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Surface-modified anode current collectors
via lithiophilic zinc-based bimetallic
co-electrodeposition for lithium–metal batteries

Dong Geun Kim, †a Dongyeon Won,†ab Inyeong Yang, ac Sukkyung Kang, ad

Jae Young Seok, e Hyunwoong Baeka and Sanha Kim *ad

Lithium–metal batteries (LMBs) are considered promising next-

generation energy storage systems due to their extremely high

theoretical capacity and low electrochemical potential. However,

their practical application is limited by the formation of lithium

dendrites and poor interfacial stability during cycling. In this study,

we propose a scalable CuZn bimetallic co-electrodeposition strat-

egy for modification of current collector surfaces that effectively

suppress dendritic growth and enhance cyclic reversibility. Zinc, a

lithiophilic metal, was selected as a surface modifier owing to its

favorable alloying characteristics with lithium. Substantial differ-

ences in standard reduction potentials exist between Cu and Zn, yet

we successfully deposited Cu and Zn simultaneously by introducing

potassium pyrophosphate into the electrolyte, which modulates

the ion activity through complexation. The CuZn morphology was

further tuned from flat films to branched nanostructures by con-

trolling the electrolyte composition and deposition voltage.

Post-deposition annealing facilitated interdiffusion at the Cu/CuZn

interface, resulting in the formation of a recrystallized Cu0.75Zn0.25

alloy and improved mechanical bonding. Compared to bare Cu

foils, the heat-treated CuZn current collectors extended the cell

lifespan by 44.3% and the nanostructured CuZn further improved it

by 87.2%. Electrochemical impedance spectroscopy and lithium

nucleation overpotential analysis confirmed reduced interfacial

resistance and improved uniformity in Li plating behavior. This work

offers a practical and scalable approach for surface modification of

anode current collectors for stable and long-life LMBs.

1. Introduction

The demand for high-performance batteries is increasing signifi-
cantly as electrification and automation accelerate across diverse
industrial sectors. Although lithium-ion batteries (LIBs) have
dominated the market for decades, their reliance on graphite
anodes with a limited theoretical capacity of 372 mAh g�1 poses
a bottleneck for further energy density improvements. This
limitation necessitates the development of next-generation bat-
tery technologies. Lithium metal (Li-metal) has been proposed as
a promising anode material due to its ultra-low electrochemical
potential (�3.04 V vs. standard hydrogen electrode (SHE)) and
exceptionally high theoretical capacity of 3860 mAh g�1, almost
ten times that of graphite.1 However, lithium–metal batteries
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New concepts
We develop a one-step surface modification strategy for lithium–metal
batteries by introducing lithiophilic zinc through bimetallic Cu–Zn co-
electrodeposition. The key concept is the use of pyrophosphate to reduce
the large reduction potential gap between Cu2+ and Zn2+, enabling stable
and simultaneous CuZn alloy co-deposition in a single aqueous bath. By
tuning the concentrations of Cu2+, Zn2+, and pyrophosphate, as well as
the applied voltage and deposition time, the morphology of the CuZn
layer can be precisely controlled—from smooth films to high-surface-area
branched nanostructures—without requiring sputtering, high-
temperature alloying, or 3D microfabrication. This approach differs
fundamentally from previous strategies, which relied on multi-step coat-
ings or complex thermal/structural processing to achieve lithiophilicity
and controlled surface architectures. Our single-step electrochemical
route simultaneously optimizes both the chemical (zinc-induced lithio-
philicity) and structural (surface area and branch density) characteristics
of the current collector, while maintaining compatibility with large-area
and roll-to-roll manufacturing. Furthermore, post-annealing of the co-
deposited CuZn layer enhances interfacial adhesion through alloy inter-
diffusion, and nanostructuring further increases active surface area.
These combined effects significantly improve cycling stability by promot-
ing uniform Li nucleation and suppressing dendritic growth. Overall, this
concept provides a new pathway for designing durable and dendrite-
resistant anode current collectors for next-generation lithium–metal
batteries.
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(LMBs) have not yet commercialized, primarily due to the con-
cerns regarding their limited cycle life and safety. The principal
challenge is the formation of lithium dendrites during repeated
charge–discharge cycles at the anode, which not only destabilizes
the solid electrolyte interphase (SEI) but also accelerates electro-
lyte depletion.2 Moreover, the mechanical fragility of these
dendrites leads to the formation of electrically isolated ‘‘dead
Li’’, one of the main causes of capacity loss. In severe cases,
dendrites may pierce the separator and cause internal short
circuits, potentially resulting in thermal runaway or explosion.3

To suppress dendrite growth in lithium–metal batteries,
diverse strategies have been proposed. At the cell level,
advanced electrolytes incorporating functional additives have
been developed to form stable solid electrolyte interphases
(SEI), effectively reducing side reactions and promoting uni-
form lithium deposition.4 In parallel, novel separator architec-
tures have been introduced to modulate ion flux and inhibit
dendritic propagation.5 In addition, electrolyte composition
plays a crucial role in controlling dendrite growth, as solvent
viscosity and Li+ transport properties strongly influence current
distribution at the electrode interface.6 Recent studies have
shown that highly concentrated electrolytes and fluorinated
diluents can effectively stabilize the interfacial chemistry and
promote the formation of uniform SEI layers, thereby enhan-
cing lithium reversibility and cycling stability.7,8

Beyond electrolyte and separator engineering, structural
innovation of the current collectors (CCs) has emerged as a
critical approach. Recent studies emphasize the importance of
lithiophilic surface design and engineered morphologies to
stabilize lithium nucleation and growth.9,10 In particular, the
introduction of lithiophilic metals such as zinc (Zn), which
exhibit high affinity for lithium and lower nucleation over-
potentials, has been shown to significantly enhance the lithium
plating uniformity.11,12 Building upon these principles, Wang
et al. examined the fundamental behaviors at the Li–Cu inter-
face, highlighting the benefits of surface coatings and 3D
structuring in suppressing dendrite formation.13 Gong et al.
developed a carbon nanotube-based current collector with
gradient lithiophilicity, enabling mechanically robust and

dendrite-free operation under lean-lithium conditions.14 Huh
et al. demonstrated a laser-assisted fabrication of crystallogra-
phically oriented 3D Cu collectors, achieving selective lithio-
philicity and improved lithium plating behavior.15 Gradient ion
regulation strategies were also implemented by Zhang et al.,
who designed current collectors that could actively guide uni-
form lithium deposition.16 Yang et al. suppressed dendrite
formation by mitigating current concentration through nano–
microstructural design of the current collector.17 Lastly, Li et al.
introduced metalized plastic current collectors reinforced with
halloysite nanotubes and dual copper layers, balancing
mechanical durability, energy density, and safety.18

The progress in CCs has been explored further toward three-
dimensional structuring with enlarged surface areas to distri-
bute the local current densities more evenly and suppress
dendritic growth.19,20 According to Sand’s time equation, low-
ering the effective current density at the anode surface is an
ideal strategy for delaying dendrite formation.21 Accordingly,
the combination of lithiophilic and high-surface-area current
collectors has shown promise in extending the lifespan of
LMBs. However, their practical implementation remains lim-
ited. One major obstacle is the scalability of current fabrication
techniques. For instance, metal sintering or sputtering to coat
zinc onto copper substrates requires prolonged processing
times and is difficult to integrate into roll-to-roll manufacturing
platforms used in large-scale battery production.22,23 Another
inherent limitation lies in the simplistic strategy of merely
increasing lithiophilicity or surface area. Excessive volume
changes during alloying between Li and lithiophilic metals
can degrade the cycling stability,24 and excessive porosity may
lead to excessive SEI formation or accelerated galvanic corro-
sion, ultimately reducing energy density due to inactive volume
expansion.

In this study, we propose a scalable and facile fabrication
method for advanced current collectors via one-step CuZn co-
electrodeposition. As illustrated in Fig. 1, the strategy aims to
suppress the dendritic Li growth commonly observed on bare
Cu foil anode current collectors by modifying their surface with
a CuZn alloy layer. The incorporation of lithiophilic Zn enables

Fig. 1 Surface modification of Cu current collectors via bimetallic co-electrodeposition. Schematics of surface modification by simultaneous co-
electrodeposition of Cu and Zn for prevention of dendritic Li growth. The co-electrodeposited CuZn morphology can be further tuned from a film to a
nanobranch structure, enabling more stabilized Li growth during the charge–discharge cycling of LMBs.
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more uniform and stabilized Li deposition. This method allows
the simultaneous electrochemical deposition of Cu2+ and Zn2+

ions onto a Cu foil within a single aqueous bath. Potassium
pyrophosphate is introduced as a complexing agent to tune the
reduction behavior of Cu2+ and Zn2+, thereby ensuring stable
and uniform co-deposition. The resulting CuZn layers exhibit
tunable composition and morphology, ranging from smooth
alloy films to branched nanostructures with enlarged surface
area. Post-annealing further promotes interdiffusion and
recrystallization at the Cu/CuZn interface, enhancing mechan-
ical adhesion and improving interfacial stability. Owing to
these structural and chemical advantages, the optimized CuZn
current collectors demonstrate significantly enhanced cycling
stability, reduced interfacial resistance, and more uniform
lithium plating compared with bare Cu. Overall, this work
presents a single-step surface engineering strategy that offers
a practical route toward stable and long-life lithium metal
batteries.

2. Experimental
2.1 Co-electrodeposition and thermal annealing of CuZn

We simultaneously deposited Cu and Zn on Cu current collec-
tor surfaces in an electrolyte bath using a two-electrode configu-
ration (Fig. 2). A 9-mm-thick copper foil (MTI Corp.) was used as
the working electrode, and a brass mesh (Cu : Zn = 65 : 35)
served as the counter electrode. Prior to the electrodeposition,
the copper foil was immersed in 1 M H2SO4 for 30 minutes to
remove surface oxides, rinsed with deionized (DI) water, and
dried with nitrogen gas. The brass mesh was cleaned in acetone

for 1 minute and similarly dried with nitrogen. A polycarbonate
(PC) jig with a 6-cm-diameter opening was applied to define a
controlled circular deposition area. The jig was designed to
shield one side of the copper foil, ensuring deposition occurred
only on the exposed surface. The foil and mesh were fixed onto
the jig using copper adhesive tape and electrically connected to
a power supply, with the brass mesh serving as the anode and
the copper foil as the cathode. The electrolyte solution con-
sisted of 300 mL of DI water with sequential addition of
potassium pyrophosphate (K4P2O7), copper sulfate (CuSO4),
and zinc sulfate (ZnSO4). After all salts were added, the solution
was stirred at 1000 rpm for 30 minutes at room temperature to
ensure full dissolution. Different solution compositions and
deposition conditions were prepared to study the influence of
Cu : Zn ratios on deposition morphology and electrochemical
performance. Electrodeposition was carried out by adjusting
voltage and time according to each condition. Upon completion
of deposition, the CuZn coated copper foils were rinsed with DI
water to remove residual electrolyte and dried under vacuum.
The electrodes were then cut into disc shapes using a precision
disk cutter (MSK-T110, MTI Corp.) and stored in an argon-filled
glovebox (WGB 1500, Woosung Highvac) with O2 and H2O
levels maintained below 1 ppm.

To improve the mechanical integrity and electrochemical
stability of the electrodeposited CuZn layer with the Cu current
collector, we conducted thermal annealing. The co-deposited
layer tends to delaminate during cycling without such thermal
treatment. In such cases, internal residual stresses may lead to
non-uniform lithium plating, thereby degrading battery perfor-
mance. Post-annealing enhances the adhesion between the
CuZn layer and the underlying Cu foil and improves the

Fig. 2 CuZn co-electrodeposition on a Cu current collector in a two-electrode system. A custom-designed 6 cm diameter polycarbonate jig enables
controlled one-sided deposition on bare Cu foils, while a pyrophosphate-based electrolyte allows simultaneous co-deposition of Cu2+ and Zn2+.
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uniformity of bimetallic crystalline structures. The annealing
was conducted in a vacuum furnace (Samheung Energy, SH-FU-
120TG) with the CuZn coated foils placed on quartz plates. The
chamber was evacuated using a vacuum pump and purged with
argon at a flow rate of 5 SLPM. The temperature was ramped up
to 300 1C over 1 hour and held for an additional 2 hours under
vacuum to complete the thermal treatment.

2.2 Morphological and compositional analysis of co-
electrodeposited CuZn

The micro-/nano-scale surface morphology of the current col-
lectors plays a critical role in determining the deposition
behavior of lithium, as it directly influences the nucleation
and growth dynamics.24,25 Accordingly, we systematically inves-
tigated the surface of CuZn deposits formed under various co-
electrodeposition conditions. The deposition parameters were
controlled by adjusting the applied voltage and the concentra-
tions of potassium pyrophosphate (K4P2O7), copper sulfate
(CuSO4), and zinc sulfate (ZnSO4) in the electrolyte. Surface
morphologies were characterized using scanning electron
microscopy (SEM, SU5000, Hitachi, Japan) at an accelerating
voltage of 10 kV. In addition, the structural characteristics of
the CuZn deposits were quantitatively evaluated using AFM-
based surface roughness (Sq), SEM (501 tilting) for measuring
nanobranch length, and binary image analysis with ImageJ26 to
quantify the nanostructure density.

The CuZn composition at the current collector surface is
also a crucial determinant of both mechanical and chemical
stability, which in turn affects the electrochemical performance
of LMBs. Excessive Zn content can lead to substantial volu-
metric expansion due to Li–Zn alloy formation, potentially
causing cracking or delamination of the co-deposited layer.1

Conversely, insufficient Zn content may compromise the stabi-
lity of lithium deposition and negatively affect battery perfor-
mance. To address these concerns, the relative concentrations
of CuSO4 and ZnSO4 in the electrolyte were varied to evaluate
the tunability of CuZn composition via co-electrodeposition.
The elemental composition of the deposited layers was ana-
lyzed by energy-dispersive X-ray spectroscopy (EDS, Octane Elite
25, EDAX).

For cross-sectional analysis of the CuZn layer, transmission
electron microscopy (TEM, Tecnai F20, Thermo Fisher Scientific)
was performed. TEM lamellae were prepared using focused ion
beam (FIB) milling (Helios Nanolab 450 F1, FEI Company). The
crystalline structure of the CuZn deposits was further character-
ized via X-ray diffraction (XRD, SmartLab, RIGAKU). To isolate
the signal from the thin (B300 nm) co-deposited layer and
exclude contributions from the underlying Cu foil, grazing
incidence X-ray diffraction (GIXRD) was employed.

2.3 Electrochemical characterization of CuZn current
collectors

To evaluate the electrochemical performance of the co-
electrodeposited CuZn CCs in LMB configurations, a series of
cell-level tests were conducted. The CuZn CCs were assembled
into coin cells (CR2032, MTI) using a lithium chip (250 mm

thick, MTI) and a Celgard 2325 separator. For comparison, both
half (Li8Cu) and full cells were prepared. The electrolyte con-
sisted of 1.0 M LiPF6 dissolved in a mixture of ethylene
carbonate (EC) and diethyl carbonate (DEC) (1 : 1 by volume,
Dongwha Electrolyte), with 10 wt% fluoroethylene carbonate
(FEC) and 1 wt% vinylene carbonate (VC). A total of 75 mL of the
electrolyte was used per cell. The CuZn current collectors were
punched into 19-mm-diameter discs, while lithium metal chips
were cut into 16-mm-diameter discs. All coin cells were sealed
using a hydraulic crimper (MSK-110, MTI Corp.) under an
applied pressure of 6.9 MPa.

Electrochemical impedance spectroscopy (EIS) was per-
formed using an Ivium-n-stat potentiostat (Ivium Technologies)
with a frequency range of 10�3–105 Hz, an amplitude of 50 mV,
and an equilibration time of 1000 seconds prior to measure-
ment. Voltage profiles, cycling stability, and coulombic effi-
ciency (CE) were assessed using a battery cycler (WBCS3200L,
WonATech). Prior to long-term cycling, all Li8Cu and Li8CuZn
cells underwent five initial formation cycles at a current of
50 mA within a voltage range of 0–1 V to stabilize the electrode–
electrolyte interface.

3. Results and discussion
3.1 One-step CuZn bimetallic electrodeposition

We selected zinc (Zn) as the lithiophilic element to modify the
surface characteristics of the anode current collector due to its
favorable properties for stabilizing lithium (Li) deposition.
Among various lithiophilic candidates, Zn offers a relatively
low volumetric expansion upon alloying with lithium (B71%).
In addition, its high natural abundance and low cost make Zn a
practical and scalable choice for surface engineering of current
collectors.27 However, electrodeposition of Cu and Zn in a
single step presents fundamental challenges due to the large
disparity in their standard reduction potentials (E1Cu = +0.34 V,
E1Zn = �0.76 V vs. SHE). Accordingly, the reduction of Cu2+

during the deposition occurs much faster than that of Zn2+,
thereby hindering balanced bi-material deposition. This imbal-
ance arises not only from the thermodynamic potential differ-
ence but also from the disparity in reduction kinetics between
Cu2+ and Zn2+. The faster nucleation and growth of Cu lead to
preferential Cu-rich deposition, thereby suppressing competi-
tive Zn incorporation under identical applied potentials.

To achieve a uniform CuZn alloy in a single electrodeposi-
tion step, we employed a complexing agent that aligns the
reduction potentials of Cu2+ and Zn2+. Complexing agents are
commonly employed to regulate their ionic activity to match
the reduction potentials of Cu2+ and Zn2+. A number of com-
plexing agents have been explored to mediate Cu2+ ion activity,
including ethylenediaminetetraacetic acid (EDTA),28 triethano-
lamine (TEA),29 ammonium sulfate,30 cetyltrimethylammo-
nium bromide (CTAB),31 and citrate.32 Among these, we chose
pyrophosphate, which has proven to be especially effective for
CuZn co-deposition. Pyrophosphate not only forms stable
complexes with Cu2+ but also inhibits the formation of metal
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hydroxides, thereby enabling uniform and compact
deposits.33,34 Moreover, it is non-toxic and environmentally
benign, further supporting its industrial applicability. It
should be emphasized that the introduction of pyrophosphate
is not intended merely to increase the Zn fraction in the CuZn
layer. Simply increasing the ZnSO4 concentration without
regulating Cu reduction kinetics may result in unstable
deposition behavior and poor compositional control. In con-
trast, pyrophosphate selectively suppresses Cu2+ reduction via
complexation, enabling controlled co-deposition under the
same applied potential.

Accordingly, a co-deposition bath comprising potassium
pyrophosphate (K4P2O7), copper(II) sulfate (CuSO4), and
zinc(II) sulfate (ZnSO4) was used for co-deposition of Cu and
Zn by single-step electrodeposition. The following equilibria
describe the complexation of Cu2+ with pyrophosphate and the
corresponding shift in its reduction potential:

Cu2+
(aq) + 2P2O7

4�
(aq) " [Cu(P2O7

4�)2]6�
(aq)

[Cu(P2O74�)2]6�
(aq) " [Cu(P2O7

4�)2]2�
(aq) + P2O7

4�
(aq)

[Cu(P2O7
4�)2]2�

(aq) + 2e� " Cu0
(s) + P2O7

4�
(aq)

Through this mechanism, pyrophosphate induces a catho-
dic shift in the reduction potential of Cu2+ by modifying its
electronic environment. As illustrated in Fig. 3a, the reduction
potential of Cu2+ is significantly shifted toward more negative
values upon pyrophosphate complexation, narrowing the elec-
trochemical gap with Zn2+ and enabling simultaneous co-
deposition. This alignment of Cu2+ and Zn2+ reduction poten-
tials facilitates stable and uniform co-deposition within a single
bath, enabling precise control over CuZn alloy composition and
morphology. This bimetallic electrodeposition method may
exhibit simplicity, low cost, and compatibility with roll-to-roll
processing over vapor-phase or chemical methods, which are
widely adopted in battery manufacturing.

We confirmed that the formation of the [Cu(P2O7)2]6�

complex in the presence of pyrophosphate lowers the reduction
potential of Cu (vs. SHE), thereby narrowing the potential gap
between Cu2+ and Zn2+ and enabling the simultaneous co-
deposition of a CuZn alloy. For the samples presented in
Fig. 3b–d, electrodeposition was conducted at an applied
voltage of 2.0 V for 1 min. These conditions were selected to
minimize mass-transport limitations and to clearly isolate the
intrinsic effect of pyrophosphate complexation on alloy com-
position and surface morphology. The influence of pyropho-
sphate on the surface morphology of CuZn deposits prepared
from the Cu10Zn40 electrolyte is shown in Fig. 3b. Without
pyrophosphate, the deposited layer exhibits irregular and
coarse surface features, reflecting kinetically dominated Cu
growth. Upon the addition of 100 mM pyrophosphate, the
surface becomes noticeably more homogeneous and compact,
indicating moderated Cu nucleation and improved composi-
tional balance during deposition. The surface roughness exhib-
ited clear dependence on electrolyte composition and
pyrophosphate concentration. Under pyrophosphate (PP)-free
conditions (Cu10Zn40, PP 0 mM, 2 V), Sq reached 545.5 nm,
representing the roughest surface, whereas the addition of
100 mM pyrophosphate significantly reduced Sq to 112.7 nm.
This reduction is attributed to the complexation of Cu2+ and
Zn2+ by pyrophosphate ligands, which promotes more uniform
alloy growth and results in a smoother film-like morphology.

To experimentally examine the influence of pyrophosphate
on the actual deposition composition, the elemental distribu-
tion of Cu and Zn was analyzed using EDS mapping. In the
Cu10Zn40 electrolyte without pyrophosphate, a Cu-rich film was
formed due to preferential Cu deposition. Although Zn was
detected at nearly 50 at% under this condition, the applied
overpotential (2.0 V) is sufficiently negative to drive Zn2+

reduction once initial Cu nuclei are formed on the bare Cu
substrate. However, due to the intrinsically faster reduction
kinetics of Cu2+, the overall morphology remains Cu-dominant.
In contrast, when pyrophosphate (100 mM) was added to the

Fig. 3 Pyrophosphate complexation on CuZn reduction behavior and alloy co-deposition. (a) Reduction potential shift of Cu2+ and Zn2+ induced by
pyrophosphate complexation, enabling simultaneous alloy co-deposition. (b) Surface morphology of Cu10Zn40 deposits without and with the addition of
pyrophosphate (0 mM PP vs. 100 mM PP), showing improved morphological homogeneity upon PP addition. (c) EDS elemental mapping of Cu and Zn
deposited from the Cu10Zn40 electrolyte with pyrophosphate (100 mM). (d) Atomic composition of co-electrodeposited CuZn films prepared from
Cu10Zn40 without pyrophosphate, Cu10Zn40 with 100 mM pyrophosphate, and Cu20Zn30 with 100 mM pyrophosphate.
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same electrolyte, Zn deposition increased markedly, resulting
in a more uniform CuZn alloy layer (Fig. 3c). As shown in
Fig. 3d, the atomic composition of the electrodeposited films
shifts distinctly from Cu-rich to Zn-rich upon the introduction
of pyrophosphate. This transition is attributed to the strong
complexation of pyrophosphate with Cu2+, which reduces the
concentration of free Cu2+ and suppresses its reduction
kinetics, thereby increasing the relative contribution of Zn
deposition. When the Cu concentration was increased by
10 mM and the Zn concentration was decreased by 10 mM
under 100 mM pyrophosphate conditions, the Zn atomic frac-
tion in the co-deposited layer decreased by approximately
20 at%, as determined by EDS analysis.

3.2 Surface morphology and properties of co-electrodeposited
CuZn current collectors

In CuZn co-electrodeposition, the controllable processing para-
meters include applied voltage, the Cu2+/Zn2+ ratio in the
electrolyte, pyrophosphate concentration, and deposition time.
We summarize how the morphology, surface roughness, and
deposition density of CuZn films can be precisely controlled by
tuning the applied voltage, Cu2+/Zn2+ ratio, and pyrophosphate
concentration in Fig. 4a. This compositional tunability is
critical for optimizing both the lithiophilicity and mechanical
integrity of the current collector for lithium metal battery
applications.

The micro-/nano-scale surface morphology of the CuZn
deposits was significantly influenced by the pyrophosphate
concentration. As shown in Fig. 4b, at low pyrophosphate con-
centrations, sufficient ion supply promotes film-type deposition

rather than branched growth. However, when sufficient pyropho-
sphate is introduced, complexation reduces the activity of free
Cu2+ ions, and under elevated overpotential conditions, a local
ion depletion zone forms near the electrode surface. As a result,
limited ion supply leads to needle-like and branched CuZn
growth. Under the 3 V and 2 min deposition conditions, a
continuous film was formed at 100 mM PP concentration. When
the PP concentration was increased to 400 mM, the surface
became more granular. At 800 mM PP concentration, nano-
scale branched structures were clearly observed. This behavior
suggests a transition in the deposition mechanism influenced by
ion depletion and nucleation dynamics.

A similar change in structural shape was observed under
different applied voltage conditions. At a low pyrophosphate
concentration (100 mM), a sufficient free metal ion concen-
tration favored uniform deposition. In contrast, under high PP
conditions (800 mM), the morphology strongly depended on
applied voltage. At 2.0 V, the CuZn layer remained continuous.
At higher voltages (Z3.0 V), enhanced ion depletion near the
electrode surface led to branched growth. This phenomenon is
attributed to the formation and expansion of an ion depletion
layer at the electrode interface.35 As the deposition voltage
increased, this depletion zone widened, resulting in thinner
and more vertically elongated dendritic branches.

To induce film morphology, 10 mM Cu, 40 mM Zn, 100 mM
PP and 2 V were applied. To induce branched morphology,
10 mM Cu, 40 mM Zn, 800 mM PP and voltages above 3 V were
employed. Fig. 4c–k present the SEM images of CuZn deposits
obtained by systematically varying voltage, deposition time,
and PP concentration to induce either film or branched

Fig. 4 Surface morphology and growth mechanism of CuZn deposits controlled by deposition parameters. (a) Schematic illustration of CuZn deposition
regulated by applied voltage, Cu2+/Zn2+ ratio, and pyrophosphate concentration. (b) Mechanism of film or branched CuZn growth as a function of
pyrophosphate concentration, with the corresponding SEM images. (c)–(e) SEM images of CuZn deposited at 2 V under 100 mM PP for 1, 2, and 3 min,
respectively. (f)–(h) SEM images of CuZn deposited at 3 V under 800 mM PP for 1, 2, and 3 min, respectively. (i)–(k) SEM images of CuZn deposited at 4 V
under 800 mM PP for 1, 2, and 3 min, respectively.
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structures. At 2 V and 100 mM PP, film-type CuZn deposition
was consistently observed regardless of deposition time, with
no significant morphological transition (Fig. 4c–e). Under 3 V
and 800 mM PP, a more granular morphology was observed at
1 min (Fig. 4f), and nano-scale branched structures began to
form after 2 min (Fig. 4g and h). Under 4 V and 800 mM PP,
1 min deposition produced larger granular features with a
limited number of branches (Fig. 4i). Increasing the deposition
time to 2 min resulted in pronounced branch formation with
significantly increased size (Fig. 4j). At 3 min, excessive vertical
growth led to micron-scale dendritic structures rather than
well-defined nano-branches (Fig. 4k).

These results demonstrate that the morphology of the CuZn
deposits—including surface roughness, branching geometry,
and structural density—can be finely tuned to adjust both the
surface area and mechanical robustness of the current collector.
By optimizing the geometric features and chemical composition
suitable for lithium–metal battery anodes, this approach pro-
vides a versatile surface-engineering strategy in which the CuZn
structure can be systematically tailored through control of elec-
trolyte ion concentration, applied voltage, and deposition time.

3.3 Surface modification of CuZn anode current collectors via
thermal treatment

During the electrodeposition of CuZn onto the Cu foil, an
interfacial region is formed between the two metals, which
can lead to weak mechanical adhesion and degradation of long-
term cycling stability. Therefore, a post-treatment process is
required to reinforce the interfacial strength and improve the
mechanical integrity of the current collector. Surface modifica-
tion of the anode current collector with lithiophilic zinc in the
form of a CuZn film is expected to improve the cycle life of
LMBs, yet this improvement can be maximized after thermal
treatment, which reinforces the mechanical integrity of the
interface. For verification, the electrodeposited CuZn layer
was first uniformly deposited to a thickness of approximately
300 nm on the surface of the 9 mm thick Cu foil, Fig. 5a. The
energy-dispersive spectroscopy confirmed that the electrode-
posited CuZn layer was Zn-rich compared to Cu. Notably, the
deposited layer remained strictly on the surface without any
penetration into the Cu foil. Following thermal treatment,
however, significant microstructural changes were observed.
The CuZn layer and the underlying Cu foil underwent recrys-
tallization, during which Zn atoms diffused into the Cu sub-
strate, forming new grain boundaries at the interface. This
interdiffusion is expected to enhance mechanical integrity by
eliminating interfacial delamination and promoting structural
continuity between the layers. Grazing-incidence X-ray diffrac-
tion (GIXRD) results (Fig. 5b) support the interdiffusion during
thermal annealing. Prior to annealing, characteristic peaks
corresponding to the Zn-rich intermetallic phase Cu5Zn8 were
observed. After annealing, the dominant phase transitioned to
Cu0.75Zn0.25, indicating Zn diffusion into the bulk Cu. This
compositional shift strongly suggests that thermal treatment
improved metallurgical bonding at the CuZn–Cu interface.

The enhanced crystallographic stability of the electrodepos-
ited CuZn layer after post-annealing was reflected in the cycling
performance of Li8Cu half cells. Galvanostatic charge–dis-
charge (GCD) tests were conducted on Cu foil, CuZn, and
heat-treated CuZn (CuZn HT) at current densities of 0.5, 1,
and 2 mA cm�2 with a fixed areal capacity of 1 mAh cm�2, as
shown in Fig. 5c. At 0.5 mA cm�2, compared to the bare Cu foil
cell with a lifespan of 280 h, the Li8CuZn cell demonstrated an
extended lifespan of 335 h. This improvement is attributed to
the incorporation of Zn, a more lithiophilic metal, which
enhances lithium affinity and promotes more uniform Li
plating. After post-annealing, the Li8CuZn HT cell exhibited a
further improved lifespan of 404 h, confirming the beneficial
effect of recrystallization and interfacial diffusion on cycling
stability. Under more rigorous conditions, at 1 mA cm�2, the
lifespans were 160 h for Cu foil, 270 h for CuZn, and 350 h for
CuZn HT. At 2 mA cm�2, the corresponding lifespans were 70 h
(Cu foil), 120 h (CuZn), and 240 h (CuZn HT), respectively.
These results clearly demonstrate the superior cycling stability
of CuZn and CuZn HT compared to bare Cu, particularly under
high-current conditions. Coulombic efficiency (CE) trends
further corroborated these findings, as shown in Fig. 5d. The
average number of cycles at which CE fell below 80% increased
from 48 cycles for the Li8Cu cell to 70 cycles for the Li8CuZn
cell, and further to 84 cycles for the Li8CuZn HT cell. These
results indicate improved Li reversibility and reduced parasitic
reactions upon surface modification and subsequent thermal
treatment.

We further investigated the Li deposition behavior during
electrochemical cycling to verify the advantage of the lithiophi-
lic bi-metal surface. Li8CuZn cells with a 16 mm effective
diameter were first subjected to five formation cycles at 50 mA
within 0–1 V, followed by Li deposition at 0.5 mA cm�2 with an
areal capacity of 1 mAh cm�2. Li plating was examined after the
1st and 50th deposition cycles on Cu foil and CuZn HT current
collectors using SEM (SU5000, Hitachi), as shown in Fig. 5e. On
the bare Cu foil, Li was deposited in an irregular and dendritic
manner, whereas on the CuZn HT surface, Li deposition was
more conformal and uniform. Both the 1st and 50th Li plating
cycles exhibited uniform deposition on the CuZn HT current
collector, indicating that the lithiophilicity of the modified
interface was maintained even after prolonged cycling. Such
morphological uniformity is essential for suppressing localized
current density spikes, which are known to trigger dendritic
growth and eventual cell failure.

3.4 Nanoengineering via CuZn co-electrodeposition

We further promoted the formation of branch-like morpholo-
gies to investigate the synergistic effect of structural design and
bi-metal surface composition. To examine the influence of the
Cu2+/Zn2+ ionic concentration ratio in the electrolyte on elec-
trochemical performance, two electrolyte compositions,
Cu20Zn30 and Cu10Zn40, were used to deposit nano-CuZn films.
Both were fabricated under identical electrodeposition para-
meters (800 mM PP, 3 V, and 2 min) to ensure a fair
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electrochemical comparison, followed by quantitative struc-
tural and compositional analysis.

Galvanostatic charge–discharge (GCD) cycling tests were
performed on both nano-CuZn electrodes at a current density
of 0.5 mA cm�2 with an areal capacity of 1 mAh cm�2. As shown
in Fig. 6a, the nano-Cu10Zn40 electrode exhibited a 32.4%
longer lifespan compared to the nano-Cu20Zn30 current collec-
tor. Additionally, the number of cycles maintaining a Coulom-
bic efficiency (CE) above 80% increased from 101 cycles for
Cu20Zn30 to 133 cycles for Cu10Zn40 (Fig. 6b).

The branch size and density of nano-CuZn significantly
influence lithium deposition behavior during cycling. There-
fore, we analyzed how variations in the Cu2+/Zn2+ ratio in the

electrolyte determine the resulting CuZn surface morphology
and how these structural differences affect cycling stability. The
surface morphology and density of the nanostructures were
characterized by atomic force microscopy (AFM, Nanosurf), as
shown in Fig. 6c. The surface roughness (Sq) was measured to
be 0.35 mm for the sparser nano-Cu10Zn40 structure and
0.44 mm for the relatively denser nano-Cu20Zn30 structure.

Nanobranch geometry varied markedly depending on the
Cu2+/Zn2+ ratio and ion supply conditions. Under identical
deposition conditions (800 mM PP, 3 V, and 2 min), increasing
the Cu concentration from Cu10Zn40 to Cu20Zn30 produced
shorter but significantly denser nanobranches. As shown in
Fig. 6d, quantitative structural parameters were extracted from

Fig. 5 Post-annealing effect on CuZn co-electrodeposited current collectors and their electrochemical performance. (a) TEM–EDS mapping images of
CuZn films on Cu foil before and after post-annealing. (b) GIXRD patterns showing phase evolution from Cu5Zn8 to Cu0.75Zn0.25 after annealing. (c)
Galvanostatic cycling performance (lifetime) of half cells measured at current densities of 0.5, 1, and 2 mA cm�2 with an areal capacity of 1 mAh cm�2. (d)
Coulombic efficiency (CE) trends under the same current densities, demonstrating improved Li reversibility and cycling stability after surface modification
and thermal treatment. (e) SEM images of Li deposition morphology after the 1st and 50th Li plating cycles (following five formation cycles).
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SEM image analysis, including branch diameter, height, sur-
face coverage density, and top-surface area. The Cu20Zn30

structure exhibited an average branch diameter of 177 nm
and a height of 587 nm, corresponding to a 37% increase in
diameter and a 76% reduction in height compared with
Cu10Zn40. In addition, the nanostructure density increased by
approximately 2.4-fold, while the top-surface area decreased by
62%, resulting in a characteristic short-and-dense nanobranch
morphology. Notably, since the deposition current density and
time were identical for both samples, the total transferred
charge and thus the overall amount of deposited CuZn was
comparable. Therefore, the denser Cu20Zn30 structure con-
sisted of numerous shorter branches, whereas the relatively
sparse Cu10Zn40 structure developed fewer but longer nano-
branches. EDS analysis confirmed a Zn-lean composition
(65.9% Cu and 34.1% Zn) of Cu20Zn30, consistent with the
higher Cu fraction in the electrolyte. The increased branch

density is attributed to enhanced Cu2+ reduction kinetics at
higher Cu concentration, which promotes more frequent
nucleation events and consequently leads to a greater number
of closely spaced nanobranches.

The difference in electrochemical performance is attributed
to variations in electric field distribution induced by nanos-
tructure density (Fig. 6e). Densely packed nanostructures tend
to concentrate the electric field at the tips of adjacent branches,
promoting localized lithium deposition. This top-dominant
deposition pattern (top plating) limits effective utilization of
the inter-branch surface area and can reduce lithium plating
efficiency. In contrast, the relatively lower nanobranch density
in nano-Cu10Zn40 allows more uniform electric field distribu-
tion and improved lithium accessibility between branches,
resulting in more homogeneous lithium deposition and
enhanced cycling stability. These results demonstrate that
tuning the Cu2+/Zn2+ ratio in the electrolyte effectively controls

Fig. 6 Comparative analysis of the electrochemical and morphological properties of Cu foil, nano-Cu20Zn30, and nano-Cu10Zn40 current collectors. (a)
GCD cycling results show a longer lifespan of nano-Cu10Zn40, attributed to its improved surface structure. (b) Coulombic efficiency trends indicate
enhanced Li reversibility in denser nanostructures. (c) AFM images reveal a higher nanostructure density in nano-Cu20Zn30 compared to nano-Cu10Zn40.
(d) SEM images of nano-CuZn current collectors electrodeposited at different Cu2+/Zn2+ ratios under identical conditions (800 mM PP, 3 V, and 2 min).
(e) Schematic illustration of Li plating behavior, showing localized top plating in rougher structures and more uniform deposition on denser surfaces.
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nanostructure density, which in turn governs electric field
distribution and lithium deposition behavior.

3.5 Electrochemical analysis of co-electrodeposited CuZn
current collectors

Electrochemical impedance spectroscopy (EIS) was conducted
to quantify the interfacial characteristics of the nanostructured
CuZn current collector. As shown in Fig. 7a, two semicircles
corresponding to two distinct time constants were observed in
the Nyquist plots of the CuZn HT and nano-CuZn electrodes.
This behavior indicates the presence of two different resistive
components at the electrode/electrolyte interface. In this study,
the first semicircle in the high-frequency region was assigned to
the surface film/SEI-related resistance, while the second semi-
circle in the mid-frequency region was attributed to the charge-
transfer resistance (Rct). Each resistance component was quan-
tified separately (Fig. 7b).

CuZn HT exhibited reductions in both resistance compo-
nents and showed the lowest total interfacial resistance. In
contrast, nano-CuZn showed a reduced first semicircle (surface
film/SEI resistance) but a relatively increased second semicircle
(charge-transfer resistance), resulting in a slightly higher total
interfacial resistance than that of CuZn HT. This trend suggests
that the introduction of Zn promotes favorable interfacial
reactions, such as improved surface film formation and wett-
ability. At the same time, the nanostructured surface, which
possesses increased roughness and enlarged effective surface

area, may introduce more complex local charge-transfer path-
ways and non-uniform current distribution. In addition, a high
surface area structure can increase the total area available for
SEI formation and expand the interfacial reaction region, which
may influence the charge-transfer resistance component.
Despite this increase in Rct, nano-CuZn effectively suppresses
the initial irreversible reactions through its lower surface film
resistance and enhanced lithium nucleation behavior. This
interfacial stabilization contributes to the improved cycling
stability observed in the subsequent full-cell tests.

Lithium nucleation behavior was evaluated from the voltage
response during the initial plating stage. The nucleation over-
potential reflects the energy barrier required for the formation
of the first lithium nuclei on the current collector surface. A
lower value indicates more uniform nucleation and a more
stable initial deposition process. As shown in Fig. 7c, nano-
CuZn exhibited a significantly lower nucleation overpotential
than bare Cu. This result can be explained by the higher
lithiophilicity of Zn and the increased number of active nuclea-
tion sites on the surface. The nano/branched morphology
increases the number of available nucleation sites within a
given geometric area and reduces local current concentration.
As a result, lithium deposition becomes more homogeneous
and less localized. The reduced nucleation overpotential
observed for nano-CuZn provides favorable interfacial condi-
tions that suppress irreversible lithium consumption and miti-
gate non-uniform lithium deposition during repeated cycling.

Fig. 7 Electrochemical performance comparison of Li8Cu foil, Li8CuZn HT, and Li8nano-CuZn cells. (a) Electrochemical impedance spectra (EIS)
showing two distinct semicircles corresponding to surface film resistance and charge-transfer resistance. (b) Quantitative comparison of surface film
resistance and charge-transfer resistance for Cu foil, CuZn HT, and nano-CuZn current collectors. (c) Lithium nucleation overpotential measured during
the initial plating process. (d) Cycling performance of NCM523 full cells assembled with pre-deposited Li on Cu foil, CuZn HT, and nano-CuZn current
collectors. (e) Coulombic efficiency of the corresponding full cells during cycling.

Communication Nanoscale Horizons

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

0/
20

26
 1

0:
45

:0
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nh00766f


This journal is © The Royal Society of Chemistry 2026 Nanoscale Horiz.

A full-cell test was conducted using three current collectors:
bare Cu foil, a heat-treated CuZn-coated current collector (CuZn
HT) prepared by film-type coating at 2 V for 2 min from a
Cu10Zn40PP100 bath, and a nanostructured CuZn current collec-
tor (nano-CuZn) prepared at 3 V for 2 min from a Cu10Zn40PP800

bath. The cathode was single-sided NCM523 (Ni : Co : Mn =
5 : 2 : 3, MTI Corp.) with an areal capacity of 1.774 mAh cm�2.
Li was pre-deposited onto each current collector to achieve an
N/P ratio of 1.8 (3.193 mAh cm�2). After Li pre-deposition, the
coin cell was disassembled and reassembled into a full cell by
replacing the Li chip with an NCM523 cathode.

For cycling, cells were rested for 5 h and then subjected to
two formation cycles at 0.05C within 3.0–4.2 V, followed by
regular cycling at 0.2C. Based on an 80% capacity retention
criterion, the cycle life was 15 cycles for bare Cu, 37 cycles for
CuZn HT, and 38 cycles for nano-CuZn (Fig. 7d). Thus, the
introduction of Zn increased the early-stage lifetime (80%
retention) by approximately 140%. This result indicates that
Zn effectively reduces the initial irreversible capacity loss.
When the cycle life was evaluated based on 20% capacity
retention, CuZn HT and nano-CuZn exhibited 58 and 86 cycles,
respectively. These results show that the nanostructured CuZn
current collector provides superior stability during the later
stages of cycling. For both Cu foil and CuZn HT, the Coulombic
efficiency dropped below 90% at approximately 56 cycles. In
contrast, nano-CuZn maintained a Coulombic efficiency above
90% for more than 100 cycles (Fig. 7e). This behavior confirms
that nano-CuZn more effectively suppresses irreversible lithium
consumption during repeated cycling.

4. Conclusion

In this study, we developed a scalable and tunable CuZn co-
electrodeposition strategy to fabricate lithiophilic and structu-
rally robust current collectors for lithium–metal batteries. By
incorporating potassium pyrophosphate as a complexing agent,
the reduction potential of Cu2+ was modulated to enable
concurrent deposition with Zn2+ in a single bath. The resulting
CuZn layers exhibited controlled morphologies ranging from
compact films to high-surface-area branched nanostructures
through simple adjustment of metal ion concentrations and
deposition voltages. Post-annealing promoted interfacial
recrystallization and the formation of a Cu0.75Zn0.25 alloy phase,
which improved adhesion and mitigated delamination. Com-
pared to bare Cu foils, the heat-treated CuZn current collector
extended the cell lifespan by 44.3% and improved Coulombic
efficiency retention. Further enhancement was achieved
through nanostructured surface engineering, with the nano-
CuZn current collector reducing interfacial resistance by 65.2%
and Li nucleation overpotential by 79.5%, resulting in a total
lifespan improvement of 87.2%. Moreover, systematic tuning of
Cu2+/Zn2+ ratios demonstrated that the nano-Cu10Zn40 compo-
sition delivered the best performance, extending the number of
stable cycles (CE 4 80%) by 32.4% over the nano-Cu20Zn30

variant. This improvement is attributed to the denser surface

morphology and more favorable electric field distribution,
which enabled uniform and conformal lithium plating. Collec-
tively, this work establishes CuZn co-electrodeposition, com-
bined with thermal treatment and nanostructuring, as a
practical and industrially compatible route to improving the
stability and efficiency of lithium–metal anodes. The compat-
ibility of this approach with roll-to-roll processing highlights its
strong potential for integration into next-generation high-
energy-density battery manufacturing platforms.
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