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The ion-mediated galvanic replacement strategy enables the formation of a conforma
| Cu nanoparticle interface on Zn anodes, which stabilizes the electrode during stora
ge and guides uniform Zn growth. Beyond enhancing full-cell stability and efficiency,
this concept underscores a versatile pathway for interfacial engineering in aqueous Z
n-ion batteries and related electrochemical systems.
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Constructing uniform electrochemical-active sites and chemically robust interphases is essential to mitigate interfacial

DOI: 10.1039/x0xx00000x

degradation of Zn anodes in mildly acidic electrolytes. Herein, a self-assembled Cu layer is formed on Zn electrode via

galvanic replacement reaction driven by the reduction potential difference. Unlike conventional physical coatings, this

strategy leverages a common-ion effect to finely regulate redox kinetics and control nanoparticle nucleation and growth

behavior, leading to the formation of a conformal and densely packed Cu layer without the need for external energy input.

This chemically guided Cu layer effectively modulates surface energy and Zn?* ion flux, resulting in preferential Zn nucleation

and suppresses parasitic byproduct formation. Electrochemical analyses reveal that the Cu-coated Zn anodes can improve

cycling stability, with symmetric Zn| | Zn cells maintaining stable operation for over 1150 hours and asymmetric Zn| | Cu cells

operating for more than 1800 hours at 1 mA cm=2, with high coulombic efficiency. Moreover, preferential (002) orientation

and the in situ formation of Cu-Zn alloy enable to lower nucleation barriers and promote uniform Zn deposition. This

synergistic combination of structure and interfacial properties highlights a promising strategy for interfacial regulation in

high-performance Zn-based energy storage systems.

Introduction

Aqgueous zinc-ion batteries (AZIBs) have emerged as promising
next-generation energy storage systems due to the natural
abundance and high gravimetric and volumetric capacities (820
mA h g and 5855 mA h cm=3) of Zn metal, along with the
inherent safety of aqueous electrolytes.[*-4

However, the electrochemical reversibility of AZIBs is
significantly hindered by parasitic reactions and structural
instability at the Zn anode interface.l>® Zn metal inherently
forms non-uniform surface oxide layers during manufacturing,
resulting in heterogeneous surface chemical-/morphological
properties and poor reaction selectivity which lead to uneven
Zn stripping and plating process.’-81 This limitation is
particularly critical in AZIBs, which begin operation with Zn
stripping process. In such discharge-initiated systems, the
inherent surface heterogeneity of the Zn anode directly governs
the initial dissolution behavior, thereby influencing the
uniformity and reversibility of subsequent electrochemical
reactions. Moreover, the standard reduction potential of
Zn%*/Zn (-0.76 V vs. Standard hydrogen electrode, SHE) is lower
than that of the hydrogen evolution reaction (HER), making Zn
deposition thermodynamically competitive with HER.[®! This
results in localized acidification at the electrode-electrolyte

@ Department of Battery Engineering, Graduate Institute of Ferrous & Eco Materials
Technology, Pohang University of Science and Technology (POSTECH), 77
Cheongam-ro, Nam-gu, Pohang, Gyeongbuk, 37673, Republic of Korea

b Department of Chemical Engineering, Pohang University of Science and
Technology (POSTECH), 77 Cheongam-ro, Nam-gu, Pohang, Gyeongbuk, 37673,
Republic of Korea

Supplementary Information available: See DOI: 10.1039/x0xx00000x

interface, accelerating chemical corrosion.!19-111 Additionally,
the protons lead to localized acid—base imbalances, which in
turn promote the formation of hydroxide ions. These OH" ions
can subsequently react water molecules, Zn?* ions, and anions
(e.g., SO42™ in ZnSO4 electrolyte) to form zinc hydroxide sulfate
(Zn4S0O4(0OH)g-xH,0, ZHS) byproducts, which increase interfacial
resistance and accelerate electrode degradation.[2-13]
Furthermore, chemical amplifies

inhomogeneity, concentrating electron flux at
protrusions. This results in a progressively

electrochemically active surface area, promotes dendritic

growth, and accelerates localized electrochemical corrosion.[14-
15]

corrosion current
surface

reduced

Electrolyte-level strategies—such as tuning zinc salts!1617]
incorporating functional additives!® 1819 and introducing redox
explored to the
aforementioned issues. However, among these approaches,
direct interfacial modification of the Zn metal surface is
particularly effective because it regulates the local electric field
and interfacial chemistry at the source. A widely employed
strategy to tackle abovementioned issues involves applying
artificial protective coatings, including inorganic composite
films (e.g., TiO,[13 23], Al,05[24, MOFs[25-26]), which help regulate
charge distribution and suppress parasitic reactions. However,
these inorganic layers often exhibit weak interfacial adhesion to
the Zn substrate and are prone to cracking or delamination
under repeated volume fluctuations during Zn stripping/plating.
Given these challenges, one widely investigated approach is the
alloying Zn with foreign metals such as Agl27-28] |n[29-30] §p[31-32]
or Cul33], which provides robust interfacial contact together with
reduced interfacial energy and improved corrosion resistance.

mediators(20-22l—have  been address
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Nevertheless, conventional alloying strategies would require
careful control of alloy composition, and the synthesis process
could be sensitive to processing parameters, which can pose
challenges for reproducibility. In this work, we propose a
spontaneous interfacial engineering strategy that enables in
situ self-assembly of uniformly distributed Cu nanoparticles
(NP) on Zn electrode via a galvanic replacement reaction with
Cu?* ions. To further tune the redox kinetics and nucleation
behavior, ZnSO4 was incorporated to induce a common-ion
effect. In this process, the excess Zn?* and SO4%~ ions act through
the common-ion effect to shift the equilibrium of the galvanic
replacement reaction, effectively lowering the thermodynamic
driving force for Cu?* reduction. This ion-mediated regulation
slows nucleation kinetics, leading to a dense and evenly
distributed Cu NP layer without the need for high-temperature
annealing or vacuum deposition. A self-assembled Cu NP layer
on the Zn electrode, formed by immersion in 1 M ZnSO4 + 0.05
M CuSO; (ZSCS) solution, effectively facilitates uniform
nucleation and suppresses local electric field intensification. In
Zn| | Cu half-cells, the ZSCS electrode sustained stable cycling
performance for over 1800 hours with superior average
coulombic efficiency (CE) of 99.8%, whereas the bare Zn cell
experienced internal shorting within 400 hours. The formation
of Cu—Zn alloy phases after cycling may have enhanced
reversibility by stabilizing the electrode—electrolyte interface
and mitigating side reactions during repeated Zn plating and
stripping processes. Notably, in full-cell systems using sodium
vanadate (NVO) cathodes, in situ X-ray diffraction (XRD)
patterns revealed that ZHS formation on the cathode was
mitigated when coupled with ZSCS anodes, which is likely
attributed to the stabilized interfacial behavior of the modified
anode influencing the overall cell environment during the initial
cycle. This interfacial regulation resulted in 83.8% capacity
retention for the NVO| | ZSCS full cell at 1 A g=* with an average
CE of 99.6% over 100 cycles, pointing to the potential of this
interfacial engineering strategy for durable aqueous Zn-based
batteries.

This study demonstrates that combining spontaneous galvanic
replacement with ion-mediated modulation of interfacial redox
behavior is an effective strategy for improving the
electrochemical stability and reversibility of Zn metal anodes.
This approach not only suppresses uncontrolled reaction
dynamics but also highlights the potential of ionic environment
control as a tool for interfacial design.

Results and discussion

Common-lon Effect in Regulating Cu Nucleation Behavior

A spontaneous redox reaction between Zn and Cu?* is driven by
their difference in standard reduction potentials (-0.76 V for
Zn%*/Zn and +0.34V for Cu?*/Cu vs. SHE). When Zn metal is
immersed in a CuSO4 solution, Zn is oxidized to Zn?* while Cu?*
ions are reduced and deposited as metallic Cu on the Zn surface.
This galvanic replacement occurs spontaneously at room
temperature without external energy input (Fig. 1a). In this
experiment, Zn foil was immersed in 0.05 M CuSO4 (CS) solution
to fabricate a Cu layer on Zn electrode (Fig. 1b, left). Under

This journal is © The Royal Society of Chemistry 20xx
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these conditions, the fast reduction of CuZ .induced
uncontrolled nucleation, yielding coars@! aRd03rreAGP0ICE
particles with severe aggregation on the Zn surface, as
confirmed by scanning electron microscope (SEM) analysis (Fig.
1c). To obtain a uniform Cu NP assembly, we applied a design
principle derived from electroless plating, which emphasizes
precise precursor concentration control and homogeneous
solution conditions under unbiased environments.B4 In line
with this concept, the introduction of ZnSQO;, salts (Fig. 1b, right)
induced a common ion effect that shifts the solubility
equilibrium and moderates the redox and nucleation behavior
of Cu?*. Atits core, the common ion effect operates through two
main mechanisms: (i) reduction of the thermodynamic driving
force and (ii) regulation of Cu?* activity. In terms of Zn?* ion
concentration, an increased Zn?* ion activity reduces the
electrochemical driving force, as described by the Nernst
equation35-36], meaning that Zn oxidation becomes less
favorable and the coupled Cu?* reduction is consequently
suppressed. From a chemical equilibrium perspective, this
behavior can also be interpreted through the common ion
effect, where excess Zn?* shifts the Zn?*/Zn equilibrium toward
the solid phase, reducing the thermodynamic tendency for Zn
dissolution. In parallel, excess S04~ ions can strengthen
solvation structure of Cu?*, thereby slowing its desolvation and
modulating nucleation kinetics. A more detailed discussion of
the kosmotropic nature of SO42~ will be provided in a
subsequent section. This dual effect creates a self-limiting
environment that favors the formation of uniformly distributed
and conformal Cu NP on the Zn surface.

Consistent with this mechanism, SEM analysis confirmed the
formation of a compact and homogeneous Cu NP layer on the
Zn electrode immersed in ZSCS solution (Fig. 1d). Transmission
electron microscope analysis further confirmed that the Cu NP
formed under the ZSCS condition possess well-defined surfaces
with minimal oxide layers (Fig. 1e). In addition, cross-sectional
SEM analysis revealed clear morphological contrast between
CS- and ZSCS-treated electrodes. The CS-treated electrode
showed a loosely packed and poorly covered Cu layer (Fig. S1b)
while, the ZSCS electrode formed a conformal and well-
integrated coating on Zn (Fig. S1c). The top-view SEM/EDS
mapping and cross-sectional EDS mapping further confirmed a
Cu-rich surface layer on Zn with a clear Cu/Zn interface. Because
the bare Zn substrate was highly rough (Fig. S1a), the galvanic
replacement coating followed the local topography, leading to
position-dependent thickness. Nevertheless, under ZSCS, the
coating became more conformal and continuous with reduced
thickness inhomogeneity compared to CS, and the average
thickness was ~1 um (Fig. S2). Moreover, optical
characterization displayed a distinct difference: the CS-treated
Zn appeared dark black due to aggregated Cu particles with
strong light absorption, while ZSCS-treated Zn exhibited a
brighter grayish-yellow, consistent with a compact Cu coating
that enhances reflectivity (Fig. $3).137-381 Collectively, these
morphological and optical features demonstrate the
effectiveness of the common ion—-mediated strategy in
producing uniform and robust interfacial Cu layer.

J. Name., 2013, 00, 1-3 | 2
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Fig. 1 (a) Schematic illustration of the galvanic replacement between Zn metal and Cu?* ions. (b) Schematic representation of Cu nucleation modulated by common-ion
effect. Top-view scanning electron microscope (SEM) images of Cu coatings obtained in (c) 0.05 M CuSO, (CS) and (d) 0.05 M CuSO4 + 1 M ZnSO, (ZSCS) solutions. (e)
Transmission electron microscope image of the Cu particle formed under the ZSCS condition.

In this context, CuSO,4 precursor concentration is another key
factor that critically influences Cu particle formation. At 0.01 M,
sluggish reduction kinetics yielded negligible Cu deposition,
whereas at 0.1 M, excessive reduction led to rapid nucleation
and severe particle coalescence (Fig. S4). These results indicate
that an overabundance of free Cu?* ions can overwhelm the
ZnS0O4-based common ion effects. Therefore, we chose the ZSCS
condition as the optimum, as it balances common-ion
regulation with controlled CuSO,4 concentration to produce a
uniform and reproducible Cu coating. Cu nucleation on the Zn
surface is strongly affected by the desolvation kinetics of Cu?*.
Since these kinetics are intrinsically governed by the
surrounding solvation structure, the influence of SO42 on
hydrogen-bonding networks was investigated using Fourier-
transform infrared (FTIR) spectroscopy (Fig. 2a). In the O—H
stretching vibration region (3200-3600 cm™1), the ZSCS solution
exhibited a distinct red-shift and band broadening compared
with the CS condition, indicative of strengthened hydrogen
bonding between S0O42~ anions and water molecules. This
observation is consistent with the kosmotropic nature of SO42-
described in the Hofmeister series, wherein enhanced
hydrogen-bond structuring reduces bulk water activity. Such
restructuring of the aqueous environment is expected to
suppress Cu?* desolvation, thereby moderating the kinetics of

This journal is © The Royal Society of Chemistry 20xx

the galvanic replacement reaction and effectively lowering
nucleation rates while minimizing particle coalescence.

To investigate the chemical state of deposited Cu, X-ray
photoelectron spectroscopy (XPS) analysis of the Cu 2p region
was conducted for both CS and ZSCS conditions (Fig. 2b). In both
cases, the Cu 2p spectra are well reproduced by a single
constrained Cu 2ps3,»—Cu 2pi1, doublet without noticeable
shoulder components with main peaks at =932.6 eV (Cu 2ps/2)
and =952.4 eV (Cu 2pi,2), indicating the presence of metallic
Cu?0.[39-40] The gbsence of shake-up satellite peaks (941-945 eV)
suggests negligible formation of Cu(ll) species.[!] These results
support that spontaneous galvanic replacement can yield
metallic Cu on the Zn surface.

Zn metal in ZnSO4-based aqueous electrolyte directly reacts
with Zn?*, S04, and OH™ to form ZHS byproducts, which can
hinder charge transfer and trigger heterogeneous interfacial
reactions. XRD analysis of bare Zn electrodes immersed in 2 M
ZnS0O, for 6 h revealed a strong diffraction peak at =12.3°,
corresponding to the (001) plane of water-deficient ZHS (Fig.
2¢).1*2 |n contrast, this peak intensity was markedly decreased
under CS and ZSCS conditions, implying that byproduct
formation was suppressed. These results suggest that the Cu
layer can inhibit direct interaction between Zn and reactive
electrolyte species, thereby improving interfacial stability.

J. Name., 2013, 00, 1-3 | 3
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Fig. 2 (a) Fourier-transform infrared spectroscopy spectra of CS and ZSCS solutions. (b) Cu 2p X-ray photoelectron spectroscopy spectra of CS and ZSCS electrodes. (c)
X-ray diffraction (XRD) patterns of Zn electrodes after 6 h soaking in 2 M ZnSO,. (d—f) Contact angle measurements of bare Zn, CS, and ZSCS surfaces. (g—i) Top-view

SEM images of the corresponding electrodes after 6 h immersion in 2 M ZnSO,.

Furthermore, electrochemical impedance spectroscopy spectra
showed that the bare Zn symmetric cell after 6 h of rest
exhibited a higher charge transfer resistance than the cells with
CS and ZSCS electrodes (Fig. $5). This result indicated that the
Cu-modified interface suppresses spontaneous ZHS formation,
thereby preserving interfacial conductivity and improving
storage stability prior to electrochemical cycling.

Inhomogeneous ZHS formation may originate from poor
electrolyte wettability of Zn electrodes, which promotes uneven
electrolyte spreading and localized pH fluctuations.ll As
observed in the SEM image (Fig. S6), bare Zn exhibits an
irregular and rough surface morphology, which can promote
heterogeneous local current distribution and interfacial
reactions. Contact angle measurements using 2 M ZnSO4
showed that bare Zn exhibited a high angle of 103°, indicative
of hydrophobicity (Fig. 2d). In contrast, CS and ZSCS electrodes
displayed much lower angles (37° and 32°, respectively),
reflecting the improved electrolyte affinity introduced by the Cu
layer (Fig. 2e, f, §7).14344 The further reduction observed for
ZSCS is likely associated with the more uniform and conformal
Cu coating formed under the common-ion effect, which
promotes enhanced electrolyte spreading. Top-view SEM
images of Zn electrode immersed in electrolyte for 6 h
supported these findings: bare Zn showed deposition of large,
plate-like ZHS crystals with unreacted regions, while CS
electrode exhibited smaller and less aggregated particles (Fig.
2g, h). Notably, ZSCS electrode displayed minimal ZHS presence,

This journal is © The Royal Society of Chemistry 20xx

confirming the Cu layer’s role in suppressing byproduct
nucleation and promoting interfacial homogeneity (Fig. 2i). To
further assess the interfacial stability in aqueous media, HER
was evaluated via linear sweep voltammetry (Fig. S8). At -10
mA cm™2, the potential was —-1.78 V for bare Zn, -1.83 V for CS,
and -1.86 V for ZSCS, indicating that the Cu layer shifts the HER
onset to more negative values and enhances interfacial stability
by suppressing parasitic hydrogen evolution. 43!

Regulating Initial Zn Deposition for Stable Interfaces

To determine the role of Cu-coated Zn electrodes in regulating
current distribution and improving the interfacial stability
during Zn plating and stripping processes, both symmetric and
half-cell configurations were employed: Zn| |Zn symmetric cell
configuration to examine Zn deposition behavior via
chronoamperometry, Zn||Cu asymmetric
configuration to assess Zn stripping characteristics during
discharge process. Fig. 3a presents chronoamperometry results
from Zn||Zn symmetric cell configuration at a constant
overpotential of — 150 mV. The symmetric cell with bare Zn
electrodes (Bare Zn||Bare Zn) showed a sharp initial current
spike followed by a gradual increase, reflecting interfacial
instability caused by localized Zn?* depletion and non-uniform
deposition. This behavior is characteristic of the Sand’s time
phenomenon, where diffusion breakdown triggers dendritic
growth under steep concentration gradients.[46-47]

and cell
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Please do not adjust margins



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6eb00014b

Open Access Atrticle. Published on 06 March 2026. Downloaded on 3/8/2026 4:58:29 AM.

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Journal Name

Please dia

ARTICLE

(a) — (c) View Article Online
i o DOI: 10.1039/D6EB00014B
E 04 Bare Zn -150 mV ' Bare Zn 1mA cm=2
—cs —cs
E 0] zscs < zscs
005
:-20- o \
= Local dendritic growth © 10,
@ 30 =
o 010 64 mv
T 40, | > oo
= P s~
E ‘ . i 'm 3D 015 BareZn CS Z8CS8
5 o 100 200 300 Lateral smooth deposition 00 01 Oz = 0 04 05
o Time (s) Areal capacity (mA h cm™2)

csiCo

After 20 cycle

Zn deposition on Cu (1 mA cm

'/x.';j(""ﬁ'n Cu
2,0.5mAhcm?)

ZSCS || Z56S

After 100 cycle

Fig. 3 (a) Chronoamperometry results of Zn| | Zn symmetric cells under a constant overpotential of =150 mV. (b) Schematic illustration comparing Zn deposition behavior
between bare Zn and ZSCS-modified Zn electrodes. (c) Voltage profiles of Zn||Cu half-cells at 1 mA cm~2. Top-view SEM images of Cu electrodes after Zn plating at
1 mA cm=2,0.5 mA h cm=2 using (d) bare Zn, (e) CS, and (f) ZSCS anodes. Top-view SEM images of Cu electrodes under increased plating capacity (1 mA h cm=2), showing
Zn deposition from (g) bare Zn, (h) CS, and (i) ZSCS. Surface morphology of Zn electrodes in Zn symmetric cells: (j) bare Zn electrode after only 20 cycles, (k) CS and (I)

ZSCS electrodes after 100 cycles at 1 mA cm=2 with 1 mA h cm2,

In contrast, the asymmetric cell (Bare Zn||ZSCS), where Zn
plating occurred on the ZSCS electrode, maintained a stable
current response, confirming that the surface modification
effectively stabilizes Zn plating process (Fig. $9). Furthermore,
the fully symmetric configuration (ZSCS||ZSCS) exhibited the
lowest and most stable current density, highlighting the
superior interfacial stability achieved when both electrodes
were modified. As depicted in Fig. 3b, while bare Zn surface
promotes vertical dendritic growth via tip-induced 2D diffusion,
the ZSCS electrodes enables lateral and homogeneous
deposition through a more uniform 3D diffusion pathway
guided by the self-assembled Cu layer.[*8! Further insight into
interfacial kinetic was obtained from activation energy (Ea)
analysis from Arrhenius plots (Fig. S10). The cells with CS and
ZSCS electrodes exhibited lower E, values (20.1 and
21.4 k) mol=%, respectively) compared to bare Zn (34.3 kJ mol™?).
The Cu-modified surfaces lower the energy barrier for Zn%*
desolvation and nucleation, thereby improving interfacial
charge transfer capability.[49-50

The influence of initial Zn stripping behavior and its effect on
Zn?* nucleation at the counter electrode was demonstrated
using Zn| | Cu half-cell configurations. As shown in the discharge

This journal is © The Royal Society of Chemistry 20xx

profiles (Fig. 3c), the ZSCS| | Cu configuration cell exhibited the
lowest nucleation overpotential (=60 mV) than that with bare
Zn (=70 mV) and CS (=64 mV) electrodes due to the well-
regulated Cu layer morphology in the ZSCS system. This
electrochemical behavior is directly correlated with the
observed deposition morphology on the Cu counter electrodes.
At a current density of 1 mA cm2, SEM images revealed that the
bare Zn electrode induced non-uniform Zn deposition on Cu
counter electrodes, forming irregular clusters with large
inactive areas (Fig. 3d). This deposition heterogeneity,
consistent with the chronoamperometry results of the bare Zn
symmetric cell, may be attributed to the intrinsic surface
roughness of bare Zn (Fig. S6) that causes uneven local current
density. In contrast, both CS- and ZSCS-modified electrodes
promoted more uniform Zn deposition across the Cu electrode
surface (Fig. 3e, f). Particularly, the ZSCS-modified electrode
exhibited a dense and continuous deposition layer even at a
high areal capacity of 1 mA hcm™ (Fig. 3g-i). These results
suggest that the Cu NP layer can guide uniform Zn stripping and
Zn?* ion flux owing to its role in reducing interfacial
heterogeneity and maintaining a homogeneous diffusion
pathway.
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Fig. 4 (a) Voltage profiles of Zn| | Cu half-cells with bare Zn and ZSCS anodes at 1 mA cm~2. (b) Voltage profiles of Zn symmetric cells at 1 mA cm=2 with 1 mA h cm~2. (c)
Rate performance of Zn symmetric cells under stepwise current densities from 0.5 to 10 mA cm~2. Long-term cycling performance at (a) 2 mA cm~2 with an areal capacity
of 1 mA hcm=2and (b) 1 mA cm~2 with an areal capacity of 0.5 mA h cm~2. (f) XRD patterns of Zn electrodes after 20 cycles.

The Zn deposition morphology upon prolonged cycling further
corroborates the effect of the Cu coatings. After just 20 cycles,
the bare Zn electrode from Zn||Zn symmetric cell showed
severe surface degradation, characterized by surface collapse
and severe pitting (Fig. 3j). In contrast, both CS and ZSCS
electrodes retained relatively smooth surfaces even after 100
cycles, with notably mitigated pitting (Fig. 3k, I). Particularly, the
ZS5CS-modified electrode exhibited a preferred Zn crystal
growth along the (002) plane of Zn (Fig. 3l, inset). This
observation is further supported by the 70°-tilted SEM images
and atomic force microscopy topography (Fig. $11 and Fig. S12),
which reveal a more continuous and compact deposit with
reduced out-of-plane roughness compared to CS electrode.
Such facet-selective growth helps suppress tip effects and zZn?*
ion flux localization, offering enhanced interfacial stability and
prolonged Zn anode lifespan.

The initial differences in Zn stripping and plating behavior
observed in Zn asymmetric and symmetric cell configurations
directly influence long-term electrochemical reversibility. In
Zn| | Cu cells, the bare Zn electrode failed after 202 cycles due
to internal short-circuit, whereas the ZSCS electrode remained
stable for over 1800 hours with high average CE of 99.8% (Fig.
4a, S13). This remarkable durability arises from the Cu NP
coating, where uniform Zn stripping induces compact
redeposition on the Cu counter electrode, mitigating interfacial
degradation. In Zn| |Zn symmetric cells at 1 mA cm=2 and 1 mA
h cm™2, the bare Zn electrode showed a high initial overpotential

This journal is © The Royal Society of Chemistry 20xx

with a nucleation overpotential of 72 mV (Fig. 4b). Moreover, a
voltage spike was observed during Zn redeposition on the
previously stripped bare Zn electrode. Previous studies report
that this behavior suggests non-uniform stripping-induced
roughness, which
increases the local nucleation barrier and leads to a non-

uniform current distribution during subsequent deposition.[5-
52]

surface inhomogeneity with pits and

Meanwhile, the CS and ZSCS electrodes exhibited significantly
lower overpotentials (=36—37 mV) without noticeable voltage
fluctuations, implying more uniform Zn dissolution and
redeposition behavior and improved Zn?* nucleation kinetics.
These improvements in electrochemical reversibility are
consistent with previous reports, which demonstrated that Cu
possesses an optimal binding energy with Zn (approximately
—0.99 eV)—strong enough to promote uniform Zn nucleation,
yet sufficiently moderate to enable efficient stripping.[53!

The rate capability was evaluated in Zn||Zn symmetric cells
under progressively increasing the current densities from 0.5 to
10 mA cm™2 with a constant areal capacity of 1 mA h cm~2 (Fig.
4c). The cell with bare Zn underwent internal short-circuit even
at 1 mAcm2, indicating poor interfacial stability under
moderate cycling conditions. In contrast, both CS and ZSCS
electrodes maintained stable operation even at high current
densities up to 10 mA cm2, highlighting improved interfacial
robustness and reversibility of Cu-modified electrodes under
harsh operating conditions.
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Fig. 5 Electrochemical performance of full cells assembled with bare Zn, CS, and ZSCS anodes and sodium vanadate (NVO) cathodes. (a) Cyclic voltammetry curves at
0.5 mV s7%. (b) Initial galvanostatic charge/discharge profiles at 200 mA g. in situ XRD analysis reveals ZHS formation on the NVO cathode paired with (c) bare Zn and
(d) ZSCS electrodes. (e) Rate performance of NVO full-cell across current densities of 0.5-20 A g*. (f) Long-term cycling performance of NVO full-cellat 1 A g,

Long-term cycling tests at 1 mA cm~2 with a fixed areal capacity
of 1 mA h cm2 further confirmed this performance distinction
(Fig. S14). The bare Zn electrode failed after only =88 hours,
while the CS and ZSCS electrodes operated stably for =717 and
=762 hours, respectively, demonstrating the effectiveness of
the surface modification in prolonging Zn anode lifespan.
Notably, the ZSCS electrode further exhibited remarkable long-
term stability under varying operating conditions, maintaining
stable cycling for over 740 hours at 2 mA cm=2 with 1 mA h cm2
and exceeding 1150 hours at 1 mA cm™2 with 0.5 mA h cm™2
(Fig. 4d, e).

This long-term electrochemical stability implies a favorable Zn
deposition behavior, which is further supported by structural
evidence obtained from post-cycling XRD analysis. The ZSCS
electrode from the cell after 20 cycles exhibited a notably higher
(002)/(100) peak intensity ratio of 1.1 compared to CS and bare
Zn (Fig. 4f). This preferential orientation along the (002) plane
suggests a directionally controlled crystal growth behavior,
which aligns with the surface morphology obtained from SEM

This journal is © The Royal Society of Chemistry 20xx

results. Furthermore, CuZns-related diffraction peaks are
observed in the enlarged XRD profile of Fig. 4f (Fig. S15),
evidencing in-situ Cu—Zn alloy formation via solid-state diffusion
during cycling. This alloying behavior is in line with previous
reportsl>456], featuring lattice matching with the Zn (002) plane.
Such epitaxial growth not only promotes uniform Zn plating but
also effectively suppresses dendritic growth and interfacial
parasitic reactions, thereby contributing to the enhanced
electrochemical stability observed in this work.

Full-Cell Cycling Stability with Suppressed Byproduct Formation

To validate the improved electrochemical performance of the
self-assembled Cu layer on ZSCS electrode, full cells were
constructed using NVO cathodes paired with either bare Zn or
Cu-modified Zn anodes. The NVO nanofibers were synthesized
according to a previously reported method.[*”? SEM imaging
confirmed that the NVO powder exhibits well-defined particle
morphology, and energy dispersive X-ray spectroscopy mapping
further verified the uniform distribution of Na, V, and O
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elements, indicating the successful synthesis of NVO (Fig. S16).
Cyclic voltammetry profiles of all three full-cell configurations
exhibited two pairs of well-defined redox peaks within the
voltage range of 0.2-1.6 V at a scan rate of 0.2 mV s,
confirming the reversible Zn2* intercalation/deintercalation
behavior of the NVO cathode (Fig. 5a). Furthermore, the peak
separation of NVO| | ZSCS cell (0.185 V) was smaller than that of
NVO| | bare Zn (0.23 V), suggesting that the Cu NP layer reduces
interfacial resistance and enables more reversible Zn redox
kinetics. The initial galvanostatic charge/discharge (GCD) curves
at 200 mA g! showed comparable specific capacities of
=295 mA h g1 for all three cell configurations, implying that the
Cu-modified anode surfaces do not interfere with the
electrochemical utilization of the NVO cathode (Fig. 5b).

The modification strategy for the Zn anode should not be
evaluated solely on its local interfacial behavior, but also on its
systemic impact on the cathode side. Specifically, uneven Zn
stripping can induce localized pH rises and excess OH-
generation, which subsequently diffuse across the electrolyte
and can react with Zn2* species on the cathode side.[585% in situ
XRD analysis determined that this mechanism by revealing
stronger ZHS signals on the NVO cathode paired with a bare Zn
anode, compared to the ZSCS system (Fig. 5¢c, d). The ZSCS-
modified anode promotes uniform Zn stripping, thereby
minimizing local pH fluctuation and suppressing ZHS formation,
which correlates with the reduced parasitic reactions observed
in symmetric and half-cell tests. These findings suggest that
anode engineering not only stabilizes Zn deposition but also
alleviates cathode-side degradation, advancing anode-focused
studies toward a deeper understanding of full-cell chemistry.
The rate performance was evaluated by increasing the specific
currents ranging from 0.5 to 20 A g™* (Fig. 5e). At high current
densities (5-20 A g1), the ZSCS-modified full cell consistently
delivered higher specific capacities than the bare Zn| | NVO cell,
reflecting the superior charge-transfer kinetics and interfacial
stability provided by the self-assembled Cu layer. Notably, when
the specific capacity was returned to 1 A g after cycling at
20 A g%, the ZSCS| |NVO cell recovered 86.6% of its first specific
capacity at 1 A g, which further increased to 89.5% by the 40th
cycle. In contrast, the bare Zn cell recovered only 82.1% of its
original capacity under the same conditions and reached a
slightly lower recovery of 86.4% after 40 cycles.

Long-term cycling performance was subsequently examined to
evaluate the durability of the Cu-modified electrode. After 100
cycles at 1 A g%, the ZSCS| |NVO cell retained 83.8% of its initial
capacity with a high average CE of 99.6%, while the bare
Zn| [NVO cell exhibited only 62.3% capacity retention despite a
comparable CE of 97.7%. Even after 500 cycles, the ZSCS| [NVO
cell maintained 62.7% of its capacity, outperforming the bare Zn
cell, which retained only 41.0% (Fig. 5f). Compared to the
CS| |NVO system, which showed 78.1% retention at 100 cycles,
the ZSCS-modified electrode also demonstrated superior
cycling durability, further validating the effectiveness of the
self-assembled Cu NP layer in enhancing the full-cell
reversibility and longevity. ex situ SEM images provided direct
evidence of the differences in Zn deposition behavior, as shown
by Zn electrodes from NVO full cells after 100 cycles at 1 A g1

This journal is © The Royal Society of Chemistry 20xx
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(Fig. S17). The bare Zn anode displayed heterogengqus.sutface
features, including deep pits and inactive dek&iHs3 WHETRHOIHB
ZSCS electrode showed markedly uniform Zn deposition across
the electrode surface. Compared to both bare Zn and CS
electrodes, the ZSCS modification thus ensures a more stable
Zn/electrolyte interface in full-cell system, aligning well with the
enhanced reversibility observed in full-cell cycling.

Conclusions

In summary, this work presents an energy-efficient interfacial
engineering strategy based on the self-assembly of Cu NPs on
Zn anodes, enabled by a spontaneous redox reaction and
regulated by solubility equilibrium control. The engineered
interfacial structure facilitates uniform Zn deposition,
minimizes side reactions such as ZHS formation, and
significantly improves cycling reversibility across a wide range
of current densities. Moreover, the ZSCS interface can suppress
spontaneous byproduct formation during the initial storage
period after cell fabrication, an aspect that has received little
attention but plays an important role in long-term stability.
These insights not only provide a robust strategy for enhancing
Zn anode reversibility but also contribute to the broader
understanding of interfacial regulation in metal-based aqueous
battery systems.
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