycling stability.
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