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Submicron Interfacial Layers for Nanoscale Control of Lithium 
Deposition in Surface-Engineered Current Collectors

Yujin Leea,†, Wootaek Choia,†, Sujeong Woob, Yeonseo Choa, Geunah Limb, Jin Joob, 

Kyung Rok Hanb, In Woo Cheongb, Dongsoo Leec*, Junghyun Choic*, and Patrick 

Joohyun Kima,b*

Lithium metal batteries (LMBs) have garnered considerable attention owing to their high theoretical capacity and low 
electrochemical potential; however, their practical implementation is hindered by unstable Li plating/stripping and poor 
interfacial stability. Previous strategies have largely focused on enhancing lithiophilicity or wettability to regulate initial Li 
deposition, yet they do not necessarily ensure stable long-term cycling. In this study, an interfacial buffer layer was rationally 
designed for metal-based current collectors to elucidate the distinct contributions of lithiophilicity and wettability to Li 
deposition behavior. A comparison of representative material systems designed to decouple these effects revealed that 
interfacial stability, derived from mechanical robustness and adhesion, governs long-term electrochemical performance. 
Bare Cu induces localized Li nucleation and forms a compositionally heterogeneous and unstable solid electrolyte interphase 
(SEI), leading to dendritic growth and dead Li accumulation. Conversely, a graphene oxide–poly(vinylidene fluoride)-coated 
current collector enables uniform Li deposition and promotes the formation of a mechanically robust and chemically 
homogeneous SEI, improving plating/stripping reversibility. The submicron-thick coating enables effective interfacial control 
without compromising practical electrode configurations. The resulting system delivers a stable Coulombic efficiency of 
~75% over 120 cycles, whereas other configurations exhibit rapid degradation due to interfacial instability. XPS depth 
profiling revealed the formation of a uniform and lithium fluoride(LiF)-rich SEI with minimal depth-dependent variation, 
indicating a stabilized interphase. These findings highlight that long-term stability in LMBs is governed by mechanically 
robust interfacial stability during repeated cycling rather than by initial nucleation behavior, providing clear design guidelines 
for interface-engineered current collectors.

Introduction
Rechargeable batteries are widely utilized across diverse 

energy storage applications.1 However, the energy density of 
conventional lithium-ion batteries is limited, necessitating the 
development of high-capacity anode materials.2 Lithium metal 
(Li) is considered a promising candidate for next-generation 
anodes owing to its high theoretical capacity and low 
electrochemical potential.3-5 Despite these advantages, its 
practical implementation is hindered by unstable Li 
plating/stripping and poor electrochemical reversibility.6, 7 
During repeated cycling, non-uniform Li deposition occurs on 
the current collector, leading to dendritic growth and the 
formation of electrically isolated dead Li, which collectively 
accelerate electrolyte decomposition.8-10 These parasitic 
reactions result in irreversible Li consumption and ultimately 
limit the cycle life of the battery.11, 12

To address these intrinsic challenges, various strategies 
have been extensively explored to regulate Li deposition 
behavior and stabilize the electrode–electrolyte interface.13 
Among them, surface modification of current collectors has 
emerged as an effective strategy for controlling Li nucleation 
and growth.14, 15 In particular, the introduction of lithiophilic 
layers reduces nucleation overpotential and promotes 
homogeneous Li nucleation during the initial stages of cycling, 
thereby suppressing the localized growth that triggers dendrite 
formation.16-18 In addition, interfacial engineering strategies, 
such as defect engineering and the incorporation of artificial 
interlayers, have been explored to further modulate interfacial 
behavior and improve cycling performance.19, 20

However, most existing strategies primarily focus on initial 
Li nucleation and do not adequately address interfacial stability 
during prolonged cycling.21 Repeated Li plating and stripping 
induce substantial volume fluctuations, which generate 
mechanical stress at the interface between the current collector 
and the coating layer.22, 23 Consequently, Li gradually 
accumulates in specific regions, resulting in non-uniform 
morphologies and dendritic growth.24 These observations 
suggest that uniform initial nucleation alone is insufficient to 
ensure stable long-term cycling.25, 26

Moreover, properties traditionally regarded as beneficial, 
such as enhanced wettability, do not necessarily correlate with 
improved long-term electrochemical performance.27-29 
Although increased wettability can facilitate electrolyte 
infiltration and improve initial interfacial contact, it does not 
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guarantee sustained interfacial stability under repeated 
cycling.28, 30, 31 Thus, long-term electrochemical performance is 
governed by interfacial stability rather than initial interfacial 
affinity.32, 33 These considerations highlight the necessity for a 
systematic framework to decouple and understand the 
individual contributions of key interfacial properties.

In this study, an interfacial buffer layer was rationally 
designed for metal-based current collectors to elucidate the 
respective roles of lithiophilicity and wettability in Li deposition 
behavior. The designed layer comprises a submicron-thick 
carbon-based coating that enables effective interfacial 
regulation while maintaining practical feasibility for scalable 
battery systems. To decouple these effects, two representative 
material systems were employed. Graphene (Gr) and 
grapheneoxide (GO) were selected to differentiate wettability-
dominant and lithiophilicity-dominant characteristics, 
respectively, while poly(vinylidene fluoride) (PVDF) and 
poly(acrylic acid) (PAA) binders were used to compare 
interfacial adhesion and electrolyte wettability.34-36 Specifically, 
Gr exhibits lithiophilic behavior upon interaction with Li, 
whereas GO provides enhanced wettability due to its oxygen-
containing functional groups despite its limited intrinsic 
lithiophilicity.24, 37, 38 Similarly, PAA offers high wettability but 
suffers from limited interfacial stability due to swelling, whereas 
PVDF forms a more mechanically robust and well-adhered 
interface despite its lower wettability.39-41 Within this 
framework, the combination of GO and PVDF is expected to 
provide a uniform and mechanically stable interfacial layer, 
facilitating the formation of a homogeneous SEI layer that 
regulates Li-ion flux and suppresses localized deposition.42

Li||Cu half-cell configurations were electrochemically 
evaluated. It was discovered that systems with high initial 
lithiophilicity or wettability exhibit improved early-stage Li 
deposition but undergo performance degradation during 
prolonged cycling due to insufficient interfacial stability. 
Conversely, coating layers that provide strong adhesion and 
mechanical robustness maintain stable cycling behavior, 
effectively suppressing dendritic growth and minimizing dead Li 
formation.43 These findings collectively indicate that interfacial 
stability, rather than initial interfacial affinity, plays a critical 
role in long-term electrochemical performance, highlighting the 
importance of mechanically robust and well-adhered interfacial 
layers for durable LMBs.

Experimental
Fabrication of Gr–PVDF, GO–PVDF, and GO–PAA

Gr (multilayer flakes, C-1, Graphene Supermarket) and GO 
(GO-V20, Standard Graphene) were used as surface-modifying 
materials. Slurries were prepared by mixing Gr or GO with 
polymer binder solutions at a mass ratio of 9:1. The binder 
solutions consisted of 6 wt% PVDF dissolved in 1-methyl-2-
pyrrolidone (NMP; 99.5%, SAMCHUN) or 10 wt% PAA in 
deionized water. The mixtures were homogeneously dispersed 
using a planetary mixer (AR-100, THINKY). The resulting slurries 
were cast onto copper foil using a doctor blade and 

subsequently dried in a convection oven at 50 °C overnight. 
Thereafter, the dried electrodes were punched into circular 
disks (12 mm in diameter).

Characterization

The chemical structures of Gr and GO were characterized 
using Raman spectroscopy, FT-IR spectroscopy, and elemental 
analysis. The Raman spectra were acquired using an inVia Reflex 
(Renishaw) with a 532 nm laser, whereas FT-IR measurements 
were performed using a Frontier spectrometer (PerkinElmer) in 
the range of 400–4000 cm−1. Elemental analysis was conducted 
using a FlashSMART analyzer (Thermo Fisher Scientific). To 
evaluate surface polarity, contact angle measurements were 
performed using deionized water as a probe liquid (Phoenix 
300, SEO). The morphologies of the current collectors were 
examined via field-emission scanning electron microscopy (FE-
SEM; SU8220, Hitachi), and additional surface characterization 
was achieved using atomic force microscopy (AFM; XE7, Park 
Systems). The chemical composition of the electrode surfaces 
was analyzed using X-ray photoelectron spectroscopy (XPS; 
Nexsa, Thermo Fisher Scientific). For the XPS analysis, the cells 
were disassembled in an argon-filled glovebox, and the 
electrodes were transferred to a vacuum holder to minimize air 
exposure. Depth profiling was performed using Ar sputtering at 
different etching times (0 and 60 s).

Electrochemical measurements

Electrochemical performance was evaluated using CR2032-
type coin cells assembled in an argon-filled glovebox, where the 
O2 and H2O concentrations were maintained below 0.1 ppm. 
Each cell consisted of a Li metal foil (0.6 mm thick) and a 
polypropylene separator (Celgard 2400, 18 mm diameter). The 
electrolyte was 1.0 M LiPF6 dissolved in a mixture of ethylene 
carbonate and diethyl carbonate (1:1 vol%, Enchem). 
Galvanostatic cycling was conducted using a battery tester (CT-
4008Q-5 V100 mA-124, Neware). Electrochemical impedance 
spectroscopy (EIS) measurements were conducted using a 
potentiostat (SP-150e, Bio-Logic, France) over a frequency 
range of 10 mHz to 200 kHz with an AC amplitude of 10 mV.

Results and discussion
Although uniform initial Li nucleation and improved 

wettability are generally considered beneficial, they do not 
inherently ensure interfacial structural stability during repeated 
cycling and therefore do not guarantee enhanced long-term 
electrochemical performance.28 Fig. 1 schematically illustrates 
the influence of the bare Cu and GO–PVDF on Li nucleation and 
growth behavior.

Bare Cu is inherently lithiophobic, resulting in localized Li 
nucleation at limited surface sites.36 This initial non-uniformity 
becomes progressively amplified over repeated cycles, leading 
to uncontrolled, heterogeneous, and dendritic Li growth.44 
Concurrently, the SEI formed via electrolyte decomposition 
exhibits chemical and mechanical instability, along with poor 
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adhesion to the deposited Li. As a result, portions of the 
deposited Li become detached from the current collector during 
stripping, forming electrically isolated dead Li that no longer 
participates in subsequent electrochemical reactions.45 These 
processes collectively reduce the reversibility of Li 
plating/stripping and lead to degraded long-term 
electrochemical performance.

In contrast, the GO–PVDF creates a more favorable 
interfacial environment for Li deposition. The GO layer, 
enriched with oxygen-containing functional groups, promotes 
uniform interactions with Li+ ions, resulting in spatially 

homogeneous Li nucleation across the surface.46 This 
uniformity is preserved throughout subsequent cycling, 
enabling more controlled Li growth. Furthermore, the GO–PVDF 
coating facilitates the formation of a uniform and mechanically 
robust SEI layer, which maintains strong interfacial adhesion 
and structural stability during repeated Li plating and stripping. 
Such a stable SEI effectively suppresses Li detachment and 
mitigates the formation of electrically isolated dead Li.45 This 
significantly improves the reversibility of Li plating/stripping, 
leading to enhanced long-term electrochemical performance.47

Fig. 1 Schematic illustration comparing Li nucleation and growth on bare Cu and GO–PVDF. Bare Cu induces localized nucleation, leading to dendritic growth, unstable SEI 
formation, and dead Li accumulation after cycling. In contrast, GO–PVDF enables uniform nucleation and the formation of a robust SEI, suppressing dendrite growth and improving 
reversibility.

Fig. 2a presents the fabrication process for Gr–PVDF, GO–
PAA, and GO–PVDF, wherein Gr and GO slurries are cast onto 
bare Cu via a tape-casting process to form uniform coating 
layer. As shown in Fig. 2b, all samples exhibited continuous and 
homogeneous coverage over the Cu surface. Notably, the 
coating exhibited a submicron-scale thickness and an average 
mass loading of approximately 0.047 mg cm⁻², enabling 
effective interfacial modification while maintaining the original 
current collector structure.

The collected Raman spectra displayed an increased D/G 
intensity ratio for GO (Fig. 2c), indicating a higher defect density 
and partial disruption of the sp² carbon network due to the 
introduction of oxygen-containing functional groups.48 FT-IR 
analysis further confirmed the presence of O–H, C=O, and C–O 
bonds (Fig. 2d), which correspond to hydroxyl, carbonyl, and 
carboxyl groups.37 Consistently, the elemental analysis results 
revealed a significant increase in the oxygen content in GO (Fig. 
2e), which suggests a higher density of active sites for Li⁺ 
interaction.46 These compositional changes are also expected to 
increase surface polarity.

To evaluate the effect of surface polarity, contact angle 
measurements were performed using a polar solvent, i.e., 

deionized water (Fig. 2f–i). The bare Cu exhibited a contact 
angle of ~90°, indicating relatively poor wettability. Gr–PVDF 
displayed a higher contact angle (~112°), reflecting its 
hydrophobic nature. In contrast, the GO-based coatings, GO–
PVDF (~73°) and GO–PAA (~52°), exhibited significantly reduced 
contact angles, demonstrating enhanced wettability. These 
results indicate that the oxygen-containing functional groups in 
GO increase surface polarity and electrolyte wettability.49 Such 
enhanced affinity is expected to facilitate uniform Li-ion 
distribution at the interface during the initial stage of 
deposition.24

The surface morphology was examined using SEM at both 
low and high magnifications (Fig. 2j–q). All coatings uniformly 
covered the bare Cu surface without noticeable agglomeration, 
effectively masking the original surface features. The GO-based 
coatings exhibited a wrinkled morphology, whereas the Gr-
based coatings displayed a flake-like structure.50, 51 AFM 
analysis (Fig. S1) further confirmed that the characteristic linear 
texture of bare Cu disappeared after coating, indicating the 
formation of a continuous and conformal overlayer.
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Fig. 2 (a) Schematic illustration of the fabrication process for each current collector. (b) Photograph of the prepared samples. (c) Raman spectra, (d) FT-IR spectra, and (e) 
elemental analysis results of the Gr and GO powders. Contact angle images of (f) bare Cu, (g) Gr–PVDF, (h) GO–PAA, and (i) GO–PVDF. Top-view SEM images of the samples at (j–
m) low magnification and (n–q) high magnification.

The interfacial adhesion and structural stability of the 
coating layers were evaluated through a peel-off test, as 
illustrated in Fig. 3a. A small amount of organic electrolyte was 
applied to the coated current collectors, and then a tape was 
attached and subsequently removed. The peeled regions were 
analyzed to assess the integrity of the remaining coating layers.

For Gr–PVDF, the electrolyte spread extensively across the 
surface (Fig. 3e), likely due to infiltration through the voids 
within the flake-like graphene structure. After the peel-off test, 
most of the coating layer was removed (Fig. 3h), indicating weak 
interfacial adhesion to the Cu substrate. SEM analysis further 
confirmed that only a limited amount of the coating remained 
(Fig. 3k), which resulted in discontinuous surface coverage.

In the case of GO–PAA, the electrolyte spread rapidly over 
the surface (Fig. 3f), which can be attributed to the hydrophilic 

functional groups in PAA that enhance electrolyte affinity.39 
Although the coating layer was not completely removed after 
the peel-off test, significant electrolyte penetration likely 
induced swelling and structural disruption (Fig. 3i). Such 
electrolyte infiltration facilitates internal swelling and stress 
accumulation within the coating layer, ultimately leading to 
interfacial delamination and structural degradation.52 This 
compromised structural stability is corroborated by the SEM 
images, which revealed pronounced deformation of the surface 
morphology (Fig. 3l).

In contrast, the GO–PVDF exhibited markedly different 
behavior. The electrolyte remained as discrete droplets without 
noticeable spreading (Fig. 3g), indicating limited electrolyte 
infiltration into the coating layer. After the peel-off test, the 
coating remained intact with no observable damage (Fig. 3j). 
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The SEM images confirmed that the characteristic wrinkled 
morphology of GO was well preserved (Fig. 3m), demonstrating 
robust structural integrity. Based on a qualitative comparison, 
GO–PVDF exhibits the strongest adhesion, followed by GO–PAA 
and Gr–PVDF.

These results indicate that the GO–PVDF provides strong 
interfacial adhesion and mechanical stability, effectively 
resisting electrolyte-induced degradation. Such stable 
interfacial characteristics are anticipated to play a critical role in 

regulating Li deposition behavior and enhancing long-term 
cycling stability.53 In particular, the mechanically robust and 
well-adhered GO–PVDF is expected to facilitate the formation 
of a uniform and stable SEI, which can suppress localized Li-ion 
flux and mitigate the formation of dendritic Li and dead Li during 
repeated cycling. This suggests that interfacial adhesion, rather 
than wettability alone, is a key factor in maintaining interfacial 
integrity under electrolyte exposure.

Fig. 3 (a) Schematic illustration of the peel-off test procedure. (b–d) Optical images of pristine Gr–PVDF, GO–PAA, and GO–PVDF. (e–g) Optical images of the samples after 
electrolyte droplet deposition. (h–j) Optical images and (k–m) top-view SEM images of Gr–PVDF, GO–PAA, and GO–PVDF after the peel-off test.
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Li plating/stripping tests were conducted to elucidate how 
the interfacial characteristics of the Gr– and GO–based coatings 
influence Li deposition behavior. Fig. 4a presents the cycling 
performance of Li||Cu cells employing the bare Cu, Gr–PVDF, 
and GO–PVDF at a current density of 1.0 mA cm⁻² and an areal 
capacity of 1.0 mAh cm−2. While all samples exhibited 
comparable Coulombic efficiencies during the initial cycles, the 
Gr–PVDF demonstrated lower initial Coulombic efficiency than 
bare Cu owing to irreversible Li consumption associated with 
interfacial reactions between Gr and Li. In the case of GO–PVDF, 
although two-dimensional GO–based coatings have been 
reported to exhibit reduced Li+ diffusion barriers after initial 
lithiation, Li+ ions must overcome an additional energy barrier 
during the initial cycles to establish effective transport 
pathways within the coating layer, resulting in a slightly reduced 
initial Coulombic efficiency. 54

As cycling progressed, the performance differences became 
more pronounced. Specifically, the bare Cu exhibited a sharp 
decline in Coulombic efficiency after approximately 30 cycles, 
which is attributed to interfacial instability and dead Li 
formation induced by non-uniform Li deposition. Gr–PVDF 
initially maintained a relatively stable Coulombic efficiency, 
which gradually decreased after around 40 cycles. This behavior 
is consistent with the peel-off test results, indicating that 
insufficient interfacial adhesion and structural instability of the 
coating layer lead to progressive interfacial degradation. 
Repeated Li plating/stripping induces volume changes that 
generate mechanical stress at the interface, eventually causing 
cracking, delamination, and loss of interfacial contact. These 
effects promote localized Li deposition, heterogeneous growth, 
and dendritic Li formation, thereby accelerating irreversible Li 
consumption and reducing the Coulombic efficiency.

In contrast, GO–PVDF maintained a stable Coulombic 
efficiency of ~75% even after 120 cycles. This enhanced stability 
can be attributed to the GO-based layer, which preserves strong 
interfacial adhesion and structural integrity, thereby enabling a 
uniform Li-ion flux and effectively suppressing localized Li 
deposition. The submicron-scale architecture enables 
interfacial stabilization without introducing significant transport 
resistance or mass penalty, thereby contributing to sustained 
electrochemical performance. This behavior is further 
corroborated by the voltage profiles (Fig. 4b–d). During the 
initial cycle, Gr–PVDF and GO–PVDF exhibited similar nucleation 
overpotentials. However, their long-term stability diverged 
significantly with cycling. After 50 and 100 cycles, both bare Cu 
and Gr–PVDF displayed increasingly unstable voltage profiles 
with reduced reversibility, whereas GO–PVDF retained a 
voltage response comparable to that observed during the initial 
cycle, indicating sustained reversible Li plating/stripping.

Similar trends were observed under milder conditions of 0.5 
mA cm−2 and 0.5 mAh cm−2 (Fig. 4e). GO–PVDF maintained 

relatively high Coulombic efficiency and stable cycling 
performance, while bare Cu and Gr–PVDF exhibited gradual 
degradation. Notably, this performance gap persisted even 
under a reduced current density and capacity, underscoring the 
dominant role of interfacial stability. Under more aggressive 
conditions of 2 mA cm−2 and 2 mAh cm−2, the differences 
became more pronounced, with GO–PVDF demonstrating 
superior stability (Fig. 4f).

To evaluate the effect of current density on electrochemical 
kinetics and reversibility, Li metal cells were tested under 
stepwise increases in current densities from 0.5 to 1 mA cm−2 
(Fig. 4g). As the current density increased, all samples exhibited 
a gradual decrease in Coulombic efficiency, which can be 
attributed to enhanced Li-ion flux promoting non-uniform 
interfacial reactions and irreversible Li consumption. Notably, 
GO–PVDF maintained relatively high Coulombic efficiency even 
at elevated current densities. Furthermore, when the current 
density was returned to 1 mA cm−2, GO–PVDF recovered to a 
Coulombic efficiency close to its initial level, indicating that it 
effectively preserves interfacial integrity even under high-
current conditions. In contrast, bare Cu and Gr–PVDF failed to 
fully recover their initial Coulombic efficiency, suggesting 
irreversible interfacial damage and accumulated dead Li 
formation.

To investigate the evolution of interfacial resistance during 
cycling, EIS was performed. After the initial cycle, the ohmic 
resistance (Rohmic) values for bare Cu, Gr–PVDF, and GO–PVDF 
were 8, 6, and 4 Ω, respectively (Fig. 4h), indicating reduced 
resistance for the samples. The charge-transfer resistance (Rct) 
values of bare Cu, Gr–PVDF, and GO–PVDF were 113, 36, and 
134 Ω, respectively. The low initial Rct of Gr–PVDF is due to the 
high electrical conductivity of graphene, which facilitates rapid 
charge transfer.55 In contrast, the relatively high initial Rct of 
GO–PVDF is due to the intrinsically low conductivity of GO.

However, after 100 cycles, distinct differences in resistance 
evolution emerged (Fig. 4i). The Rohmic for bare Cu, Gr–PVDF, 
and GO–PVDF increased to 24, 11, and 5 Ω, respectively, while 
the Rct increased to 381, 175, and 142 Ω. The pronounced 
increase in the resistance of Gr–PVDF indicates severe 
interfacial degradation caused by coating delamination and 
unstable SEI formation. In contrast, the relatively moderate 
increase in the resistance of GO–PVDF despite its higher initial 
Rct demonstrates that the GO-based coating effectively 
stabilizes the interface and suppresses resistance growth by 
maintaining a uniform and stable SEI. Overall, these results 
indicate that while initial conductivity influences early-stage 
kinetics, long-term electrochemical performance is 
predominantly governed by sustained interfacial integrity 
during repeated cycling.
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Fig. 4 (a) Cycling performance of Li||Cu half cells employing the bare Cu, Gr–PVDF, and GO–PVDF at a current density of 1.0 mA cm⁻² and an areal capacity of 1.0 mAh cm−2. (b–d) 
Galvanostatic charge–discharge profiles at the 1st, 50th, and 100th cycles. Cycling performance at (e) 0.5 mA cm−2 with 0.5 mAh cm−2 and (f) 2.0 mA cm−2 with 2.0 mAh cm−2. (g) Rate 
capability of the corresponding cells. EIS spectra obtained after (h) the 1st cycle and (i) the 100th cycle.
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Improved wettability does not necessarily translate to 
enhanced long-term electrochemical performance. To 
investigate this, Li||Cu half-cell tests were conducted using GO-
based coatings with two different binders: aqueous PAA and 
non-aqueous PVDF. Owing to its high polarity and 
hydrophilicity, PAA facilitates rapid electrolyte infiltration at the 
initial stage; however, its influence on interfacial stability during 
prolonged cycling is limited.

As shown in Fig. 5a, GO–PVDF maintained a stable 
Coulombic efficiency of ~75% over 120 cycles, whereas GO–PAA 
exhibited a gradual decline in efficiency after approximately 50 
cycles, eventually dropping below 20%. This contrast suggests 
that enhanced wettability alone is insufficient to guarantee 
long-term electrochemical performance. Although increased 
wettability promotes initial electrolyte infiltration, it also 
facilitates the penetration of the electrolyte into the coating 
layer, leading to swelling and structural deformation during 
cycling. Such degradation disrupts the continuity and 
mechanical integrity of the coating, while repeated Li 
plating/stripping further exacerbates interfacial deformation.27 
Consequently, localized SEI breakdown and reformation occur, 
accelerating dead Li formation and performance decay. These 
differences are further reflected in the voltage profiles (Fig. 5b–
d). During the initial cycle, both samples exhibited comparable 
voltage behavior, suggesting similar nucleation characteristics. 
However, their electrochemical responses diverged significantly 
as cycling progressed. After 50 and 100 cycles, GO–PAA 
displayed unstable voltage profiles with increased polarization 
and fluctuating overpotential, indicating deteriorated 
interfacial kinetics, whereas GO–PVDF maintained stable and 
reproducible behavior.

A similar trend was observed under both mild (0.5 mA cm−2 
and 0.5 mAh cm−2) and more aggressive conditions (2 mA cm−2 
and 2 mAh cm−2) (Fig. 5e, f). GO–PVDF retained relatively stable 
Coulombic efficiency, while GO–PAA underwent gradual 
degradation followed by a sharp decline under high-current 
conditions. This performance gap became increasingly 
pronounced at high current densities, highlighting the 
increasing importance of interfacial stability under severe 
operating conditions. The rate-dependent measurements 
further support this observation (Fig. 5g). GO–PVDF exhibited 
gradual performance decay with increasing current density and 
closely recovered its initial level upon returning to a lower 
current, whereas GO–PAA demonstrated limited recovery, 
indicating irreversible interfacial degradation accumulated 
under high-current operation. Collectively, these 
electrochemical signatures indicate that GO–PAA exhibits 
progressive interfacial instability, whereas GO–PVDF maintains 
a stable interfacial environment even under high Li-ion flux 
conditions.

The EIS results provide additional insight into these 
interfacial behaviors (Fig. 5h, i). After the first cycle, GO–PAA 
exhibited lower resistance values (Rohmic ≈ 8 Ω and Rct ≈ 102 Ω) 
than GO–PVDF, which can be attributed to enhanced initial 
interfacial contact due to rapid electrolyte infiltration. 
However, after 100 cycles, GO–PAA displayed a pronounced 
increase in resistance (Rohmic ≈ 11 Ω and Rct ≈ 171 Ω), indicating 

severe interfacial degradation. In contrast, GO–PVDF 
maintained a lower and more stable Rct with only moderate 
growth over cycling. Notably, it retained a clear Warburg 
feature, suggesting the preservation of stable Li-ion transport 
pathways. These results further imply that GO–PVDF promotes 
the formation of a more stable and uniform SEI during 
prolonged cycling.

To clarify the role of GO relative to the binder, Li||Cu half-
cell tests were conducted using a PVDF-only coated current 
collector (Fig. S2). The Only-PVDF exhibited relatively stable 
Coulombic efficiency during the initial cycles; however, it began 
to display a noticeable decline after approximately 20 cycles. 
Conversely, GO–PVDF maintained significantly more stable 
performance, and the performance gap widened with 
prolonged cycling. This difference is also reflected in the voltage 
profiles (Fig. S2b–d). While both samples demonstrated similar 
behavior in the first cycle, progressive cycling resulted in a clear 
divergence. The Only-PVDF exhibited increasingly irregular 
voltage profiles and reduced reversibility, whereas GO–PVDF 
maintained a stable response. Similar trends are observed 
under both low and high current densities (Fig. S2g, h), with 
degradation in the Only-PVDF system becoming more 
pronounced under high-current conditions.

Further analysis revealed that the Only-PVDF exhibited 
higher Rohmic (Fig. S2i). This can be attributed to its low electrical 
conductivity and limited interaction with the electrolyte, which 
results in non-uniform interfacial contact. In contrast, GO–PVDF 
enabled more uniform Li nucleation through the oxygen-
containing functional groups in GO while maintaining strong 
adhesion at the interface, thereby facilitating the formation of 
a stable SEI and homogeneous Li deposition. These 
observations highlight a synergistic effect between GO and 
PVDF, where GO contributes to interfacial uniformity, and PVDF 
provides mechanical robustness. Taken together, these findings 
demonstrate that although wettability enhances initial 
interfacial kinetics, long-term electrochemical performance is 
primarily governed by the maintenance of structural integrity 
and interfacial stability during repeated cycling.
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Fig. 5 (a) Cycling performance of Li||Cu half cells employing the bare Cu, GO–PAA, and GO–PVDF at a current density of 1.0 mA cm−2 and an areal capacity of 1.0 mAh cm−2. (b–d) 
Galvanostatic charge–discharge profiles at the 1st, 50th, and 100th cycles. Cycling performance at (e) 0.5 mA cm−2 with 0.5 mAh cm−2 and (f) 2.0 mA cm−2 with 2.0 mAh cm−2. (g) Rate 
capability of the cells. EIS spectra acquired after (h) the 1st cycle and (i) the 100th cycle.
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After 100 cycles of Li plating/stripping at 1 mA cm−2 with an 
areal capacity of 1 mAh cm−2, the surface morphologies of the 
current collectors were examined (Fig. 6a–d). The bare Cu 
exhibited a thick and uneven accumulation of dead Li across the 
entire surface, indicative of severe interfacial degradation 
caused by nonuniform Li deposition and continuous SEI 
breakdown and reformation (Fig. 6a). Similarly, the Gr–PVDF 
was largely covered with dead Li (Fig. 6b), suggesting that the 
coating layer fails to maintain sufficient interfacial adhesion and 
structural integrity during prolonged cycling.

Conversely, both GO–PAA and GO–PVDF exhibited 
significantly reduced dead Li accumulation (Fig. 6c, d), 
suggesting that GO-based coatings promote more uniform Li 
nucleation at the initial stage. However, their long-term 
structural stability differed markedly. These differences can be 
clearly observed in the SEM images (Fig. 6e–l). The bare Cu 
exhibited irregular and sharp dendritic structures due to 
localized current concentration and heterogeneous Li growth 
(Fig. 6e, i). The characteristic Li width was measured to be 0.61 
μm (Table S1), corresponding to thin Li structures. Consistent 
with this morphology, the charge-transfer resistance increased 
significantly from 113 Ω after the first cycle to 381 Ω after 100 
cycles, indicating severe interfacial degradation during 
prolonged cycling. Gr–PVDF showed a similar morphology with 
pronounced dendritic features (Fig. 6f, j), indicating that the 
initial interfacial modification effect is progressively lost due to 
interfacial degradation during cycling. Notably, the initial Li 
deposition morphology of Gr–PVDF was relatively uniform (Fig. 
S3), indicating that uniform initial Li deposition alone does not 
necessarily guarantee stable long-term cycling performance. 
This interpretation is further supported by quantitative 
morphology analysis. The characteristic Li width of Gr–PVDF 
was measured to be 1.37 μm (Table S1), while the charge-
transfer resistance increased from 36 Ω to 175 Ω during cycling, 
suggesting that the initially improved Li deposition environment 
could not be effectively maintained due to progressive 
interfacial degradation. 

Although GO–PAA partially suppressed dendrite formation, 
its surface appeared relatively loose and nonuniform, with 
localized structural collapse observed in several regions (Fig. 6g, 
k). This behavior is attributed to electrolyte-induced swelling, 
which disrupts coating continuity and weakens interfacial 
adhesion during repeated cycling. Such structural instability 

leads to the gradual loss of interfacial regulation capability. The 
characteristic Li width of GO–PAA was measured to be 1.28 μm 
(Table S1), which is comparable to that of Gr–PVDF. 
Nevertheless, the coating exhibited noticeable structural 
instability after prolonged cycling, indicating that maintaining 
coating integrity is equally important for preserving stable Li 
growth. In contrast, GO–PVDF maintained a dense, continuous, 
and compact morphology even after prolonged cycling (Fig. 6h, 
l), effectively suppressing dendritic Li growth and minimizing 
surface roughening. Consistent with the relatively uniform 
initial Li deposition morphology observed in Fig. S3, GO–PVDF 
retained a homogeneous morphology after 100 cycles, 
suggesting that its mechanically robust and strongly adhered 
coating layer effectively preserves the initially established 
uniform deposition environment during repeated Li 
plating/stripping processes. Notably, GO–PVDF exhibited the 
largest characteristic Li width of 2.27 μm (Table S1) while 
showing the smallest increase in charge-transfer resistance, 
from 134 Ω to 142 Ω. The larger characteristic Li width does not 
indicate more severe dendritic growth. Rather, it reflects a 
laterally expanded and homogeneous Li deposition 
morphology, in which Li grows across the current collector 
surface to form broad and compact deposits instead of localized 
dendritic structures. Such Li growth is expected to mitigate 
localized current concentration and suppress continuous SEI 
reconstruction, thereby contributing to improved interfacial 
stability during prolonged cycling.

The corresponding schematic summarizes these distinct 
behaviors (Fig. 6m–p). Bare Cu suffers from localized Li growth 
and dendrite formation due to nonuniform nucleation and 
unstable SEI. Gr–PVDF initially facilitates Li deposition but 
undergoes interfacial delamination, which results in unstable 
growth. GO–PAA exhibits improved wettability but experiences 
structural degradation due to electrolyte-induced swelling. In 
contrast, GOfi–PVDF achieves both uniform Li nucleation and 
stable interfacial retention, resulting in homogeneous Li growth 
and a stable SEI environment. These observations establish a 
direct correlation between morphological evolution and 
electrochemical performance, underscoring that long-term 
stability is governed not solely by initial nucleation behavior but 
primarily by the ability of the buffer layer to maintain 
mechanical integrity and interfacial adhesion under repeated 
cycling.
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Fig. 6 (a–d) Optical images of the bare Cu, Gr–PVDF, GO–PAA, and GO–PVDF after 100 cycles of Li plating/stripping at 1 mA cm−2 with an areal capacity of 1 mAh cm−2. (e–h) Low-
magnification and (i–l) high-magnification SEM images of the samples. (m–p) Schematic illustrations of Li growth behavior on each current collector.

To elucidate the origin of the distinct interfacial behaviors, 
XPS depth profiling analysis was performed to examine the 
depth-dependent SEI composition on the bare Cu and GO–
PVDF. After 30 cycles at 1 mA cm−2 and an areal capacity of 1 
mAh cm−2, followed by additional Li deposition, the surface 
chemical composition was analyzed as a function of etching 
depth.

The C 1s spectra of bare Cu exhibited dominant peaks 
corresponding to C=O, C–O, and C–C/C–H species, along with a 
noticeable Li2CO3 component at the surface (Fig. 7a).56 Notably, 
the persistent Li₂CO₃ after etching indicates that carbonate-
based decomposition products extend deep into the SEI layer. 
This observation reflects the formation of a thick and 
compositionally heterogeneous SEI associated with continuous 
electrolyte decomposition.57 Furthermore, the variation in peak 
intensities with etching depth confirms the existence of 
significant compositional heterogeneity throughout the SEI. In 
contrast, GO–PVDF displayed a dominant C–O peak attributed 
to the oxygen-containing functional groups in GO, while the 
relative fraction of Li2CO3 was significantly lower (Fig. 7b). 
Importantly, the spectral features remained largely unchanged 
upon etching, indicating a consistent SEI composition along the 
depth direction.

A similar trend was observed in the O 1s spectra. For bare 
Cu, C–O and ROCO2Li species dominated near the surface, 
whereas Li2CO3 and Li2O became increasingly prominent with 

depth (Fig. 7c). This depth-dependent evolution is consistent 
with the formation of a stratified and compositionally evolving 
SEI structure. However, GO–PVDF exhibited relatively stable 
distributions of ROCO2Li and Li2CO3 across the depth (Fig. 7d), 
confirming the presence of a chemically uniform SEI.58

The F 1s spectra further highlight this distinction. In bare Cu, 
LixPFy species were present near the surface, while LiF became 
dominant in the inner SEI region (Fig. 7e), indicating progressive 
electrolyte decomposition and continuous SEI reconstruction 
during cycling.33 In contrast, GO–PVDF exhibited LiF as the 
dominant component across the SEI depth (Fig. 7f). This uniform 
LiF-rich interphase is known to provide high mechanical 
strength and chemical stability while facilitating efficient Li-ion 
transport, thereby enhancing interfacial stability.59 Overall, 
these results demonstrate that bare Cu forms a compositionally 
stratified and dynamically evolving SEI, whereas GO–PVDF 
promotes the formation of a uniform and LiF-rich interphase 
with minimal depth-dependent variation. Such a stable SEI 
suppresses continuous electrolyte decomposition and mitigates 
interfacial degradation during repeated cycling, which directly 
accounts for the improved electrochemical performance of GO–
PVDF. This finding highlights that long-term stability is 
determined not by initial lithiophilicity alone but by the ability 
of the coating to maintain a uniform and mechanically robust 
SEI under repeated Li plating/stripping.
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Fig. 7 (a, b) C 1s, (c, d) O 1s, and (e, f) F 1s XPS spectra of bare Cu and GO–PVDF at etching times of 0 and 60 s. (g, h) Schematic illustrations of the SEI structures formed on the bare 
Cu and GO–PVDF current collectors.

Conclusion
This study elucidates that interfacial stability in current 

collectors is the key factor governing the long-term 
electrochemical performance of LMBs. Although uniform initial 
Li nucleation and enhanced wettability are generally considered 
beneficial, the findings demonstrate that these factors alone 
are insufficient to ensure stable cycling behavior. As observed, 
the GO–PVDF exhibits strong interfacial adhesion and 
mechanical robustness at the current collector interface, 
effectively suppressing interfacial degradation and maintaining 
structural integrity during repeated Li plating/stripping. 
Consequently, uniform Li deposition is sustained, while 
localized growth and dead Li formation are significantly 
mitigated. In contrast, the Gr-PVDF undergoes interfacial 
degradation due to poor adhesion to the current collector, 
whereas the GO–PAA system suffers from structural instability 
induced by electrolyte swelling. These differences indicate that 
interfacial stability, governed by mechanical robustness and 
interfacial adhesion, plays a more dominant role in reversible Li 

plating/stripping than initial interfacial affinity or wettability. 
XPS depth profiling further revealed that GO–PVDF promotes 
the formation of a uniform and LiF-rich SEI, whereas bare Cu 
develops a stratified SEI associated with continuous electrolyte 
decomposition. This stable SEI suppresses interfacial 
degradation and contributes to improved electrochemical 
stability. Overall, these findings provide key insight into the 
design of interface-engineered current collectors for LMBs, 
highlighting that long-term performance is governed by not 
only initial nucleation behavior but also the ability of the coating 
layer to maintain a mechanically robust and stable interface 
under repeated cycling.
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