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Depositing a uniform lithium metal layer on a highly conductive current collector (CC) is essential for
the development of next-generation Li metal batteries (LMBs). However, poor cycling stability, low
Coulombic efficiency, and the potential safety hazards associated with Li dendrite growth remain major
obstacles to their commercialization. Herein, a lithiophilic copper—zinc (Cug g4Zng 3¢) alloy “skin™ is fabri-
cated on commercial Cu CCs for LMBs using an adjustable and scalable ultrafast high-temperature
(UHT) Joule heating method. The Cuge4ZNnoze alloy exhibits strong lithiophilicity, facilitating uniform
nucleation and growth of Li metal on its surface, thereby enabling dendrite-free deposition. Density
functional theory (DFT) and molecular dynamics (MD) simulations further convincingly support
the experimental results. Benefiting from these enhancements, this modified Cu CC demonstrates excel-
lent long-term stability in both LillCu half-cells and full-batteries paired with LiFePO4 or LiNigo-
C00.0sMNg 05O, cathodes. More importantly, the versatile UHT method can be extended to develop
various metal-"skin"-coated CCs, offering an ingenious strategy for creating composite lithiophilic mate-
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rials. This work presents a viable pathway for the batch production of advanced Cu CCs for high-
performance Li anodes, laying a significant foundation for the practical application of high-energy-
density LMBs.
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Broader context

Lithium metal batteries (LMBs) are emerging as a leading next-generation energy storage system owing to their exceptional energy density, making them ideal
for applications in electric vehicles, portable electronics, and renewable energy storage. Quantitatively pre-depositing lithium onto the current collectors (CCs)
as the anode, or even directly using the CCs as the anode to prepare an anode-free LMBs, can not only push the battery’s energy density towards the theoretical
limit but also minimize production costs. In both configurations, the design and mass production of highly lithiophilic CCs face significant challenges. Our
work utilizes ultrafast high-temperature (UHT) Joule heating technology to controllably and mass-produce a lithiophilic copper-zinc (Cuo ¢4Zny 36) alloy “skin”
layer on Cu CCs, enabling the high reversible plating and stripping of ultra-thin lithium layers in both half cells and full batteries. This work will have a broad
impact on three levels: First, this method can be extended to the mass production of various metal-“‘skin’’-coated CCs, demonstrating universal applicability.
Second, CCs with highly lithiophilic “skins” will greatly advance the application of high-energy-density LMBs. Third, our innovative approach can also provide
transformative solutions for current collector modification in other electrochemical energy systems, such as fuel cells and alkali-metal-based batteries.

1. Introduction
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Lithium metal batteries (LMBs), with high theoretical energy
densities, are considered one of the most promising candidates
for next-generation high-energy-density energy storage systems,">
particularly as the continuous advancements in electronic devices
and electric vehicles.>”® However, the high intrinsic reactivity of
Li metal readily induces undesirable side reactions with elec-
trolyte components,” causing the dynamic reconfiguration of
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uneven solid-electrolyte interphase (SEI) as well as Li dendrite
growth.®* These dual adverse effects accumulate over time,
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ultimately leading to battery failure. Consequently, developing
highly stable Li metal anodes has become a recognized techni-
cal challenge.’®'* To address these challenges, various strate-
gies have been explored, including the use of electrolyte
additives,’> 8 the creation of artificial SEIs,">'*2! the custo-
mization of pulse charge/discharge protocols, and the
design of Li deposition frameworks.>*®* While these methods
have improved SEI properties and enhanced Li plating-
stripping behaviour, issues related to SEI instability and Li
dendrite formation remain significant obstacles to the practical
application of Li metal anodes. Notably, many approaches
require excess Li during battery assembly. For instance, when
employing 200% excess Li, the theoretical volumetric capacity
of the LMBs drops from 2060 mA h L' to approximately
690 mA h L '.2° Furthermore, excess Li metal can lead to
performance degradation and safety concerns.’® Additionally,
due to its poor processability, Li foil thinner than 50 pm is
prone to damage or contamination during rolling, posing
challenges to large-scale production.*!™*

In recent years, LMBs utilizing a finite amount of pre-
deposited Li on the current collectors (CCs) as an anode, and
even anode-free LMBs where the CC directly serves as the
anode, have been considered optimal solutions for the practical
application of LMBs.>**** In both configurations, the CC is
pivotal in achieving high battery performance.***” Planar Cu
foils, known for their excellent conductivity, processability, and
stability at low potentials,>®**° have long been the preferred
choice for anode CCs. However, the lattice mismatch between
conventional Cu and Li disrupts the nucleation and growth of
Li on the surface.?® This also affects the local current density
and Li" flux distribution, conclusively resulting in Li dendrite
growth and low Coulombic efficiency (CE). One effective strat-
egy to mitigate these issues is the introduction of a functional
lithiophilic modification layer on the surface of the Cu CCs,
which stabilizes Li plating and stripping, thereby enhancing the
performance of LMBs.*'** Current methods for constructing such
modification layers include physical vapor deposition,”™® slurry
coating,*®"> chemical immersion,>* > and molten injection.>">*”
For example, Liu et al. improved the lithiophilicity of Cu CCs
by depositing a CugeZn alloy layer via magnetron sputtering,
resulting in better Li deposition behavior.*® Similarly, Yu et al.
applied a single-ion conductor polymer through spin-coating
on the Cu surface, achieving uniformity and adhesion, which
effectively enhanced the interface stability.”® Chemical impreg-
nation has also gained attention for its simplicity and ease of
operation, while molten Li-containing alloy processes show
great promise in forming alloy layers with excellent scalability
potential.>” Despite these advancements, significant chal-
lenges remain for large-scale production of reformative Cu
CCs with high-quality modification layer. These challenges
include poor bonding strength between the modification
layer and Cu CCs, low reversibility of Li deposition and
dissolution,'* insufficient long-term stability, harsh prepara-
tion conditions, and difficulties in scaling up manufacturing.
Therefore, developing a low-cost, highly durable, and scalable
process for the batch production of lithiophilic Cu CCs is
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urgently needed to propel the next generation of ultra-high
energy density LMBs.

Herein, we devise and utilize the Joule heating ultrafast
high-temperature (UHT) synthesis technique for the first time
to rapidly, precisely, and in batch processes, prepare lithio-
philic Cu-Zn alloy modification layers on the surface of Cu CCs.
This strategy involves a two-step in situ alloying process applied
to Cu foils (Fig. 1). Initially, the evaporated Zn forms a CusZng
intermediate state on the Cu surface (denoted as Cu@CusZng)
at lower temperatures, allowing precise control of the Zn
content in the alloy. The second step entails rapid and extensive
alloying at elevated temperatures, resulting in a final Cug ¢4Zng 36
phase on the Cu surface (denoted as Cu@CugesZngs6). The
resultant homogeneous Cu-Zn alloy from the transient alloying
reaction forms a thin lithiophilic “skin” layer, which is funda-
mentally distinct from traditional externally introduced alloy
coatings. This approach preserves the conductivity and ductility
of the thin Cu foil while significantly enhancing its wettability to
metallic Li. As a result, it effectively reduces the nucleation
potential for Li deposition and improves the overall performance
of LMBs. Notably, the application of Cu@CugesZng3¢ led to
improved average CE, stabilized Li morphology, and prolonged
cycle life in thin-film LMBs based on LiFePO, or LiNijo-
Co09.0sMny 050, cathodes. This study provides a feasible and
promising approach to advancing the practical application
of LMBs.

2. Results and discussion

2.1. Fabrication and characterization of Cug ¢,Zn, 36
“skin” layer on Cu CCs

Fig. 1a schematically illustrates the in situ compounding of Zn
onto a Cu foil using the two-step UHT method. This approach
involves a series of precisely staged alloying steps that trans-
form the surface of Cu into a lithiophilic Cuge4Zng 3¢ “skin”
layer. In the first step, the bare Cu foil is placed on a conveyor
belt (I) that moves it beneath a Zn foil layer. A moderate-power
Joule heating source vaporizes the Zn, allowing the vapor to
react with the Cu surface and form a Cu-Zn intermetallic
compound layer (II). This initial layer, rich in high-zinc-
content grains (primarily CusZng), is uniformly distributed on
the Cu substrate, preparing it for further alloying. In the next
step, a subsequent UHT step utilizing higher-power Joule
heating enables deep and complete alloying of the CusZng layer
with the Cu substrate (III), culminating in the formation of
Cu@Cuyg 4Zny 36. As depicted in the temperature-time relation-
ship curve during UHT synthesis (Fig. S1, ESIt), Zn deposition
occurs at approximately 750 K over tens to hundreds of sec-
onds, while deep alloying completes in microseconds at higher
temperatures. The initial step allows precise control over the
alloy composition, while the subsequent deep alloying step
forms a more lithiophilic alloy, characterized by a very small
contact angle with molten Li (Fig. S2, ESIf), preserving the
structural integrity of the substrate. Moreover, this method
enables the fabrication of large-scale alloys through controlled
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Fig. 1 Schematic diagram and characterization of Cu@Cuge4Znose fabrication. (a) Schematic illustration of the preparation of large-scale
Cu@Cug 4ZNg 36 UsiNg a two-step UHT method. (b) XRD patterns of Cu, Cu@CusZng, and Cu@Cug e4ZNg 36. (C) XPS spectra of Cu and Cu@Cug g4ZNg 36.
(d) ICP-OES for Cu and Zn content at different reaction times. (e)-(g) AFM images of Cu, Cu@CusZng, and Cu@Cug e4Zno36. (h)—(j) FESEM, HRTEM,

HAADF-STEM images and elemental mapping of Cu@Cug g4ZNg 36.

heating zones (Fig. S3, ESIT). Looking forward, the compatibil-
ity with conveyor systems paves the way for large-scale mass
production, offering a significant advantage over conventional
techniques.

According to the Cu-Zn binary phase diagram in Fig. S4
(ESIY), the two primary stable alloy phases emerge with increas-
ing Zn content: the B-phase (intermetallic compound) and

2624 | Energy Environ. Sci., 2025, 18, 2622-2633

o-phase (solid solution),” corresponding to the products
formed during two different reaction stages. The structures of
the Cu CCs obtained through the UHT method at various stages
are shown in Fig. 1b. X-ray diffraction (XRD) analysis reveals
that the pristine Cu belongs to the Fm3m space group, exhibit-
ing three characteristic peaks at 43.3°, 50.4°, and 74.1°
which correspond to the (111), (200), and (220) diffraction

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ee05862c

Open Access Article. Published on 04 Februar 2025. Downloaded on 01.04.2026 12:02:50.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

peaks, respectively.®® After the first stage of UHT, new peaks
appear at 35.1°, 38.0°, and 48.1°, primarily related to the
formation of CusZng on the Cu surface. After the second stage,
the peaks associated with CusZng disappear, and new peaks
emerge at 42.3° 49.3°, and 72.2°, corresponding to the (111),
(200), (220) planes of Cug 4Zny 36. The Cu foil was replaced with
a Cu mesh, and its surface was treated using the two-step UHT
method to enable high-resolution TEM (HRTEM) characteriza-
tion. The HRTEM image of the modified Cu mesh in Fig. 1i
shows the lattice spacings of 0.18 nm and 0.21 nm, corres-
ponding to the (200) and (111) planes of Cug¢,Zny 36, respec-
tively. These findings are further complemented by high-angle
annular dark-field scanning TEM (HAADF-STEM) images in
Fig. 1j, confirming the formation of the Cugy¢,Zno 36 phase on
Cu CC surface after UHT treatment. To further verify Cu-Zn
alloy formation on the Cu surface, X-ray photoelectron spectro-
scopy (XPS) tests were conducted, as illustrated in Fig. 1c and
Fig. S5 (ESIt). Comparison of Cu 2p spectra before and after
Joule heating (Fig. S5a, ESIT) shows that pristine Cu exhibits
both Cu® and oxide peaks, whereas Cu@Cug ,Zn, 36 Tetains the
same Cu® peak positions, with the formation of the alloy layer
reducing the oxide signal.”® The full XPS spectra in Fig. S5b
(ESIT) and Fig. 1c display the emergence of Zn 2p peaks after
UHT processes, again clearly confirming the formation of
Zn-based alloys on the Cu surface.®® An oil-based ink isolation
method was employed to measure the thickness of the alloy
layer, revealing that the Cug4Zn, 36 layer has an approximate
thickness of 470 nm (Fig. S6, ESIt). The combined character-
ization results consistently verify that a high-purity Cug ¢4Zny 36
alloy “skin” layer is accurately prepared on the Cu surface using
the two-step UHT method.

To achieve structurally and performance-superior Cu@Cug g4
Zn, 3¢, it is essential to optimize the synthesis conditions in stages
II and II (Fig. 1a). Stage II focuses on controlling the Zn content
via a specific low-temperature reaction, effectively preventing
Cu deformation typically seen in conventional single-step high-
temperature alloying processes. Meanwhile, the deposition time in
stage 11 is critical, as it determines the coverage of the CusZng alloy
“skin” layer and influences the surface morphology of the final
modified Cu CCs. On the other hand, stage III operates at a higher
temperature to facilitate the rapid conversion of CusZng to
Cuy 64210, 36 Without causing damage to the substrate. Given the
short duration of stage III, tight control of the conditions is
required to prevent the formation of undesirable products
(Fig. 87, ESIt).

A series of characterizations were conducted on CCs
obtained at different stages of UHT to examine changes in
composition, morphology, and structure. The effect of deposi-
tion time in stage II on the Cu-Zn alloy layer’s morphology was
first assessed. As shown in Fig. S8 (ESIt), a deposition time of
10 s results in the formation of nanoparticles smaller than
100 nm on the Cu surface. Extending the time to 20 s produces
larger particle sizes, while further extension to 120 s leads to a
dense coverage of nanoparticles. A deposition time of 240 s
increases Cu-Zn alloy coverage and thickness further, but
results in extended transport paths for Li-ions on the surface

This journal is © The Royal Society of Chemistry 2025
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that may hinder the homogeneous Li nucleation and growth, as
will be demonstrated later. Fig. 1d presents a compositional
analysis of different Cu@Cuy 4Zny 3¢ characterized by varying
reaction time applied in stage II, using inductively coupled
plasma optical emission spectroscopy (ICP-OES). The upper
line graph indicates that the Cu substrate content remains
stable, while the lower bar graph shows a positive correlation
between deposition time and Zn content on the Cu surface,
confirming increased Cu-Zn alloy layer coverage over time.
Further microstructural characterization via atomic force
microscopy (AFM) at different stages is shown in Fig. le-g.
The results reveal that the pre-alloyed CusZng significantly
improves the flatness of the Cu surface compared to the rough
pristine Cu surface. However, due to the rapid deep alloying
reaction, Cug e4Zn, 3¢ €xhibits slightly increased surface rough-
ness, as it does not fully fuse. Field emission scanning electron
microscopy (FESEM) results (Fig. 1h and Fig. S9, ESIt) display
that after the two-step UHT treatment, Cu@Cuy 64Zn 36 features a
continuous nanoparticle structure, consistent with the AFM find-
ings. Energy dispersive X-ray spectroscopy (EDS) mapping further
manifests a uniform distribution of Cu and Zn across the
Cu@Cuy 421, 36 surface, with a stronger Cu signal compared to
Zn (Fig. S10, EST+).

Electrochemical tests were performed to compare the effects
of Cu CCs with varying coverages of the Cu-Zn alloying layer on
Li deposition behaviour. The results indicate that the nuclea-
tion overpotentials for Li on alloyed Cu surfaces are signifi-
cantly reduced, and the Li deposition plateau potentials are
greatly improved compared to pristine Cu (Fig. S11, ESI}).
Notably, these results collectively confirm that the sample
alloyed for 120 s exhibits optimal structural and performance
characteristics. This Cu-Zn alloy formation enhances the lithio-
philicity of the Cu surface, reduces the local aggregation of Li-
ions, and promotes a uniform Li distribution, resulting in
highly reversible and stable Li plating and stripping behaviour.
However, when the alloying time was extended to 240 s, the
polarization during Li deposition increased. This is attributed
to excessive and inhomogeneous island-like alloy formation,
which prolongs the local Li-ion diffusion path and reduces
mass transport efficiency. Unless otherwise stated, Cu@Cuo,e4-
Zn, 36 was prepared with preliminary alloying for 120 s and
deep alloying for 30 ms.

2.2. The enhanced kinetics of lithium deposition on
Cu@Cuy 642Ny 36

To evaluate the modulatory effect of the alloy-modified Cu CCs
on Li metal deposition behaviour, LillCu half cells were assembled
for a series of electrochemical studies. The overpotentials for Li
deposition on different Cu CCs were first investigated. As shown in
Fig. 2a, the Li nucleation overpotential on Cu@Cuge4Zng 36 iS
reduced to 33.2 mV at 0.1 mA cm %, compared to 37.2 mV on
Cu@CusZng and 93.6 mV on pristine Cu. Apart from the low
nucleation overpotential, Cu@Cug e4Zn, 36 also exhibits a signifi-
cantly lower growth overpotential, evidenced by the low potential
hysteresis during deposition. The differences in Li deposition
among the three Cu CCs were also evaluated using cyclic

Energy Environ. Sci., 2025, 18, 2622-2633 | 2625
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Fig. 2 Kinetics of lithiophilic mechanisms of modified Cu CCs. (a) Potential—capacity profiles of Cu, Cu@CusZng, and Cu@Cugg4ZNg 36 at 0.1 mAcm™ <.

2

(b) CV curves of Cu, Cu@CusZng, and Cu@Cug e4Zng 36 in LillCu cells. (c) Time-voltage profiles of LillCu cells with Cu, Cu@CusZng, and Cu@Cug g4ZNg 36
by the Aurbach method. (d)-(f) GITT profiles (d), Tafel plots (e), and the activation energies of Rsg (f) of Cu and Cu@Cug g4ZNg 36 illustrating the kinetics of
Li deposition. (g)- (1) In situ optical microscopy observations of the Li plating on Cu (g)-(i) and Cu@Cug 64ZNno 36 (j)—(1) at 5 mA cm~2 for 5 min, 20 min, and

40 min.

voltammetry (CV), where Cu@Cuy 64Zn 36 has a markedly lower Li
deposition overpotential compared to the other two CCs, charac-
terized by a more pronounced and steeper current peak at the
same deposition potential (Fig. 2b). This substantial decrease in
overpotential highlights the superior Li nucleation and growth
behavior on Cu@Cuy ,Zn, 36, which indicates a more efficient Li-
ion transport and deposition kinetic. Additionally, CE measure-
ments based on the method by Aurbach further validate the
benefits of Cu@Cuye4Zng 36 (Fig. 2¢). Among all tested samples,
Cu@Cuy 6421y 36 €xhibits the least additional Li consumption and
consistently maintains the highest CE over prolonged cycling.
Moreover, it significantly reduces potential hysteresis compared

2626 | Energy Environ. Sci., 2025, 18, 2622-2633

to both pristine Cu and Cu@CusZng. This optimized performance
underscores the enhanced cycling stability and reduced polariza-
tion of Li deposition/dissolution on Cu@Cug 4Zn 36-

The galvanostatic intermittent titration technique (GITT)
was employed to further investigate and compare the kinetic
differences in Li deposition/dissolution on varying Cu CCs,®” as
shown in Fig. 2d. Initially, Li was deposited on the CCs at
0.5 mA cm ™ for 8 h to form a metallic Li layer approximately
20 pm thick. Subsequently, Li was deposited intermittently
120 times at 1 mA cm ™2 for 30 s per cycle, with a 2-min rest
period between cycles under intermittent conditions. The strip-
ping process followed a similar protocol. The results indicate

This journal is © The Royal Society of Chemistry 2025
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that the optimized Cu@Cuye4Zng 36 exhibits lower Li nuclea-
tion barriers and polarization, reflecting a homogeneous Li
nucleation mechanism. This improvement is attributed to the
Cup.64Zny 36 “‘skin” layer, which enhances the affinity between
Li and the CC. This reduction in the nucleation barrier for Li"
aids in rapid charge transfer, promoting uniform Li metal
deposition on the Cu@Cuy ¢4,Zn, 3¢ surface.

The improvement in Li deposition kinetics is also supported
by the exchange current density (i°) calculated from the fitted
Tafel plots.®* As shown in Fig. 2e, the i® for Cu@Cug 4Zng 36 is
0.517 mA cm™ 2, significantly higher than that of pristine Cu
(0.163 mA cm™?). These results indicate that the nucleation
kinetics of Li" on Cu@Cuy 64Zn, 36 are considerably enhanced,
likely due to the stronger bonding interactions between Li and
Cug.64Zny 36. This enhancement in nucleation and charge trans-
fer properties underscores the effectiveness of the Cug ¢4Zng 36
layer in facilitating uniform Li metal deposition on CCs.

Electrochemical impedance spectroscopy (EIS) was con-
ducted on the LillCu and LillCu@Cu, ¢,Zn, 36 cells after 5 cycles
at varying temperatures, as illustrated in Fig. 2f and Fig. S12
(ESIT). The results show that the SEI resistances of the Lill-
Cu@Cuy e4Zny 36 cells are consistently lower than those of the
LillCu cells. By linearly fitting log(1/Rsg;) against 1/7,** the
apparent activation energies for Li-ion transport through SEIs
are determined as 27.74 kJ mol " for LillCu and 26.14 k] mol "
for LillCu@Cuyg 64Zny 36. This suggests that alongside modulat-
ing the Li plating and stripping behaviour, the Cug¢,Zng 36
“skin” layer promotes the formation of the superior interface
that facilitates Li-ion transport. XPS analysis further corrobo-
rates this, showing that the SEI layer on Cu@Cuyg 4Zny 36 dis-
plays markedly enhanced C-F (ca. 688.2 eV) and LiF (ca.
685.3 eV) peaks from the surface to the interior after cycling.
The total average atomic F content increased from 4.93% to
18.93%, while the content of C and O species (such as C-O,
C=0, ROCO,Li,) are lower than those on pristine Cu (Fig. S13,
ESIt).®? The increase in LiF content indicates that the strength
of SEI is reinforced. Moreover, the corresponding modulus
mapping reveals that the SEI on the Cu@Cuge4Zng 36 has a
higher Young’s modulus (Fig. S14, ESIt), indicating a more
robust SEI structure. These findings confirm that the
Cug.64Znp 36 “skin” layer on Cu CCs positively influences SEI
composition and mechanical properties, enhancing Li-ion
transport and SEI stability during cycling.

In situ metallurgical microscopy was used to observe Li
deposition on different CCs to evaluate their influence on
dendrite growth. Fig. 2g-1 manifests the morphologies of plated
Li on pristine Cu and Cu@Cuy e4Zny 36 after 5, 20, and 40 min
of deposition at 5 mA cm™ 2. On pristine Cu, inhomogeneous
Li aggregates occur in the initial 5 min, with pronounced
dendritic growth emerging as deposition progresses. In con-
trast, Cu@Cuy 4Zn, 3¢ €xhibits uniform and flat Li deposition,
gradually forming a smooth Li layer. This uniform deposition is
attributed to the favorable lithiophilicity of the Cug4Zng 36
layer, which lowers the Li nucleation barrier and minimizes
dendrite formation. FESEM provides further insights into Li

deposition morphology at 4 mA h cm 2 and 10 mA h ecm 2,

This journal is © The Royal Society of Chemistry 2025
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captured both on the surface and in cross-sectional views
(Fig. S15 and S16, ESIf). On Cu@Cuy ¢4Zn 36, Li forms larger,
denser particles without elongated dendritic structures, main-
taining a smooth surface morphology even after 50 cycles
(Fig. S17, ESIY). Additionally, after the deposition and dissolu-
tion of 10 mA h ecm ™2 of Li, XRD analysis of the disassembled
Cu@Cugg4Zny 3¢ shows that its surface structure remains
stable, with no detectable structural changes except for the
appearance of a Li peak at 36.2° (Fig. S18, ESIt). Moreover, the
structural stability of Cu@Cuyg 4Zn, 3¢ during electrochemical
cycling was verified by XRD and ICP analyses performed after
50 cycles in LillCu cells under 1 mA cm >, 1 mA h ecm™>
(Fig. S19, ESIt). The XRD patterns show identical peak posi-
tions and relative intensities compared to the pristine sample,
while ICP results confirm that the Cu and Zn contents are
nearly unchanged after cycling, collectively demonstrating the
excellent structural stability of Cu@Cug4Zng36. The above
results consistently demonstrate the superior properties of the
novel Cu@Cuyge4Zny 3¢ developed using UHT method, under-
scoring its effectiveness in promoting uniform Li deposition
and maintaining structural stability during cycling.

2.3. Cu@Cuy 64Zn, 36 enables highly-reversible LMBs

The practical application potential of ultrathin Li prepared on
modified Cu CCs in LMBs was assessed through electrochemi-
cal tests in both ether-based and ester-based electrolytes, as
shown in Fig. 3 and 4. Tests included LillLi and LillCu cells with
4 mA h cm™? of Li deposited on the CCs using an electrolyte of
1 M LiTFSI/DOL-DME (1:1, v/v) with 2 wt% LiNOs. Results
reveal that the Cu@Cuy4Zn, 36-based Li anodes exhibit con-
sistently low voltage hysteresis at various current densities,
maintaining a polarization voltage of approximately 14.6 mV
for extended periods, up to 1200 hours in LillLi symmetric cells
(Fig. 3a and b). Further testing in LillCu cells highlights the
high efficiency of Cu@Cuge4Zng36-based Li anode, which
achieves an initial efficiency superior to other tested CCs and
maintains a high CE of 98.5% after 330 cycles with plating/
stripping at 1 mA cm~> and 1 mA h cm™? (Fig. 3¢ and Fig. S20,
ESI{). Under similar conditions, pristine Cu stabilizes for only
around 95 cycles. Additionally, Cu@Cu, 4Zn, 36 shows stable,
low Li deposition overpotential across a current gradient rang-
ing from 0.1 to 5 mA cm ™2, as indicated in Fig. S21 (ESIt).

In addition to half-cell testing, a full-cell configuration was
also evaluated. A finite amount of Li metal (4 mA h cm™?) was
pre-deposited on the CCs and paired with a LiFePO, (LFP)
cathode to form a LillLFP full battery (Fig. S22, ESIY).
As depicted in Fig. 3d, the battery’s discharge capacity remains
relatively stable throughout cycling, attributed to the excellent
affinity of Cu@Cuy4Zny 36 for Li metal. This configuration
achieves a high capacity retention rate of 95% after 320 cycles
at 1C, significantly outperforming the continuously decreasing
specific capacity observed with pristine Cu. To further assess
the performance of current collectors under extreme condi-
tions, batteries with anode-free configuration were conducted.
Cu@Cuyg 64Zng 36 €xhibits higher reversible capacity and super-
ior capacity retention (60.3%) compared to bare Cu (14.2%),

Energy Environ. Sci., 2025, 18, 2622-2633 | 2627
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deposited on Cu@Cug 4ZNo 36 at 0.5 MA cm™ and 1 mA h cm™2. (c) Comparison of CEs for various LillCu cells at 1 mA cm~2 and 1 mA h cm™2. (d) Long-
term cycling performance of LIllLFP full batteries at 1C with Li anodes formed by pre-depositing 4 mA h cm™2 Li on Cu CCs. (e) Cycling performance of
LillLFP pouch batteries with the Cu@Cug 64Zno 36-based Li thin-film anode at 0.1C. The inset shows an optical photograph of the battery powering a LED

device.

highlighting the robustness of our design even under very
harsh testing scenario (Fig. S23, ESIt). Moreover, a laboratory-
scale Joule heating unit was developed, capable of preparing
tens of square centimetres of material at a time, with the
potential for further production line expansion. This approach
enables the preparation of large-area Cu@Cug ¢,Zng 36 paired
with high-loading LFP cathode, achieving a pouch cell with a
negative/positive (N/P) capacity ratio of 1.85. This configuration
demonstrates stable cycling performance and successfully
powers a series of XMU light-emitting diode (LED) lights

2628 | Energy Environ. Sci., 2025, 18, 2622-2633

(Fig. 3e), highlighting the potential of Cu@CuyesZng 36 to
enhance battery lifespan and efficiency in practical applications.

To further probe the potential of Cu@Cuy e4Zng 36 in LMBs
involving carbonate-based electrolyte, LillCu half cells were
constructed with an electrolyte of 1 M LiPF6/EC-DMC-DEC
containing 10% FEC and 2% VC. As shown in Fig. 4a-d, the
cells using Cu@Cuy 64Zn, 35 demonstrate stable cycling in this
high side-reaction activity environment. These cells maintain
stable cycling for about 270 cycles at 1 mAcm >and 1 mAh em ™2,
achieving a CE of over 96%. This is significantly superior to those

This journal is © The Royal Society of Chemistry 2025
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cells using pristine Cu, which fall below 50% CE after 69
cycles. Even at a high current density (5 mA cm™?), LillCu cells
equipped with Cu@CupesZng 3¢ maintain stable cycling
for about 240 cycles (Fig. S24 and S25, ESIt). EIS was used to
evaluate impedance in LillCu cells after various cycles, con-
sistently showing lower Rgg; and R, in cells with Cu@
Cupe4Zng 36 (Fig. S26, ESIt). This highlights its ability to
stabilize the anode/electrolyte interface and reduce active Li
loss, thus improving cycling stability. (Fig. S27, ESIf) To
further assess the compatibility with cathode materials in
carbonate-based electrolyte, a high-nickel-content LiNig o-
C0g.0sMng 50, (NCM90) cathode was matched with Cu@
Cuy.64Zny 36-based Li anode (Fig. 4e). The resultant full battery
exhibits outstanding rate performance, delivering specific
capacities of 217, 209, 193, 171, 141, 101, and 212 mA h gf1
at 0.1, 0.2, 0.5, 1, 2, 5C, and back to 0.1C, respectively (Fig. 4f).
Moreover, these full batteries show excellent cycling stability
over 150 cycles at a rate of 1C, in the voltage range of 3 to 4.3V
(Fig. 4g and Fig. S28, ESIf). All these findings underscore
the Cu@Cup.64Zng36’s suitability for practical applications,
given its low polarization, prolonged cycle stability, and high

This journal is © The Royal Society of Chemistry 2025

efficiency across varying current densities, highlighting its
potential as a reliable CC for advanced LMB systems.

2.4. Theoretical calculations of the lithiophilic mechanism of
Cu@Cuy.64Zn0 36

To elucidate the role of Cu-Zn alloys in regulating Li deposition
behaviour, we performed theoretical simulations of Li inter-
action with various Cu-Zn CCs, as illustrated in Fig. 5. Initially,
the structural stability of different CCs was evaluated by calcu-
lating their surface energies (Fig. 5a). The surface energies of
Cuy.64ZNn0 36 (111) and (200) planes were calculated to be 0.109
eV and 0.126 eV, respectively, significantly lower than those of
the corresponding CusZng and pure Cu planes. This indi-
cates that the most probable surfaces of Cug 4Zn 36 exhibit
enhanced stability and are less prone to collapse during
cycling. Analysis of the partial density of states (PDOS) reveals
that, unlike pure Cu, which exhibits excellent conductivity, Zn
in CusZng contributes negligibly to electron transport (Fig. 5b).
Conversely, Zn in Cug 4Zng 36 shows comparable occupancy at
the Fermi level with Cu, suggesting a positive contribution of

Energy Environ. Sci., 2025, 18, 2622-2633 | 2629
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Zn to electron transport and thus favourable electrochemical
performance.

Fig. 5¢ displays the binding energy of a single Li atom on
different crystal surfaces. The (111) plane of Cug4Zng 3¢ €xhi-
bits the highest Li binding energy, consistent with previous
reports.®>®® Subsequently, we investigated multilayer Li deposi-
tion, focusing on the (111) planes of the three substrates
(Fig. 5d). Unlike the single-atom case, during multilayer deposi-
tion, the Li-CCs binding energy is influenced by the lattice
mismatch between the Li crystal and the substrate. For
Cug.64ZNg 36(111), the binding energy of the initial Li layer is
relatively weak, contrasting with the single-atom scenario. This
suggests a poor lattice match between Cuy ¢4Zn, 36(111) and Li,
leading to significant lattice distortion. In subsequent layers,
the decrease in Li binding energy is significantly greater for
CUg.64Z1036(111) and CusZng(111) than for Cu(111) (Fig. 5e),
indicating that the extent and impact of the lattice distortion
are more pronounced in the former, effectively mitigating Li
dendrite formation. Molecular dynamics (MD) simulations
were employed to dynamically study the aggregation behaviour
of Li on Cu and Cuge4Zno 36 surfaces. The aggregation rate
serves as a crucial indicator of Li deposition uniformity, where

2630 | Energy Environ. Sci., 2025, 18, 2622-2633

a lower value suggests more uniform Li distribution and
reduced dendrite formation. This parameter reflects the surface
lithiophilicity and Li diffusion behavior, directly correlating
with the electrode’s ability to achieve stable and reversible
Li plating/stripping. Fig. 5f and g illustrate the dispersion
of Li atoms and their temporal evolution on Cu(111) and
Cuy 64ZNg 36(111) substrates. The aggregation rate of Li atoms
is markedly higher on the pure Cu surface, leading to rapid Li
accumulation, whereas Li atoms remain largely dispersed on
the Cuge4Zn 36 surface. This characteristic promotes uniform
Li deposition on Cuge4Zny 36, effectively suppressing dendrite
growth.

2.5. Universality of UHT method extensions in alloy
modification for CCs

The UHT technique, a highly efficient and rapid heating
method, has been extensively applied in groundbreaking
research and is introduced here for the first time to modify
CCs in LMBs. The Cu-Zn alloy serves as a lithiophilic modi-
fication, effectively lowering the nucleation barrier of Li
and transforming both the intrinsic properties of the CCs and
the distribution of surface electric and ionic fields. This

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ee05862c

Open Access Article. Published on 04 Februar 2025. Downloaded on 01.04.2026 12:02:50.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Energy & Environmental Science
200nm j 400 200nm SN -400
1 j K 200
garg Cu J 100 Peak Potential
0.91 guen _ 171 Plateau Potential
u-Ag £ 8ol 160
Cu-Zn < 148.5
>
—— Cu-Al [5) .
<0.64 & >
2» Cu-Mg % 604 é 120 124.3 124.3
% & s 083 1029
= k) s
S03 2 404 Bare Cu % 80 707 76.3 722
5 Cu-Sn a 55.5 58.9 61.4
3 Cu-Ag :
ol— S 20{—o—cual 40
: —o— Cu-Mg
1 mA cm™ o 0
0.0 0.2 0.4 0.6 0.8 1.0 0 40 80 120 160 200 240 BareCu Sn Ag  Zn Al Mg

Areal Capacity (mAh cm2)

Cycle number

Metallic Element

Fig. 6 Universality and expansion of the UHT method for alloy skin preparation on Cu CCs. (a)—-(d) FESEM images of Cu-Sn, Cu—-Ag, Cu-Al, and Cu-Mg
alloy layers on Cu CCs. (e)-(h) AFM images of Cu—-Sn, Cu—Ag, Cu—-Al, and Cu-Mg alloy layers on Cu CCs. (i) and (j) Voltage—capacity profiles (i) and
cycling performance (j) of LillCu cells with various alloy-modified Cu CCs. (k) Overpotential diagram for LillCu cells with various alloy-modified Cu CCs.

modification approach can extend to various metals. Based on
existing research, Sn, Ag, Al, and Mg, each exhibiting unique
lithiophilic characteristics, were selected for further investiga-
tion. Given their different melting and boiling points and
alloying potential with Cu, a slow vapor deposition near each
metal’s melting point was employed. Fig. 6a-d display the
morphologies of these metals deposited on commercial Cu
CCs, with their contents verified by ICP-OES (Fig. S29, ESI¥).
For instance, metallic Sn, with a melting point of 505.04 K,
exhibits extensive vapor diffusion at lower temperatures, lead-
ing to nanoscale particle deposition on the Cu CC. In contrast,
higher-melting-point metals such as Ag and Al form nearly
spherical particles, while Mg aggregates into irregular crystal-
line structures. AFM images in Fig. 6e-h shows morphologies
corresponding to Fig. 6a-d, revealing that fine, uniformly
deposited Ag and Al particles smooth the natural roughness
of Cu. A comparative analysis of the different alloys prepared
via UHT for Li deposition in LillCu half-cells is shown in Fig. 6i.
Among these, the Cu-Ag alloy demonstrates the lowest over-
potential for Li plating, and the Cu-Mg alloy achieves the
longest cycle life, while the optimized Cu-Zn alloy provides
the lowest nucleation overpotential (Fig. 6j and k). Collectively,
modifying CCs with uniformly fine particles enhances perfor-
mance over pristine Cu, offering valuable insights for further
CC modifications in LMBs. Our self-optimized equipment has

This journal is © The Royal Society of Chemistry 2025

successfully achieved small-batch production of modified Cu
current collectors with large-area uniformity, demonstrating
significant potential for future scale-up manufacturing.

3. Conclusions

In summary, an improved UHT method has been developed to
fabricate a lithiophilic Cu-Zn alloy “skin” layer on Cu, allowing
for precise control over alloy composition to optimize the
performance of Cu CCs in thin-film LMBs. Experimental
results, corroborated by theoretical calculations, confirm that
the lithiophilic layer comprises highly dispersed Cug e4Zno 36,
which improves Li" diffusion kinetics and lowers the nuclea-
tion barrier. This regulated surface facilitates high-quality Li
deposition on the CCs, yielding exceptional electrochemical
performance. The Cu@Cupe4Zno36 CCs enable reversible Li
plating-stripping with enhanced CE in half cells using ether-
based electrolyte. When matched with LFP or NCM90 cathodes
in full batteries, they exhibit superior cycling stability and high
capacity retention. This method is effective not only for produ-
cing superior Cu-Zn alloys, but also for fabricating various alloy
“skin” layers with controlled composition and structure to
improve lithiophilicity. Additionally, a laboratory-scale Joule
heating unit has been constructed, capable of preparing tens
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of square centimetres of material at a time. This approach
significantly reduces both energy consumption and processing
time, setting a foundation for the large-scale production of
high-performance modified CCs for LMBs.
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