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a b s t r a c t

Cu-Zn solid solutions are investigated as advanced current collector materials for anode-free Li metal bat-

teries (AFLMBs), addressing the limited lithiophilicity and slow Li+ diffusion kinetics inherent to conven-

tional Cu foil. Benefiting from the uniform distribution of lithiophilic Zn, Cu-Zn solid solutions demon-

strated enhanced lithiophilicity and accelerated Li+ diffusion, which effectively facilitated uniform and

reversible lithium deposition. First-principles calculations confirmed that Cu-Zn solid solutions, particu-

larly Cu62Zn38, exhibited stronger Li adsorption and reduced diffusion barriers compared to Cu. Unlike

alloy-prone metal coatings (e.g., Cu@Zn and thermally processed Cu@Zn) that sacrifice interfacial stability

for lithiophilicity, Cu-Zn solid solution maintains robust electrode-electrolyte interfaces due to its alloy-

ing inertness. Ex-situ SEM and COMSOL simulations revealed dendrite-suppressed and homogeneous Li

deposition on Cu62Zn38. In anode-free full cells, Cu62Zn38 achieves a capacity retention of 55.1 % after 150

cycles, far exceeding Cu foil (13.8 %). This work establishes Cu-Zn solid solutions current collectors as a

scalable solution for high-energy-density AFLMBs.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Rising global energy demands and environmental concerns re-

quire advanced energy storage technologies with high energy den-

sity and long cycle life [1,2]. While conventional lithium-ion batter-

ies (LIBs) dominate commercially, they are approaching theoretical

performance limits, driving the development of next-generation al-

ternatives [3,4]. Lithium metal batteries (LMBs) represent promis-

ing candidates for the next-generation of high energy batteries due

to ultrahigh theoretical specific capacity (3860 mAh/g) and low

working electrochemical potential (−3.04V) of lithium anode [5,6].

Anode-free lithium metal batteries (AFLMBs) further enhance en-

ergy density by eliminating excessive Li metal [7,8], simplifying

manufacturing process while avoiding lithium anode issues. How-

ever, AFLMBs inherit intrinsic challenges of LMBs, including den-

dritic growth, unstable solid-electrolyte interphase (SEI), and para-

sitic reactions, while facing added complexity from absent lithium

reservoirs [9,10]. Crucially, lacking pre-existing lithium metal in-
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duces nonuniform deposition and irreversible lithium loss, acceler-

ating dendrite formation and capacity degradation [11].

Significant advances in electrolyte design [12–15], interface en-

gineering [16–18], and current collector design [19–21] provide

promising strategies to overcome challenges and unlock the poten-

tial of AFLMBs for next-generation energy storage applications. As

we know, the current collector plays a crucial role in regulating

lithium nucleation behaviors and deposition morphologies, with

surface lithiophilicity and Li+ diffusion kinetics being the key fac-

tors. Conventional copper (Cu) foil has relatively low lithiophilicity,

leading to inhomogeneous lithium deposition and dendrite forma-

tion [22]. Surface coating techniques (e.g., carbon, metal or metal

oxide coatings) have been employed to improve interface lithio-

philicity and promote uniform lithium deposition, further bringing

AFLMBs closer to practical deployment [23–25].

Metals that alloy with lithium (Zn, Sn, Ag, Au, etc.) have been

extensively studied as surface coatings due to their strong lithio-

philicity, which could promote uniform lithium nucleation and

suppresses dendrite formation [26–28]. However, the alloying pro-

cess inevitably involves substantial volume expansion, leading to

interface degradation and poor cycling reversibility. To mitigate

these effects, recent efforts have focused on constructing inter-
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metallic alloy coatings to buffer volume effects, but such strategies

remain limited by inherent alloying-induced fluctuations, and also

increase fabrication complexity and costs. Accordingly, we turned

our attention to solid-solution alloy foils, which offer a promis-

ing yet unexplored approach for AFLMBs. Specifically, Cu-Zn solid-

solution (brass) have emerged as a promising candidate due to

the high lattice compatibility between Cu and Zn, which enables

the formation of solid-solution phases with uniformly distributed

Zn atoms within stable Cu lattice. These embedded Zn sites not

only act as effective lithiophilic centers, but also inert to lithium

alloying reaction due to the refrain of Cu matrix, ensuring both

interfacial lithiophilicity and stability during cycling. Furthermore,

brass foil is low-cost, scalable, and compatible with conventional

foil manufacturing, making it an attractive candidate for current

collector used in anode-free systems.

Herein, we systematically investigated the feasibility of employ-

ing commercial Cu-Zn solid solutions foils with varying Zn con-

tents as current collectors for AFLMBs. Specifically, Cu-Zn solid

solutions foil with Zn mass fractions of 32%, 35%, and 38%

(Cu68Zn32, Cu65Zn35, and Cu62Zn38), representing typical brass

compositions, were used and compared with commercial Cu foil.

For the exploration of the Zn and Cu-Zn intermetallic phase coat-

ings, Zn coatings were introduced onto Cu foil using magnetron

sputtering. Further, the Cu@Zn was thermally treated at 350 °C to

generate Cu-Zn intermetallic phases, enabling a direct compari-

son between solid-solution alloys and intermetallic phases. Both

Cu-Zn solid solutions foils and commercial Cu foil remain in-

ert toward lithium alloying reaction during cycling, and the Cu-

Zn solid solution with the highest Zn content (Cu62Zn38) ex-

hibits favorable lithiophilicity and Li+ diffusion kinetics, attributed

to the uniform distribution of lithiophilic Zn within the Cu ma-

trix. Although Zn and Cu-Zn intermetallic phase coatings display

stronger lithiophilicity, they undergo lithiation/de-lithiation dur-

ing cycling, leading to interfacial instability. This work highlights

the unique advantages of Cu-Zn solid solutions, which simultane-

ously achieves chemical stability, lithiophilicity, and practical pro-

cessability, offering a compelling alternative for current collector in

AFLMBs.

To systematically evaluate the lithiophilicity and interfacial sta-

bility of Cu and various Cu-Zn based current collectors, first-

principles calculations and electrochemical analyses were per-

formed (Fig. 1). Fig. 1a shows the calculated formation ener-

gies and corresponding volume expansion ratios between a sin-

gle lithium and different substrates. Cu and Cu-Zn solid solutions

all demonstrate positive formation energies and minimal volume

expansion, indicating their unfavorable lithiation tendency and ex-

cellent structural stability. In contrast, Cu-Zn intermetallic phases

and pure Zn show negative formation energies, indicating a strong

lithiation tendency. This enhanced reactivity leads to much higher

volume expansion, which induces interfacial instability and non-

uniform lithium deposition.

The lithium adsorption energies on various current collectors,

a key indicator of surface lithiophilicity, are shown in Fig. 1b.

Compared to Cu, Cu-Zn solid solutions exhibit enhanced lithio-

philicity, which increases progressively with higher Zn content. Cu-

Zn intermetallic compounds and pure Zn both exhibit enhanced

lithium adsorption, with pure Zn displaying the highest lithio-

philicity among all samples. These trends are consistent with elec-

trochemical results of nucleation overpotentials (Fig. 1c and Figs.

S1–S3 in Supporting information). All Cu-Zn solid solutions sam-

ples demonstrate much lower overpotentials compared to Cu, and

the Cu62Zn38 with the highest Zn content exhibits the lowest nu-

cleation overpotential, indicating its superior nucleation kinetics. In

addition, the initial discharge curves of Cu-Zn solid solutions foils

display no lithiation plateaus, confirming the absence of alloying

reactions during cycling. In contrast, although Cu@Zn-350 °C and

Cu@Zn electrodes exhibit stronger lithiophilicity, lithiation happens

during the initial discharge process, consistent with their negative

formation energies. This alloying reaction not only compromises

interfacial stability but also consumes active lithium, thereby un-

dermining the viability of anode-free configurations. Cyclic voltam-

metry (CV) test further validates these results (Figs. 1d and e). The

peak intensities of Cu62Zn38, Cu@Zn-350 °C, and Cu@Zn electrodes

are significantly higher than those of Cu, indicating their enhanced

Li+ transport kinetics. Notably, Cu and Cu62Zn38 electrodes exhibit

no additional redox peaks, while Cu@Zn and Cu@Zn-350 °C elec-

trodes show distinct initial reduction peaks, indicating alloying re-

action happens. The half-cell cycling performances (Figs. S4–S6 in

Supporting information) further corroborate these observations. As

seen, Cu62Zn38 delivers the highest average Coulombic efficiencies

(CE) of 98.7 % and superior long-term stability. The average CE of

Cu@Zn and Cu@Zn-350 °C is 98.39% and 98.5%, respectively, pri-

marily due to interfacial degradation from alloying. Cu foil fails af-

ter ∼250 cycles due to its poor lithiophilicity and severe dendritic

growth.

To gain further insights into the superior performance of Cu-

Zn solid solutions, differential charge density analysis was per-

formed on Cu and Cu62Zn38 adsorbed with single lithium (Fig.

1f). Cu62Zn38 shows stronger charge transfer and higher electron

density accumulation at the lithium adsorption site, indicating en-

hanced electron transportation that facilitates lithium reduction.

Furthermore, surface work function calculations for the (111) plane

of Cu and Cu62Zn38 (Figs. 1g and h) reveal that Cu62Zn38 has a

lower work function, suggesting more efficient interfacial electron

transfer.

Building upon the crystal structure and surface properties dis-

cussed in Fig. 1, the phase composition and morphology of the cur-

rent collectors were further analyzed (Fig. 2). The schematic dia-

gram of the crystal structure of Cu62Zn38 is shown in Fig. 2a. The

exposed Zn atoms on the surface serve as lithiophilic sites, signif-

icantly enhancing uniform lithium nucleation and promoting fast

lithium diffusion, thereby enabling uniform and reversible lithium

deposition. The X-ray diffraction (XRD) patterns (Fig. 2b and Fig.

S7 in Supporting information) confirm the phase compositions of

Cu and various Cu-Zn based current collectors. Compared to Cu,

the diffraction peaks of Cu62Zn38 slightly shift to lower angles, in-

dicating lattice expansion due to the incorporation of Zn atoms

into the Cu matrix, consistent with its solid-solution structure.

Cu@Zn shows diffraction peaks corresponding to Zn, confirming

the successful introduction of Zn onto the Cu foil. Upon anneal-

ing at 350 °C, diffraction peaks of Cu1Zn1 and Cu5Zn8 intermetal-

lic phases are observed in Cu@Zn-350 °C, suggesting that alloying

reaction between Cu and Zn occurred under the heat treatment

condition. Figs. 2c-e show the X-ray photoelectron spectroscopy

(XPS) spectra for Cu and Cu62Zn38 foils, confirming the presence of

Cu and Zn on the Cu62Zn38 foil surface. To investigate the surface

morphology, scanning electron microscope (SEM) images of vari-

ous current collectors are shown in Figs. 2f and g, Figs. S8 and

S9 (Supporting information). Both Cu and Cu62Zn38 foils display a

two-dimensional and planar morphology. Uniformly distributed Zn

nanoparticles (∼30nm) are observed on the surface of Cu@Zn. Fol-

lowing heat treatment at 350 °C for 2h, the Cu@Zn-350 °C sample

exhibits morphological irregularities and partial aggregation, likely

resulting from alloy formation processes. Fig. 2h presents the SEM-

EDS mapping results of Cu62Zn38 foil, clearly demonstrating the

uniform distribution of Cu and Zn elements.

To evaluate the lithium deposition behaviors of Cu and

Cu62Zn38 current collectors, symmetric cells were assembled with

pre-deposited lithium (2 mAh/cm2). As shown in Fig. 3a, Cu ex-

hibits higher polarization and significantly poorer cycling stability

compared to Cu62Zn38. The Cu62Zn38 symmetric cell demonstrates

lower overpotential and stable operation for over 1000h. This su-
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Fig. 1. (a) Formation energies and volume expansion ratios of single lithium with different substrates. (b) Li adsorption energies of different substrates. (c) The enlarged

images of initial discharge curves of Li||Cu, Li||Cu62Zn38, Li||Cu@Zn and Li||Cu@Zn-350 °C half cells. (d) Cyclic voltammetry curves of Li||Cu and Li||Cu62Zn38 half cells. (e)

Cyclic voltammetry curves of Li||Cu@Zn and Li||Cu@Zn-350 °C half cells. (f) Differential charge density of lithium adsorbed on Cu (111) and Cu62Zn38 (111) planes and (g, h)

surface work functions of Cu (111) and Cu62Zn38 (111) planes.

perior electrochemical behavior of Cu62Zn38 was further confirmed

by CV and electrochemical impedance spectroscopy (EIS) test (Figs.

S10–S12 in Supporting information). As seen, Cu62Zn38 demon-

strates significantly stronger oxide-redox signals and a higher ex-

change current density than Cu, indicating its enhanced electro-

chemical reactivity. EIS results also show lower impedance for

Cu62Zn38, confirming its superior charge transfer capacity.

Further, Li||Cu and Li||Cu62Zn38 half-cells were assembled to

evaluate the reversibility of lithium deposition. As shown in Figs.

3b-d, Cu62Zn38 demonstrates superior cycling performance and

higher CE compared to Cu at various current densities of 0.5, 1,

and 2mA/cm2, respectively. The corresponding nucleation overpo-

tential results (Fig. 3e) reveal Cu62Zn38 has lower nucleation bar-

riers, consistent with its superior electrochemical activity and sta-

bility. To precisely assess the average CE of the current collectors,

the Aurbach test was employed (Figs. 3f and g). As seen, Cu62Zn38

exhibits higher average CE and lower polarization compared to Cu,

highlighting its superior electrochemical performance.

To further investigate the electrochemical reactivity and Li+ dif-

fusion behaviors of the current collectors, CV, EIS and galvanostatic

intermittent titration technique (GITT) tests were conducted. As

shown in Fig. 3h, Cu62Zn38 shows much higher exchange current

density (1.9×10−3 A/cm2), indicating its enhanced electrochemi-

cal activity compared to Cu (3.18×10−4 A/cm2). EIS measurements

(Fig. S13 in Supporting information) reveal a lower charge trans-

fer resistance for Cu62Zn38, suggesting improved ion transport and

faster reaction kinetics. Moreover, the GITT results (Fig. S14 in Sup-

porting information) indicate that Cu62Zn38 shows higher Li+ diffu-

sion coefficient (5.624×10−13) than Cu (3.715×10–13). These find-

ings collectively highlight the enhanced electrochemical reactivity

and ion diffusion capabilities of Cu62Zn38, which facilitates more

uniform Li deposition.

Furthermore, ex-situ SEM characterizations were conducted on

current collectors after depositing different amounts of lithium

(Fig. 4a). At low deposition amounts, the Cu62Zn38 foil forms

smaller and denser lithium nuclei, while the Cu exhibits irregu-

lar and coarse lithium depositions. This suggests that the excel-

lent lithiophilicity of the Cu62Zn38 surface provides more uniform

and dense nucleation sites. As the deposition amount increases,

lithium metal is uniformly deposited on the Cu62Zn38 foil surface

with a two-dimensional pattern, whereas the depositions are un-

even and aggregated on the Cu foil, confirming the superior nucle-

ation and growth behaviors of lithium metal on the Cu62Zn38 foil.

These results further support the superior Li+ diffusion capabil-

ity of Cu62Zn38. DFT calculations reveal that Cu62Zn38 possesses a

lower Li+ diffusion barrier than Cu, suggesting enhanced ion trans-

port kinetics (Fig. S15 in Supporting information). Additionally, fi-

nite element simulations based on the phase-field model were per-

formed to study the lithium deposition behaviors on different cur-

rent collectors using COMSOL Multiphysics 6.2 (Fig. 4a). Cu62Zn38

enables a more homogeneous and uniform lithium deposition. In

contrast, Cu exhibits highly uneven deposition and favors dendritic

Li growth. These simulation results are consistent with the SEM

observations, further highlighting the critical role of surface lithio-

philicity and Li+ transport kinetics in dictating lithium depositing

behaviors. Further, XPS depth profiling was employed to compare

the SEI composition on the cycled Cu and Cu62Zn38 electrodes (Fig.

4b). The inner SEI on the Cu62Zn38 electrode is distinctly enriched

in LiF (F 1s at 684.8 eV) and Li3N (N 1s at 398.3 eV) compared to

that on pure Cu, which are key components to its superior me-

chanical and ionic transport properties, explaining the excellent in-

terfacial stability of the Cu-Zn solid solution current collector.

Anode-free batteries were assembled to evaluate the practical

application of Cu62Zn38. As shown in Fig. 5a, Cu62Zn38 foil dis-
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Fig. 2. (a) Crystal structure of Cu-Zn solid solution (Cu62Zn38), highlighting its structural advantages. (b) XRD patterns of Cu and Cu62Zn38. (c) XPS survey spectra of Cu and

Cu62Zn38. (d) Cu 2p spectrum of Cu62Zn38. (e) Zn 2p spectrum of Cu62Zn38. (f, g) SEM images of Cu foil and Cu62Zn38 foil and (h) corresponding EDS mapping results of

Cu62Zn38 foil.

Fig. 3. Electrochemical performance of Cu and Cu62Zn38 in symmetric cells and half cells: (a) Cycling performances of Cu@Li||Cu@Li and Cu62Zn38@Li||Cu62Zn38@Li symmetric

cells. (b–d) Coulombic efficiencies of Li||Cu and Li||Cu62Zn38 at 0.5mA/cm2–0.5 mAh/cm2, 1mA/cm2–1 mAh/cm2 and 2mA/cm2–2 mAh/cm2. (e) Nucleation overpotentials of

Cu and Cu62Zn38 at different current densities. (f, g) Aurbach test results of Cu and Cu62Zn38 and (h) exchange current density results of Li||Cu and Li||Cu62Zn38 half cells.

plays much superior cycling stability with a capacity retention of

55.1% after 150 cycles under a 0.3 C/0.5 C charge/discharge pro-

tocol, while that of Cu is only 13.8%. In addition, both Cu@Zn

and Cu@Zn-350 °C demonstrates improved electrochemical perfor-

mance than Cu, attributed to their superior lithiophilicity (Fig. S16

in Supporting information). However, their long-term cycling sta-

bility is invariably compromised. The repetitive volume changes

of these coatings during lithiation/delithiation induce continuous

mechanical degradation and interfacial reconstruction, leading to

rapid capacity fade. In contrast, the Cu62Zn38 foil effectively avoids

this issue due to its inherent structural stability. Fig. 5b also shows

much better rate capability of Cu62Zn38 with a high capacity of

104.09 mAh/g even at a current density of 3 C. The initial charge-

discharge curves (Fig. 5c) demonstrate an extremely weak nucle-

ation overpotential for Cu62Zn38, confirming its excellent lithio-

philicity. The higher reversibility of lithium deposition behaviors

on Cu62Zn38 is also revealed by its higher initial Coulombic effi-

ciency (86.92%) than Cu (76.5%). Furthermore, comparative charge-
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Fig. 4. (a) SEM images of Cu and Cu62Zn38 foils with different lithium deposition amounts and phase-field simulation results of lithium deposition on Cu and Cu62Zn38. (b)

XPS spectra for F 1s and N 1s of the electrode surfaces of cycled Li||Cu62Zn38 and Li||Cu batteries.

Fig. 5. (a) Cycling performance of Cu||LFP and Cu62Zn38||LFP anode-free batteries at 0.3 C charge and 0.5 C discharge rates with LiFePO4 mass loading of 11mg/cm2, the

batteries were first cycled for three cycles at 0.1 C. (b) Rate performance of Cu||LFP and Cu62Zn38||LFP anode-free batteries at increasing rates from 0.1 C to 3 C. (c) The

charge-discharge curves of the first cycle of Cu||LFP and Cu62Zn38||LFP anode-free batteries and (d, e) EIS results of Cu||LFP and Cu62Zn38||LFP anode-free batteries after 3

cycles and 100 cycles, respectively.

discharge curves of Cu and Cu62Zn38 reveals superior stability in

the Cu-Zn solid solution, evidenced by well-maintained voltage

profiles across cycles (Fig. S17 in Supporting information). This

enhanced cycling performance arises from Cu62Zn38’s improved

lithiophilicity and robust interfacial stability. Supporting evidence

from EIS measurements (Figs. 5d and e) demonstrates consistently

lower SEI and charge transfer resistances than Cu, confirming sta-

ble interface formation and sustainable long-term cycling capabil-

ity.

To further investigate the lithium deposition behaviors and

structural stability of different current collectors during cycling,

SEM images of the current collector surfaces at fully charged and

discharged states after 100 cycles are shown in Figs. 6a-f. In the

fully discharged state, both Cu and Cu62Zn38 exhibit noticeable

particle residues, indicating the continuous accumulation of dead

lithium during cycling. Upon further examination, the particles on

the Cu62Zn38 surface are more uniformly distributed and smaller

in size, whereas those on Cu are larger and dendritic morpholo-
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Fig. 6. SEM images of the current collector surfaces after 100 cycles: (a, b) Cu62Zn38 at fully discharged state, (c, d) Cu at fully discharged state, (e) Cu62Zn38 at fully charged

state, and (f) Cu at fully charged state. (g, h) XRD patterns of Cu and Cu62Zn38 current collectors after 100 cycles and corresponding enlarged patterns and (i) the schematic

illustration of lithium nucleation and deposition processes on different current collectors.

gies form. Results above suggest that the Cu62Zn38 current collec-

tor maintains a more stable interface and effectively suppresses

dendrite growth during cycling. In the fully charged state, Cu62Zn38

current collector displays uniform two-dimensional depositing pat-

tern, while Cu exhibits significant localized lithium aggregation.

Furthermore, XRD analysis of Cu and Cu62Zn38 current collectors

after 100 cycles (Figs. 6g and h) reveals distinct dead lithium sig-

nals in Cu, which are absent in Cu62Zn38. Based on the above

discussions, a schematic diagram is presented in Fig. 6i to intu-

itively compare the distinct lithium nucleation and deposition be-

haviors on Cu and Cu62Zn38 current collectors. For conventional Cu

foil, its intrinsically low lithiophilicity results in heterogeneous nu-

cleation sites, which promotes the uncontrollable dendritic mor-

phology form and leads to interfacial degradation during cycling.

In contrast, Cu62Zn38 with a homogeneous distribution of lithio-

philic Zn atoms provides energetically favorable sites for Li+ ad-

sorption and nucleation, enabling highly uniform lithium plating

and maintaining a robust and stable interface throughout extended

cycling. The combined structural integrity and superior lithiophilic-

ity of Cu62Zn38 enable enhanced cycling performance, demonstrat-

ing its significant potential as a high-performance current collector

for AFLMBs.

In summary, the Cu-Zn solid solution (Cu62Zn38) foil with su-

perior lithiophilicity and fast Li+ diffusion rate demonstrated sig-

nificant potential for use in AFLMBs. The homogeneous Zn dis-

tribution within the solid solution significantly enhanced nucle-

ation thermodynamics and stabilized growth dynamics. In con-

trast, although intermetallic coatings (Cu@Zn and Cu@Zn-350 °C)
exhibited improved lithiophilicity, they experienced alloying reac-

tion during cycling, leading to unstable interfaces and fast capac-

ity degradation. Combined evidence from ex-situ SEM characteri-

zations, COMSOL simulations and DFT calculations confirmed that

Cu62Zn38 effectively suppressed dendrite growth and maintained

electrochemical interface integrity through intrinsic alloying inert-

ness. In anode-free batteries, the Cu62Zn38 foil demonstrated much

superior cycling stability with a capacity retention of 55.1 % af-

ter 150 cycles, a fourfold improvement over conventional Cu foil

(13.8%). This work establishes Cu-Zn solid solution foil as an indus-

trially scalable solution that extends AFLMB lifetime and efficiency

via optimized Li+ transport and interfacial control. Future integra-

tion of modified Cu-Zn solid solution current collectors with high-

capacity cathodes (e.g., Li-rich cathode) may unlock >400Wh/kg

AFLMBs, positioning them as a viable platform for next-generation

high-energy batteries.
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