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Abstract Lithium metal, with its exceptionally high the-

oretical capacity, emerges as the optimal anode choice for

high-energy-density rechargeable batteries. Nevertheless,

the practical application of lithium metal batteries (LMBs)

is constrained by issues such as lithium dendrite growth

and low Coulombic efficiency (CE). Herein, a roll-to-roll

approach is adopted to prepare meter-scale, lithiophilic Sn-

modified Cu mesh (Sn@Cu mesh) as the current collector

for long-cycle lithium metal batteries. The two-dimen-

sional (2D) nucleation mechanism on Sn@Cu mesh elec-

trodes promotes a uniform Li flux, facilitating the

deposition of Li metal in a large granular morphology.

Simultaneously, experimental and computational analyses

revealed that the distribution of the electric field in the Cu

mesh skeleton induces Li inward growth, thereby gener-

ating a uniform, dense composite Li anode. Moreover, the

Sn@Cu mesh-Li symmetrical cell demonstrates stable cy-

cling for over 2000 h with an ultra-low 10 mV voltage

polarization. In Li||Cu half-cells, the Sn@Cu mesh

electrode demonstrates stable cycling for 100 cycles at a

high areal capacity of 5 mAh�cm-2, achieving a CE of

99.2%. This study introduces a simple and large-scale

approach for the production of lithiophilic three-dimen-

sional (3D) current collectors, providing more possibilities

for the scalable application of Li metal batteries.

Keywords Roll-to-roll fabrication; Lithiophilic Sn

modification; Cu mesh; Li nucleation and growth; Lithium

metal batteries

1 Introduction

As the energy density of lithium-ion batteries (LIBs) is

approaching its limit, there is currently an emphasis on

developing batteries with even higher energy density to

meet the growing demands of electric vehicles, smart grids

and related fields [1]. Lithium metal anode (LMA) boasts a

theoretical specific capacity of 3860 mAh�g-1 and an

exceptionally negative reduction potential of - 3.04 V (vs.

SHE), making it the preferred anode material for the next

generation of rechargeable batteries [2]. Unfortunately,

LMA also comes with several fatal drawbacks, such as

irregular growth of Li dendrites [3], enormous volume

expansion during Li plating/stripping [4], continuous

accumulation of dead Li [5] and even safety incidents

caused by electrode short-circuiting [6, 7].

Many strategies have been proposed to address these

limitations associated with lithium metal, starting from

interface modifications, such as tuning the compositions of

electrolyte (high-concentration electrolytes (HCE) [8, 9],

localized high-concentration electrolytes (LHCE) [10]),

constructing protective layers on Li surface (SbF3 [11],

polyvinylidene fluoride (PVDF) [12, 13], covalent-organic
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B. Ülgüt*

Department of Chemistry, Bilkent University, Ankara 06800,

Turkey

e-mail: ulgut@fen.bilkent.edu.tr

1

Rare Met. (2025) 44(1):81–94

https://doi.org/10.1007/s12598-024-02875-7 RARE METALS

http://orcid.org/0000-0002-6758-9337
https://doi.org/10.1007/s12598-024-02875-7
https://doi.org/10.1007/s12598-024-02875-7
https://doi.org/10.1007/s12598-024-02875-7
https://doi.org/10.1007/s12598-024-02875-7
https://doi.org/10.1007/s12598-024-02875-7
http://crossmark.crossref.org/dialog/?doi=10.1007/s12598-024-02875-7&amp;domain=pdf


framework (COFs) [14, 15]), and designing solid-state

electrolytes (Li3InCl6 [16], Li7La3Zr2O12 (LLZO) [17],

Li7N2I [18]). In addition, the shift in current collector mor-

phology from two-dimensional (2D) to three-dimensional

(3D) is proved to be a judicious choice [19, 20]. The 3D

framework, distinguished by its high porosity, adeptly dis-

tributes the current density—an acknowledged factor con-

tributing to lithium dendrite growth is high local current

densities [21]. Moreover, the increased specific surface area

offers additional nucleation sites for Li deposition [22].

Leveraging these advantages, researchers have designed

diverse 3D structures, including carbon materials such as

hollow carbons [23, 24], carbon paper [25], carbon nano-

balls [26], 3D carbon nanotube sponges (CNTS) [27, 28],

and Cu variations such as Cu mesh [29, 30], Cu

foam [31, 32] and 3D porous Cu [33]. However, lithiopho-

bicity is a persistent issue that is common for copper-based

and carbon-based 3D current collectors, leading to dendrite

formation during initial nucleation [34–36].

In order to remedy these limitations, widespread focus has

been directed toward understanding Li nucleation and

growth [37]. Cui et al. found that the overpotentials of Li are

contingent upon the variety of metal substrates [38]. For

lithiophobic Cu, the overpotential at 10 lA�cm-2 is * 40

mV, aimed at overcoming the nucleation barrier arising from

the thermodynamic mismatch between Li and Cu lattice. In

striking contrast, lithiophilic materials such as Au, Ag and

Sn, etc. can form alloy phaseswithLi and exhibitmuch lower

overpotential [39]. Huang et al. demonstrated that utilizing

a carbon fiber substrate decorated with Au as the current

collector enhances efficient spatial utilization within the 3D

structure, promoting a consistent and compact deposition of

Li metal from bottom to top [40]. However, most carbon-

based current collectors necessitate prolonged production

times, which can be cumbersome. In contrast, leveraging

contemporary technological capabilities, copper-based cur-

rent collectors, which can be commercialized more swiftly,

are increasingly preferred for their efficiency and practical-

ity [41, 42]. Xie et al. developed that 3D Cu foam modified

with Ag nanoparticles (Cu@Ag) reduces the nucleation

overpotential for Li, resulting in excellent battery perfor-

mance for over 1200 h at a current density of 1 mA�cm-2

and a capacity of 1 mAh�cm-2 [43]. Nonetheless, the pro-

hibitive costs associated with Au and Ag hinder their prac-

tical implementation. Wang et al. employed an

electrochemical approach to fabricate Sn@Cu mesh [44].

This cost-effective material offers additional electrochemi-

cal active sites, reducing the nucleation overpotential of Li

on the Cu substrate. However, the time-consuming and

energy-intensive nature hinders its large-scale application.

In this work, the roll-to-roll method was utilized to

fabricate meter-sized Cu mesh modified with Sn (Sn@Cu

mesh). Simultaneously, the addition of Sn resolves the

wetting issue between Cu and Li, inducing the 2D

growth of Li and promoting a more uniform Li deposi-

tion behavior. In contrast, the bare Cu mesh substrate

exhibits uneven deposition of Li due to its high nucle-

ation overpotential and irregular flow of Li (Fig. 1a).

Benefiting from the synergistic effect of lithiophilic Sn

and the high porosity of Cu mesh, the Sn@Cu mesh

exhibited high electrochemical reversibility for 100

cycles at a current density of 1 mA�cm-2 and a capacity

of 5 mAh�cm-2 with the Coulombic efficiency (CE)

exceeding 99.2%. Especially, no short circuits of Sn@Cu

mesh-Li||Sn@Cu mesh-Li cells occur even after cycling

for over 2000 h at an ultra-low polarization of 10 mV

under a current density of 1 mA�cm-2 up to a capacity

of 1 mAh�cm-2. Furthermore, in N/P = 0 (the capacity

ratio between the negative electrode and the positive

electrode) pouch cells (Sn@Cu mesh||LiNi0.5-
Co0.2Mn0.3O2), the Sn@Cu mesh electrode continues to

demonstrate excellent cycling stability, surpassing that

of the bare Cu mesh by a wide margin.

2 Experimental

2.1 Materials

All reagents and solvents were provided by Aladdin Com-

pany and used without further purification. Li metal chips

were obtained from Guangdong Canrd New Energy Tech-

nology Co., Ltd. (1 mm in thickness, 15.6 mm in diameter)

Commercial Cu mesh (300 meshes, with 50 lm diameter

wires spaced at 80 lm intervals) was purchased from Col-

league Hardware Co. The electrolyte solution, of battery-

grade quality, was supplied by Duodu Chemicals (Suzhou,

China). High-loading LiFePO4 and LiNi0.5Co0.2Mn0.3O2

cathode sheets (LiFePO4 (LFP): 12 mg�cm-2, single side

LiNi0.5Co0.2Mn0.3O2 (NCM523): 10 mg�cm-2, and double

side NCM523: 23.1 mg�cm-2) were provided by Shenzhen

KeJing Star Technology Co., Ltd.

2.2 Fabrication of Sn@Cu mesh

The chemical Sn-plating solution was prepared by dis-

solving 0.1 M stannous chloride dihydrate (SnCl2�2H2O),

0.07 M trisodium citrate dihydrate (C6H5Na3O7�2H2O),

0.7 M sodium hypophosphite (NaH2PO2), 1.2 M thiourea

(CH4N2S), 8.0 mL 37% HCl, and 6.0 mL OP-10 in

240 mL distilled water at 60 �C. Then, a 1 m length of

commercial Cu mesh was immersed in the Sn-plating

solution for reaction durations of 3, 5, 10 and 15 s,

respectively.
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2.3 Structure and morphology characterizations

X-ray diffraction (XRD) analysis was performed on Cu

mesh and Sn@Cu mesh using the Rigaku SmartLab SE

instrument. Cu Ka radiation was utilized with a scanning

speed of 4 (�)�min-1, ranging from 10� to 80�. X-ray

photoelectron spectroscopy (XPS) was employed to ana-

lyze the surface structures of Cu mesh and Sn@Cu mesh,

Fig. 1 a Schematic configuration of Li plating process on Cu mesh and Sn@Cu mesh skeleton; b schematic illustration of roll-to roll
device for chemical Sn plating on Cu mesh; c optical photograph of 1 m-long Sn@Cu mesh prepared under laboratory conditions
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utilizing monochromatic Al Ka radiation (225 W, 15 mA,

15 kV). For Scanning Electron Microscopy (SEM) mea-

surements, cycled cells were disassembled within a glove

box to retrieve the desired Cu mesh and Sn@Cu mesh

electrodes. These sheets were carefully cleaned using 2 mL

anhydrous dimethyl ether solvent to remove any remaining

electrolytes and salts. Subsequently, they are subjected to

vacuum drying and then sealed in a container inside the

glovebox. The morphology of Li deposition on Cu mesh

and Sn@Cu mesh was revealed by SEM using Zeiss Merlin

Compact. The elemental distribution of Cu mesh and

Sn@Cu mesh was analyzed using Energy Dispersive X-ray

Spectroscopy (EDS) attached to SEM (X-MaxN, Oxford

Instruments).

2.4 Electrochemical measurements

The electrochemical tests were conducted using CR2032

coin cells assembled in a glovebox filled with argon

(O2\ 0.1 ppm, H2O\ 0.1 ppm). The electrolyte for only

the M/M-Li||NCM523 (M = Cu mesh, Sn@Cu mesh) bat-

tery was 1.0 mol�L-1 LiPF6 dissolved in ethylene carbon-

ate/dimethyl carbonate/ethyl methyl carbonate (EC/DMC/

EMC, 1:1:1 in vol%) while the electrolyte for all other

batteries was 1.0 mol�L-1 LiTFSI dissolved in 1,3-Diox-

olane /1,2-Dimethoxyethane (DOL/DME, 1:1 in vol%)

with 2 wt% lithium nitrate (LiNO3). The separator for all

batteries was Celgard 2320. The constant current charge–

discharge performance was evaluated using the LAND-CT

2001A multi-channel battery tester (Land, China). Li||M

half cells underwent cycling at a fixed capacity of 1 and 5

mAh�cm-2, employing current densities of 0.5, 1 and

2 mA�cm-2, with Li metal plated to achieve the designated

capacity. The cells were discharged to 0.2 V. M-Li||M-Li

(M-Li: Pre-deposition of 10 mAh�cm-2 Li on Cu mesh/

Sn@Cu mesh electrodes) symmetric batteries were

employed for constant current testing at the capacity of 1

mAh�cm-2 and the current density ranging from 0.5 to

4 mA�cm-2. For M-Li||LFP full batteries (the capacity ratio

between the negative electrode and the positive electrode,

N/P = 5.6), M-Li was paired with 12 mg�cm-2 LFP, and

the charge–discharge cycles were conducted at 0.5C within

the voltage range of 2.5–3.8 V. The M||LFP anode-free Li

metal batteries (N/P = 0) were cycled under conditions of

0.5C at 3–3.8 V. Charging and discharging current density

for the M-Li||NCM523 (single side NCM523: 10 mg�cm-2,

N/P = 6.25) battery was 1C, with a voltage range of

2.5–4.3 V. Additionally, for pouch cell, the Cu mesh/

Sn@Cu mesh were paired with double-sided NCM523

loading at 23.1 mg�cm-2. The electrodes were within the

shape of 5.0 cm 9 5.5 cm. Cyclic voltammetry (CV)

experiments were conducted using the Ivium-n-Stat elec-

trochemical workstation at scan rates of 0.1 and 5 mV�s-1.

Tafel plots were obtained within the range of - 0.1 to

0.1 V at 0.1 mV�s-1. The battery underwent discharge to

0 V and was held at this potential for a specific duration,

followed by constant voltage testing at - 0.01 V. Elec-

trochemical impedance spectroscopy (EIS) measurements

were performed on Admiral electrochemical workstation,

covering a frequency range of 1� 10�2 to 1� 105 Hz with

an amplitude of 10 mV.

2.5 Computational details

To simulate the distribution of electric field intensity

around the copper mesh, a 2D geometric model was

established. In this model, several circular shapes represent

the cross-section of the copper, and the surrounding area of

the mesh is filled with a 1.0 M LiPF6 in EC: DEC (1:1 in

vol%) electrolyte solution. A higher electrical potential

was set at the upper boundary of the model. The model was

constructed in COMSOL Multiphysics 6.0 and a steady-

state simulation was carried out using the electrostatic

physics field.

3 Results and discussion

3.1 Preparation and characterization of Sn@Cu
mesh

The Sn@Cu mesh is prepared through a simple one-step

chemical displacement reaction involving Cu and Sn2?.

The specific reactions and equations are as follows:

2Cuþ Sn2þ ! 2Cuþ þ Sn ð1Þ

2Cuþ Sn2þ þ 8CSðNH2Þ2 ! 2Cu CS NH2ð Þ2
� �þ

4
þSn

ð2Þ

Eh ¼ uh
þ � uh

� ð3Þ

DGh ¼ �zEhF ð4Þ

where Eh is standard electrode potential, uh
þ and uh

� are the

standard reduction potential of the positive and negative

electrode, respectively, DGh is the standard Gibbs free

energy, z is the stoichiometric number of electrons, and F is

Faraday constant.

However, it is known that the standard electrode potential

for Cu (u (Cu?/Cu) = 0.512 V (vs. SHE) [44] and Sn (u
(Sn2?/Sn) = - 0.138 V (vs. SHE)) [45], based on Eqs. (1,

2), results in DGh for Reaction (1) being 74.0 kJ�mol-1[ 0.

Therefore, thermodynamically, this reaction cannot occur

spontaneously. Interestingly, by introducing thiourea

(CS(NH2)2) as a strong chelating agent for Cu? into the Sn

plating solution, the Cu electrode potential can be reduced to

u (Cu [CS(NH2)2)]4
?/Cu) = - 0.399 V (vs. SHE). As the
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Reaction (2), the calculated DG for Reaction (2) is

- 50.5 kJ�mol-1\ 0. This means that the reaction can

occur spontaneously, ultimately leading to the replacement

reaction between metallic Sn and Cu.

The raw Cu mesh exhibits a purplish Cu hue, which

changes to a bright silver-white tone after a brief immer-

sion in the Sn solution for 5 s, denoted as Sn@Cu-5s mesh.

Moreover, benefiting from the straightforward scalability

of the solution reaction, we successfully fabricated a one-

meter-long Sn@Cu mesh using a roll-to-roll method under

laboratory conditions. (Figs. 1b, c, S1) To examine the

phase structure of the modified current collector, XRD was

performed on Cu and Sn@Cu-5s meshes. From Figs. 2a,

S2, it is evident that both meshes exhibit distinct peaks

belonging to (111), (200) and (220) planes of Cu (JCPDS

No. 04-0836). Additionally, weak characteristic peaks of

Sn (JCPDS No. 04-0673) are observed at 30.36�, 31.82�
and 44.65� for Sn@Cu-5s mesh, manifesting a successful

Sn substitution reaction occurring on the Cu surface.

Moreover, a faint peak of Cu6Sn5 (JCPDS No. 45-1488)

observed at 29.98� (Fig. S2) confirms the close contact

between the Cu mesh substrate and Sn particles, forming a

trace of Cu6Sn5 alloy [46].

XPS analysis was further conducted to determine the

chemical composition of Sn@Cu-5s mesh. As shown in

Fig. 2b, distinct Sn 3d3/2 and Sn 3d1/2 characteristic peaks

are observed in Sn@Cu-5s mesh [47], confirming the

presence of Sn layer. The Cu 2p spectrum is shown in

Fig. 2c. The peaks at 932.09 and 951.87 eV correspond to

Cu 2p3/2 and Cu 2p1/2 of metallic Cu0, while shoulder

peaks at 934.18 and 954.08 eV correspond to Cu2? of

copper oxides [48]. This signifies the existence of a

copper oxide layer on the pristine Cu mesh. In contrast,

the Sn@Cu-5s mesh exclusively exhibits Cu 2p3/2 and Cu

2p1/2 peaks of Cu0, with no noticeable appearance of

Cu2? characteristic peaks, suggesting that the modifica-

tion with the Sn layer prevents secondary oxidation of the

Cu mesh.

The microscopic morphology of the samples was ana-

lyzed using scanning electron microscopy (SEM). As

shown in Fig. 2d–f, the Cu mesh is intricately woven from

50-lm-diameter wires spaced at 80 lm intervals, forming a

porous skeleton. This structure contributes to a porosity of

50% and has a theoretical Li storage capacity of up to 5

mAh�cm-2. The surface of the pristine Cu mesh is rela-

tively smooth, while the Sn@Cu-5s mesh (Fig. 2g–i) is

covered by a layer of Sn nanoparticles. Cross-sectional

SEM images of a single Cu wire and corresponding EDS

images (Fig. 2j–l) illustrate that the Sn layer tightly

encapsulates the Cu wire with a uniform thickness of

500 nm. The even distribution of Sn will serve as the

foundation for uniform Li deposition in subsequent pro-

cesses. Moreover, these findings indicate that the chemical

Sn plating method has successfully generated an ultra-thin

and uniform Sn layer on the Cu mesh.

In addition, it is crucial to note that the Sn-plating time

has a direct impact on the uniformity and thickness of the

Sn coating layer, as well as the subsequent electrochemical

performance of Li metal deposition. As demonstrated in

Fig. S3, a short Sn-plating time of only 3 s results in

incomplete coverage of the Cu mesh, which is unfavorable

for the uniform Li nucleation. Conversely, as the Sn-plat-

ing time is extended to 10 and 15 s (Figs. S4, S5), the Sn

layer thickness is continuously increased to 1 and 2 lm,

respectively, accompanied by an escalating presence of

cracks and pinholes in the Sn layer. These excessively

thick Sn, as observed in the 10 and 15 s cases, would cause

significant volume expansion during the Li–Sn alloying/

dealloying processes, adversely affecting the Li plating

stability over prolonged periods [49]. Furthermore, CE

tests (Fig. S6) on the Sn@Cu-0s, Sn@Cu-3s, Sn@Cu-5s,

Sn@Cu-10s and Sn@Cu-15s meshes confirm that the

Sn@Cu-5s sample exhibits the best Li deposition/stripping

stability, sustaining over[ 280 cycles with an average CE

of 98.6%. However, too thin or thick Sn coatings com-

promise its regulatory role for stable Li nucleation.

Therefore, Sn@Cu-5s mesh is identified as the optimal Sn-

plating time, and this sample will be referred to as Sn@Cu

mesh for simplicity in the subsequent text unless otherwise

specified.

3.2 Lithiophilic property of Sn decorating layer

The wetting tests of molten Li on Cu meshes are illustrated

in Fig. 3a, b. The contact angle between Li and the Cu

mesh is nearly non-wetting, measuring 139.5�. In contrast,

on the surface of Sn@Cu mesh, molten Li spontaneously

spreads out, exhibiting a significantly reduced contact

angle of only 20.5�. Overpotential (g) is also a typical

parameter for lithiophilicity assessment, defined as the

voltage difference between the initial drop and subsequent

plateau, as shown in Eq. (5) [38]. Figure 3c and Table S1

illustrate the overpotential (g) of Li on the Cu mesh as

40 mV, which is coincident with the work of Cu current

collector reported in previous studies [44]. Surprisingly,

the overpotential of Sn@Cu mesh is merely 4 mV, a ten-

fold reduction compared to Cu mesh, confirming its

remarkable lithiophilicity. The pronounced lithiophilicity

of the Sn layer stems from the formation of a Li–Sn solid

solution [50, 51]. To investigate the formation of Li–Sn

alloy, as shown in Fig. 3d, CV curve of Sn@Cu mesh

electrode was tested in the voltage range of 0–1.5 V at the

scan rate of 0.1 mV�s-1. During cathodic scanning at 0.67,

0.52 and 0.37 V, three distinctive reduction peaks were

observed, corresponding to the formation of LiSn, Li7Sn3
and Li22Sn5 [52], as depicted in Reaction (3). The
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appearance of a reduction peak at 0.14 V suggests a

potential transformation-alloying reaction, possibly

resulting in the generation of Cu and Li22Sn5 through the

conversion of Cu6Sn5 [53], consistent with XRD results

(Fig. 2a). Additionally, four oxidation peaks at 0.48, 0.63,

0.73 and 0.81 V correspond to the Li–Sn dealloying

process. Meanwhile, the CV curves of the Sn@Cu mesh

electrode exhibit consistent heights over three consecutive

scans, confirming the ability of the Sn layer to maintain

excellent reversibility during repeated cycles. Subse-

quently, Li||Cu mesh and Li||Sn@Cu mesh batteries were

utilized to explore the reaction kinetics of Li plating/

stripping behavior. As depicted in Fig. 3e, f, the CV

curves and Tafel plots of Li||Cu mesh and Li||Sn@Cu

mesh batteries reveal that the Sn@Cu mesh exhibits a

significantly higher exchange current density

(21.2 mA�cm-2) than the Cu mesh (7.63 mA�cm-2). The

modification of the ultra-thin Sn layer enhances the

charge transfer kinetics of the electrode, thereby pro-

moting the dispersion of Li nucleus on the electrode

surface the electrode, which is beneficial for achieving

uniform Li deposition [54, 55].

Fig. 2 a XRD patterns and b, c XPS spectra of Cu mesh and Sn@Cu-5s mesh; SEM images and EDS map of d–f Cu mesh and g–
i Sn@Cu-5s mesh; j–l SEM image and EDS map of a single Cu wire modified with Sn coating layer
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g ¼ gnj j � gmj j ð5Þ

where gn is nucleation overpotential, gm is minimum

overpotential.

Snþ xLiþ þ xe� ! LixSn 0\x� 4:4ð Þ ð6Þ

3.3 Characterizations of Li plating behavior
on Sn@Cu mesh

SEM was utilized to delineate the nucleation and growth

processes of Li metal on the frameworks of both Cu mesh

and Sn@Cu mesh. The deposition morphology of 0.5

mAh�cm-2 Li on Cu mesh is illustrated in Fig. 4a, pre-

dominantly featuring small Li grains. As the deposition

capacity increases, the small grain Li evolves into fibrous

dendrites with diameters of * 1–2 lm. Even at the

deposition capacity of 10.0 mAh�cm-2, a significant

presence of Li dendrites can be observed, occupying the

pores (Figs. 4b, c, S9a–d). In the cross-sectional view of

Fig. 4d, it can be observed that loosely porous Li is

deposited on the Cu mesh substrate, leading to hindered

ion–electron connectivity, thereby impeding the mass

transport processes and significantly increasing internal

resistance. In stark contrast, at a deposition capacity of 0.5

mAh�cm-2, we speculate that this phenomenon may be

attributed to the divergent nucleation mechanisms of Li on

the Sn@Cu mesh electrode compared to the Cu mesh.

When the deposition capacity reaches 1.0 and 2.0

mAh�cm-2 (Figs. 4f, S10a), the inward growth of large Li

particles occurs within the Sn@Cu mesh. Upon reaching

5.0 mAh�cm-2 (Figs. 4g, h, S10b, c), the pores of the

Sn@Cu mesh are nearly filled with Li, consistent with the

theoretical pore volume. COMSOL simulations (Fig. 4i)

further corroborate the preferential growth of Li occurring

Fig. 3 Digital photos of a bare Cu mesh and b Sn@Cu mesh; c galvanostatic discharge voltage curve of Li deposition process at
0.5 mA�cm-2; d CV curves of Sn@Cu mesh anode between 0 and 1.5 V at a scan rate of 0.1 mV�s-1; e CV curves of Cu mesh and
Sn@Cu mesh electrode within potential range of - 0.2 to 0.5 V at scanning rate of 5 mV�s-1 (Li metal disks: counter and reference
electrodes for CV tests); f Tafel curves of Cu mesh and Sn@Cu mesh electrodes
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within the pore structures [56]. Moreover, an increase to

10.0 mAh�cm-2 leads to the complete encapsulation of the

Sn@Cu mesh by a uniform, dense layer of Li metal

(Fig. S10d).

The constant potential method is a valuable experi-

mental tool for studying Li nucleation and growth behav-

ior [57]. Through non-dimensional analysis, we obtain I/Im
(the ratio of instantaneous current to peak current) versus t/

tm (the ratio of time to the time needed to achieve the peak

current) plots, fitting them to theoretical formulas for 2D or

3D growth mechanisms and progressive (P) or instanta-

neous (I) nucleation (Table S2) for both Cu mesh and

Sn@Cu mesh electrodes [58]. The nucleation of Li on the

bare Cu mesh tends to be 3D, as shown in Fig. 4j. The

growth of Li is controlled by volume diffusion [59],

resulting in significant Li? concentration gradients. Over

time, the high surface area of Li dendrites will be facili-

tated by the 3D growth of Li perpendicular to the substrate

(Fig. 4k), leading to uneven Li deposition. This growth

behavior aligns with the Volmer-Weber growth model,

which describes situations where the interaction between

the same metals is stronger than the interaction between

metal and substrate [60]. In comparison, Li nucleation on

Sn@Cu mesh aligns more closely with 2D growth, pro-

viding a perfect validation of our conjecture. At this point,

Li growth is controlled by surface diffusion [61], ensuring

a more uniform Li flux and causing Li to grow along the

substrate plane (Fig. 4l). The result indicates that the

interaction between the metal and the substrate is stronger

than the interaction between identical metals, and is more

consistent with the Frank-van der Merwe growth

model [25]. This finding confirms the regulatory role of Sn

in the nucleation and growth of Li.

3.4 Electrochemical performance of Sn@Cu mesh

CE is regarded as an important metric for evaluating the

sustainability of Li deposition/stripping processes

(Figs. S11, S12). The Sn@Cu mesh electrode demonstrates

remarkable stability, with an average Coulombic efficiency

Fig. 4 SEM images of Li deposition on Cu mesh anode at a 0.5 mAh�cm-2, b 1 mAh�cm-2, c 5 mAh�cm-2 and d cross section at 5
mAh�cm-2; microscope images of Sn@Cu mesh anode at Li plating amount of e 0.5 mAh�cm-2, f 1 mAh�cm-2, g 5 mAh�cm-2 and
h cross-section of g, i electric field distribution of Cu mesh; j plots of t/tm and (I/Im)

2 with theoretical 2D and 3D models for Li||Cu mesh
and Li||Sn@Cu mesh; schematic diagrams of k 3D and l 2D nucleation (all Li plating processes were carried out under current density
of 0.5 mA�cm-2)
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(ACE) of 98.6% over 400 cycles in Fig. 5a at 0.5 and

1.0 mA�cm-2, far exceeding that of the Cu mesh, which

achieves only 110 cycles. When the current density

increases to 1.0 and 2.0 mA�cm-2 (Fig. 5b, c), the Sn@Cu

mesh maintains ACE at approximately 98.0% and 97.5%

over 280 and 150 cycles, respectively. Contrastingly, the

Cu mesh struggles to endure beyond 80 and 50 cycles at the

respective rates. The charge–discharge curves in Fig. S13

Fig. 5 CEs of Cu mesh and Sn@Cu mesh at current densities of a 0.5 mA�cm-2, b 1 mA�cm-2and c 2 mA�cm-2 with capacity of 1
mAh�cm-2; d CEs of Cu mesh and Sn@Cu mesh at current density of 1 mA�cm-2 and capacity of 1 mAh�cm-2; voltage-capacity
curves of e Cu mesh and f Sn@Cu mesh at different cycles; g galvanostatic cycling performance of Cu mesh and Sn@Cu mesh
anodes in symmetric cells at current density of 0.5 mA�cm-2 and capacity of 1 mAh�cm-2; h comparison of cycle time at current
density of 1 mA�cm-2 and capacity of 1 mAh�cm-2; i rate performance and j voltage of cells using different electrodes at a fixed
capacity of 1 mAh�cm-2
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indicate lower polarization in Sn@Cu mesh compared to

Cu mesh. SEM images after 50 cycles (Fig. S14) reveal

alarming holes and cracks in the Li-deposited surface of the

Cu mesh, while Sn@Cu mesh maintains deposition with

larger particles. Remarkably, at a current density of

1.0 mA�cm-2 and capacity of 5.0 mAh�cm-2, the Sn@Cu

mesh electrode outperforms the Cu mesh electrode,

achieving a remarkable 100 cycles with a Coulombic

efficiency of 99.2% (Fig. 5d), compared with the 40 cycles

of the Cu mesh electrode. The Sn@Cu mesh electrode also

exhibits superior stability in polarization voltage through-

out the cycling process (Fig. 5e, f). Even at 2.0 mA�cm-2,

it maintains a stable cycling performance for 80 cycles

(Fig. S15). The Sn@Cu mesh electrode exhibits excellent

reversibility, effectively minimizing the loss of active Li.

To investigate interfacial reactions, pre-deposited Sn@Cu

mesh and Cu mesh electrodes with the Li pre-deposition of

10.0 mAh�cm-2 were utilized for assembling symmetrical

cell. Figure 5g reveals a notable polarization voltage

increase in the Cu mesh electrode after 1400 h at 18 mV

(Fig. S16), leading to battery failure. Surprisingly, the

Sn@Cu mesh electrode demonstrates an extended cycling

life of over 2000 h at an ultra-low polarization voltage of

10 mV (Figs. S16, S17), a highly competitive performance

as depicted in Fig. 5h and Table S4. The battery rate per-

formance of the Sn@Cu mesh electrode demonstrates

sustained low polarization even at a current density of

4 mA�cm-2 (47 vs. 78 mV) in Figs. 5i, j, S18, S19. The

Sn@Cu mesh effectively reduces local current density,

thereby accelerating Li? transport [29, 62]. Electrochemi-

cal Impedance Spectroscopy (EIS) results (Figs. S20, S21,

Table S3) reveal that after an initial 10 cycles, the values

of solution resistance (RS) and solid-state electrolyte

interfacial resistance (RSEI) for Cu mesh and Sn@Cu

mesh with different cycle numbers are 1.560 versus 2.325

X and 1.937 versus 1.698 X, respectively. Following 100

cycles, the Sn@Cu mesh maintains nearly constant

impedance values (RSEI = 0.174, Rct = 2.779), while the

Cu mesh experiences a tenfold increase. The superior

reaction kinetics of the Sn@Cu mesh electrode contribute

to its enhanced stability compared to the Cu mesh. Fur-

ther, the capacitance values measured constantly increase

in the Cu mesh while they remain the same (within sta-

tistical error) in the case of the Sn@Cu mesh. This further

implies that the lithium growth is uniform and repeat-

able on Sn@Cu mesh while dead lithium is accumulating

on the bare Cu mesh.

To validate the application potential of Sn@Cu mesh,

commercial high-loading LFP (1.8 mAh�cm-2) and

NCM523 (1.5 mAh�cm-2) were paired with Cu mesh-Li

and Sn@Cu mesh-Li in full cells. As shown in Fig. 6a,

Sn@Cu mesh-Li||LFP and Cu mesh-Li||LFP (N/P: 5.6)

exhibit comparable initial capacities (Fig. S22), while the

Sn@Cu mesh electrode shows lower polarization

(53.6 mV) than the Cu mesh electrode (60.5 mV). The

Sn@Cu mesh electrode demonstrates a stable cyclic

capacity retention of 82.3% over 250 cycles at 0.5C

(1C = 150 mAh�g-1), with a CE approaching 100%. In

contrast, the Cu mesh electrode experiences a sharp

capacity decline after 150 cycles. This issue is further

illustrated in the charge–discharge curves (Fig. S23). The

rate performance test results of Sn@Cu mesh-Li||LFP and

Cu mesh-Li||LFP are presented in Figs. 6b, S24. At 3C, the

Sn@Cu mesh electrode achieves a capacity of 116.8

mAh�g-1, while the Cu mesh electrode only reaches 86.6

mAh�g-1. Additionally, under zero excess Li conditions

(anode-free Li metal cell), Sn@Cu mesh maintains excel-

lent comparable stability with Cu mesh (Figs. S25, S26).

Assembled into a pouch cell with LFP (Figs. 6c, S27), the

Sn@Cu mesh can power LED lights displaying the

‘‘WHU’’ pattern. The Sn@Cu mesh-Li||NCM523 cell (N/P:

6.25) stably cycles for nearly 150 cycles and maintains a

capacity retention of 75% and a CE close to 100% at 1C. In

contrast, in the carbonate-based electrolyte, the Cu mesh-

Li||NCM523 cell exhibits capacity fluctuations after 80

cycles, and the capacity declines to 0 after 150 cycles. The

0.3 Ah Sn@Cu mesh||NCM523 anode-free Li metal pouch

cell (3.8 mAh�cm-2) [63] was assembled in accordance

with the configuration shown in Figs. 6d, S28. Remarkably,

the Sn@Cu mesh electrode demonstrated exceptional

cycling stability, exceeding 40 cycles with a capacity of

53%, as depicted in Figs. 6f, S29. These outstanding results

underscore the efficacy of Sn modification in inhibiting

dendrite growth during cycling, thereby enhancing the

cyclic stability of Li metal batteries.

4 Conclusion

In summary, we display a meter-scale Sn@Cu mesh, fab-

ricated using a straightforward and scalable chemical Sn-

plating method. The lithiophilic Sn modifications play a

crucial role in inducing two-dimensional Li nucleation,

while the electric field distribution within the Cu skeleton

promotes Li inward growth. This synergy results in the

formation of a uniform and dense Li plating on the Sn@Cu

mesh. Thanks to these significant advancements, Li||Cu

half-cells demonstrate a remarkable Coulombic efficiency

of 99.2% over 100 cycles at a high areal capacity of 5

mAh�cm-2. The Sn@Cu mesh-Li||Sn@Cu mesh-Li sym-

metrical cells exhibit exceptional stability with only a

10 mV polarization, cycling uninterrupted for over 2000 h

at current density of 1 mA�cm-2 and capacity of 1

mAh�cm-2. When coupled with the NCM523 cathode, the

full battery showcases an impressive retention of 75% after

150 cycles at 1C. Even in the case of a large-sized Sn@Cu

1 Rare Met. (2025) 44(1):81–94
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mesh||NCM523 anode-free pouch cell, it exhibits

stable cycling performance, contrasting with the rapid

capacity decay observed in batteries employing a Cu mesh

electrode. Overall, the successful application of the roll-to-

roll process in the fabrication of Sn@Cu mesh provides a

pioneering strategy for the scalable production of current

collectors in lithium metal batteries. These findings may

also offer insights into the utilization of lithiophilic 3D

current collectors in anode-free lithium metal batteries.
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