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d lithiophilicity enhancement in
graphite for advanced lithium metal anodes

Maryam Tahertalari, Syed Abdul Ahad* and Hugh Geaney *

Lithiummetal anode (LMA) use in practical applications is hampered by issues such as dendrite growth, low

coulombic efficiency (CE), and unstable solid electrolyte interphase (SEI) formation during cycling. Herein,

we examine lithiophilic interfacial-gradient designs consisting of a thin metallic (Ag, Sb, Sn or Bi) layer

deposited on copper (Cu) foil followed by a graphite (Gr) overlayer. The best performing engineered

anode (Sb) reduced the Li nucleation overpotential and enabled stable lithium (Li) plating/stripping for up

to 250 cycles at a high areal capacity of 3 mAh cm−2 and a current density of 1 mA cm−2. Symmetric

cells demonstrated stable operation for up to 1000 h. In full-cells, the Li@Gr/Sb–Cu anode delivered

specific capacities of 128.1 mAh g−1 vs. NMC 811 and 447.1 mAh g−1 versus a sulfur cathode after 200

cycles. This study unveils the ability of this interfacial strategy to enable stable Li deposition and improve

long-term battery performance.
1 Introduction

The growing demand for high-energy density rechargeable
batteries has driven increased attention toward LMAs, which
are key enablers of advanced Li-based chemistries, including
Li–S batteries.1,2 Due to its theoretical specic capacity (3860
mAh g−1) and the lowest electrochemical potential among
known anode materials (−3.04 V vs. the standard hydrogen
electrode), Li offers a direct pathway toward substantially higher
energy densities compared to Gr-based Li-ion batteries (LIBs).3–5

However, the practical deployment of Li metal remains
impeded by unstable Li plating/stripping behaviour, dendritic
growth, large volume uctuations, and continuous parasitic
reactions with the electrolyte.6,7 These issues lead to low CE,
rapid capacity decay, and serious safety concerns.8–10

A critical challenge in stabilizing LMAs lies in controlling the
initial nucleation and subsequent growth of Li during
cycling.11,12 The nature of the current collector (CC) surface plays
a decisive role in governing the nucleation overpotential, Li-ion
ux distribution, and Li deposition morphology.13,14 Planar Cu
foil is widely used as a commercial anode CC due to its high
electrical conductivity, mechanical robustness, and cost-
effectiveness.15–17 Nevertheless, its intrinsically lithiophobic
surface results in high nucleation overpotentials and hetero-
geneous Li deposition, promoting dendritic growth and uneven
stripping.18–20

To mitigate these issues, various surface engineering strat-
egies have been developed to impart lithiophilicity on Cu
substrates. These include constructing 3D lithiophilic metal-
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oxide architectures,21–25 incorporating alloy-forming metals,24,26

and employing carbon-based host matrices.27–30 Among these
approaches, alloy-forming metals (such as Sb, Ag, Sn and Bi) are
particularly attractive as stand-alone, because they can lower the
Li nucleation barrier via thermodynamically favourable Li-
metal alloy formation and support.31–33

Sb is especially promising due to its strong affinity toward Li
and its ability to form thermodynamically stable Li–Sb
alloys.34,35 Upon lithiation, Sb undergoes sequential alloying
reactions (Sb / Li2Sb / Li3Sb), accompanied by progressive
structural reconstruction from the rhombohedral framework to
a highly symmetric cubic Li3Sb phase.36–38 This transformation
reduces the Li–substrate interfacial energy and lowers the
thermodynamic barrier for Li nucleation,39 while simulta-
neously enabling a three-dimensional (3D) Li-ion diffusion
network within the alloy phase. The moderate volume expan-
sion associated with Sb alloying (∼135%) further contributes to
retention of structural integrity compared with other alloy
systems such as Si and Sn.36,37 Previous studies have demon-
strated the signicant advantages of Sb-modied CCs in stabi-
lizing Li deposition. For instance, Sb-coated 3D Cu CCs
sustained stable Li plating/stripping for over 900 h at 1 mAh
cm−2 and 1 mA cm−2 in symmetric cells. When assembled into
full cells with LiFePO4, the system delivered stable cycling over
200 cycles at 0.5C.40 Similarly, introducing lithiophilic Sb into
3D Cu skeletons achieved nearly 100% CE at 6 mAh cm−2 and
sustained dendrite-free cycling for over 2000 h at 12 mA cm−2,
while full-cells with a low N/P ratio of 1.5 retained 91.23%
capacity over 150 cycles.41 In addition, Sb-based compounds
such as SbF3,42 Sb–Li alloys,43 and Li3Sb39 have been explored as
interlayers or SEI modiers, further improving cycling stability.
Similarly, incorporating tin (Sn) onto Cu surfaces provides
J. Mater. Chem. A
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uniformly distributed lithiophilic nucleation sites through Li–
Sn alloy formation, promoting homogeneous Li growth and
improved cycling stability.44–49 Moreover, silver (Ag) coatings50–52

and Li–bismuth (Bi) composites53–55 have both proven effective
for stabilizing Li deposition.

Meanwhile, Gr, the benchmark Li-ion anode material, is
lightweight and conductive;56,57 however, its intrinsic lithio-
phobicity limits its effectiveness in regulating Li nucleation
when used alone on planar Cu.57–60 To address this issue, several
strategies have been employed such as Si composite materials
with Gr to enhance its lithiophilicity57 by creating nucleation
sites for Li deposition.57,61 However, such approaches rely on
modifying the bulk electrode composition, which can introduce
additional complexity, including volume expansion and struc-
tural instability for high Si content.57 This raises a critical
question: can the lithiophilicity of the Gr electrode be improved
without altering its bulk composition? One promising strategy
is to engineer the electrode/CC interface by introducing lithio-
philic interlayers.62 In this design, a thin lithiophilic metal
interlayer underneath the lithiophobic Gr, deposited on the Cu
CC, may improve the electrode architecture of the Gr-only
electrode by regulating Li ions towards the Cu interface.62,63

This lithiophobic/lithiophilic/lithiophobic sandwich structure
can then be used to regulate Li nucleation and deposition/
stripping.

Here we develop a lithiophobic/lithiophilic bilayer host
architecture by integrating a lithiophilic metal interlayer (M =

Sb, Ag, Sn, or Bi) beneath a thin Gr coating on Cu foil (denoted
as Gr/M–Cu). The underlying metallic interlayer serves as
a nucleation promoter by lowering the interfacial energy barrier
for Li deposition, while the Gr overlayer acts as an electronically
conductive buffer layer that equalizes interfacial charge distri-
bution, ensuring homogeneous Li+ ux and reduced local
current density. Moreover, the mechanically robust 2D layered
structure of Gr accommodates volume uctuations during
repeated cycling.57

Although interfacial engineering strategies have been widely
explored for Li metal anodes, most reported systems rely on
other types of carbon structures rather than Gr itself. However,
a Gr-only interfacial electrode conguration where pristine Gr is
used without compositional/structural modication to regulate
Li nucleation on Cu CCs has not been explored. In this work, Gr
functions not as an active lithiophilic component, but as an
electronically conductive56,57 and a mechanically stable surface
layer (10% volume expansion only – LiC6)64 that redistributes
interfacial charge. Consequently, Li nucleation is governed by
the buriedmetal/Cu interface rather than the carbon layer itself,
decoupling nucleation control from carbon chemistry and
enabling a distinct Gr-only interfacial strategy for Li metal
deposition.

By systematically comparing Sb, Ag, Sn, and Bi interlayers,
we evaluate their effects on the Li nucleation overpotential,
coulombic efficiency, and cycling stability in half-cell,
symmetric cell, and full-cell congurations, thereby establish-
ing design rules for interlayer selection in Cu-based Li metal
anodes. Among these, Gr/Sb–Cu exhibits the most stable and
reversible Li plating/stripping behavior in the half-cell
J. Mater. Chem. A
conguration. Therefore, the Gr/Sb–Cu architecture represents
a promising interfacial strategy for high energy density (ED) Li
metal batteries, including Li–S systems.
2 Results and discussion
2.1 Material characterisation

To enable uniform Li plating/stripping, the Cu CC was modied
using a lithiophilic metal (Ag, Sb, Sn or Bi) and Gr bilayer. As an
example, Gr/Sb–Cu CC was prepared by thermally evaporating
an ∼70–90 nm thick Sb layer onto Cu foil, followed by deposi-
tion of a thin Gr coating layer. The modied CC was then
assembled in a half-cell conguration with Li foil as the
counter/reference electrode to enable lithiation and subsequent
Li plating on the surface of the modied CC (Fig. 1a).

Cross-sectional images obtained via Focused Ion Beam (FIB)-
scanning electron microscopy (SEM) reveal that the Gr coating
layer on top of the Sb interlayer exhibits a porous architecture
(Fig. 1b and c). The theoretical porosity of the pristine electrode
was calculated as 51.7% using S1. Energy-dispersive X-ray
spectroscopy (EDX) elemental mapping further conrmed the
layered structure and composition of the Gr/Sb–Cu electrode.
The Cu foil substrate (red), thermally evaporated Sb interlayer
(yellow), and the Gr/C coating (green) are clearly distinguish-
able, verifying the successful fabrication of the composite
architecture (Fig. 1d and e). X-ray diffraction (XRD) analysis was
performed on Sb–Cu, Gr–Cu, and Gr/Sb–Cu electrodes (Fig. 1f).
For the Gr/Sb–Cu electrode, the diffraction pattern conrms the
presence of three crystalline phases corresponding to Sb (ICDD
PDF# 04-016-8006), Cu (ICDD PDF# 00-004-0836), and Gr (ICDD
PDF# 00-056-0159).

The characteristic diffraction peaks at 2q= 26.56° and 54.68°
are indexed to the (002) and (004) planes of Gr, respectively. The
Sb phase exhibits diffraction peaks at 28.7°, 40.08°, 41.9°,
48.46°, and 51.64°, corresponding to the (101), (012), (110),
(003), and (021) planes, respectively. Additionally, the peaks
located at 43.34°, 50.46°, and 74.14° are assigned to the (111),
(200), and (220) planes of crystalline Cu, respectively, in agree-
ment with the referenced ICDD cards. No observable peak shi
or new diffraction features are detected, suggesting the absence
of undesired interfacial reactions or Cu–Sb alloy formation
during fabrication. Minor variations in relative peak intensities
among Sb–Cu, Gr–Cu, and Gr/Sb–Cu are attributed to differ-
ences in layer thickness and surface coverage rather than
structural changes. Collectively, these results conrm the
successful stepwise construction of the Gr/Sb–Cu architecture
while preserving phase purity and crystallographic integrity.
2.2 Li plating/stripping performance of the LMA hosts

The nucleation and long-term Li plating/stripping behavior of
metal-modied Cu CCs designed for LMA applications were
investigated using an ether-based electrolyte. The nucleation
overpotential (hnucleation) of Gr/Ag–Cu, Gr/Sb–Cu, Gr/Sn–Cu, and
Gr/Bi–Cu was rst evaluated in half cells versus Li metal (Fig. 2a–
d). The cells were discharged at 100 mA g−1 to 0.011 V, followed
by Li plating below 0 V at 0.1 mA cm−2 with an areal capacity
This journal is © The Royal Society of Chemistry 2026



Fig. 1 (a) Schematic of Gr/Sb–Cu fabricating and testing in a half cell. (b and c) FIB cross-section images of pristine Gr/Sb–Cu, as well as (d and e)
FIB-EDX elemental map of the electrode. (f) XRD patterns of Gr/Sb–Cu, Gr–Cu & Sb–Cu.
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limitation of 1 mAh cm−2. Among the investigated CCs, Gr/Ag–
Cu exhibited the lowest hnucleation (7.7 mV), indicating the most
favorable Li nucleation kinetics, consistent with previous
reports showing that lithiophilic Ag incorporation signicantly
reduces the Li nucleation barriers on Cu substrates.65–67 Gr/Sb–
Cu and Gr/Sn–Cu showed slightly higher hnucleation of 8.2 and
9.2 mV, respectively. Reduced hnucleation facilitates initial Li
deposition as a lower overpotential reduces interfacial kinetic
Fig. 2 Nucleation overpotentials of (a) Gr/Ag–Cu, (b) Gr/Sb–Cu, (c) Gr/Sn
(f) Voltage–time plots for symmetric cells of Gr/Sb–Cu, Gr/Sn–Cu and G

This journal is © The Royal Society of Chemistry 2026
barriers. This enables rapid Li+ transport, promotes nucleation,
and leads to uniform, compact Li deposition.68–70

Tafel polarization measurements were conducted to further
evaluate the interfacial Li deposition/stripping kinetics on the
different CCs (Fig. S18 and Table S3). Among all samples, Ag–Cu
and Sb–Cu exhibit the highest exchange current density (i0)
values, indicating accelerated interfacial charge transfer
kinetics.71–73 In comparison, Sn–Cu and Bi–Cu show moderately
–Cu and (d) Gr/Bi–Cu. (e) CE of the CCs at 1 mA cm−2 and 1mAh cm−2.
r/Bi–Cu at 1 mA cm−2.

J. Mater. Chem. A
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increased exchange current densities relative to bare Gr–Cu,
suggesting partial improvement in Li reaction kinetics.

The Li plating/stripping reversibility was further evaluated
through CE measurements by pairing each modied Cu CC
with Li metal foil (Fig. 2e). Aer ve initial formation cycles
between 0.011 and 2 V (Fig. S1), Li was plated below 0 V and
stripped to 0.1 V for 200 cycles at 1 mA cm−2 and 1 mAh cm−2.
The average CE values reported in Fig. 2e were calculated from
three independent measurements for each CC, with the indi-
vidual datasets (presented in Fig. S13). Gr/Ag–Cu exhibited the
highest average CE (98.04%), reecting highly reversible Li
stripping/plating. Gr/Sb–Cu followed closely with an average CE
of 97.31%, while Gr/Sn–Cu and Gr/Bi–Cu delivered 95.73% and
93.93%, respectively. The relatively narrow CE uctuation for
Gr/Ag–Cu and Gr/Sb–Cu indicates improved interfacial stability
and suppressed parasitic reactions compared to the Sn- and Bi-
modied counterparts. The CE performance and Li nucleation
overpotentials of the corresponding metal-interlayer CCs (M–

Cu) without Gr are provided in the SI (Fig. S14 and S15,
respectively). A comparison of the M–Cu and Gr/M–Cu CCs
reveals that the M–Cu CCs exhibit more stable CEs and lower Li
nucleation overpotentials than the Gr/M–Cu CCs. These results
suggest that the metallic interlayer plays the primary role in
lowering the nucleation barrier and promoting Li deposition. At
the same time, the Gr coating contributes by regulating the
interfacial environment, serving as an electronically conductive
layer56,57 and establishing a lithiophilic–lithiophobic (interlayer-
surface) gradient.74–76 Therefore, the improved performance of
the Gr/M–Cu architecture can be attributed to the synergistic
effects of the lithiophilic metal interlayer and the Gr overlayer.

Testing Gr/Sb–Cu at a higher areal capacity of 3 mAh cm−2,
while maintaining the same current density, resulted in an
average CE of 97.84% over 250 Li plating/stripping cycles
(Fig. S2a).

To further assess long-term interfacial stability, symmetric
cells were assembled and cycled at 1 mA cm−2 with an areal
capacity of 1 mAh cm−2 (Fig. 2f). The voltage–time proles
reveal that Gr/Sb–Cu exhibited the most stable and lowest
overpotential over 1000 h of continuous cycling, demonstrating
uniform Li deposition and minimized polarization buildup. In
comparison, Gr/Sn–Cu and Gr/Bi–Cu exhibited gradual over-
potential increases aer approximately 780 h and 740 h,
respectively, indicating progressive interfacial degradation.77–79

Notably, Gr/Ag–Cu (Fig. S2c) sustained stable overpotential
behavior for up to 1200 h, conrming its excellent lithiophilicity
and interfacial robustness. Given that Ag is well recognized for
its strong lithiophilicity but suffers from high material cost,80

subsequent investigations focused primarily on the Sb-, Sn-,
and Bi-modied Cu substrates to balance electrochemical
performance with practical scalability. A quantitative compar-
ison of the key material and electrochemical metrics has been
provided in the SI (Table S4), indicating that Sb offers the best
overall balance between cost and performance among the
investigated metals.

The performance of the modied Cu CCs was also evaluated
in carbonate-based electrolyte (Fig. S3). Under identical cycling
conditions (1 mA cm−2 and 1 mAh cm−2), Gr/Sb–Cu achieved
J. Mater. Chem. A
the highest CE (93.17%) over 200 cycles, followed by Gr/Sn–Cu
(90.32%) and Gr/Bi–Cu (88.94%). These results further high-
light the favorable interfacial stability of the Sb-modied Cu
substrate in conventional carbonate electrolytes. However, the
comparatively lower CEs across all CCs in carbonate-based
electrolytes is attributed to the higher reactivity of carbonate
solvents toward Li metal, resulting in more signicant parasitic
reactions, irreversible consumption of active Li, unstable SEI
formation, and dendritic Li growth.81–83
2.3 Li morphology analysis of the modied substrates

SEM analysis of metals thermally evaporated onto planar Cu foil
pristine CCs (Fig. 3a(i)–(iv)) shows clear differences in their
deposition behavior, reecting variations in nucleation density,
atom mobility on the surface, and the metals' inherent
properties.84–88 For Ag–Cu (Fig. 3a(i)) and Bi–Cu (Fig. 3a(iv)), the
lms form discontinuous structures typical of 3D Volmer–Weber
island growth.89 Ag develops hemispherical islands, including
large micron-sized nodules surrounded by smaller nuclei, with
rough, grainy surfaces that indicate early merging of crystal
grains.89 Bi, on the other hand, forms discrete micro- and sub-
micron-sized faceted particles that only partially merge, leading
to incomplete surface coverage due to its low wettability and
early-stage nucleation.87 In contrast, Sb–Cu (Fig. 3a(ii)) and Sn–
Cu (Fig. 3a(iii)) produce more continuous coatings. Sb forms
a uniform, compact layer of densely packed nanoscale clusters,
suggesting rapid merging of atoms and a high nucleation
density.89 Sn exhibits fully merged, roughly equally sized grains
with clear boundaries as observed in Sn/Cu systems.90,91

SEM was also carried out to visualize the Li plating/stripping
behaviour for the CCs for an areal capacity of 1 mAh cm−2 using
1 mA cm−2. As references, images of the CCs aer Gr coating on
top of the underlying interfacial metal layer (Fig. 3b(i)–(iv)) are
provided. The top-down SEM images of Li-plated Gr/Ag–Cu, Gr/
Sb–Cu, Gr/Sn–Cu, and Gr/Bi–Cu substrates (Fig. 3c(i)–(iv)) reveal
distinct Li growth behaviors under identical plating conditions
(1 mA cm−2 and 1 mAh cm−2). For Gr/Ag–Cu (Fig. 3c(i)), Li
deposition appears as discrete island-like clusters distributed
across the electrode surface, suggesting preferential nucleation
at Ag-rich lithiophilic sites followed by localized growth through
the porous Gr.52 In contrast, Gr/Sb–Cu (Fig. 3c(ii)) exhibits
signicantly more uniform and compact Li morphology.

The surface is covered by dense and laterally connected Li
domains, forming a relatively continuous and smooth
morphology. This indicates homogeneous nucleation and well-
regulated growth kinetics, consistent with its high CE and
stable cycling behavior (Fig. 2e). Although the high-
magnication image of Gr/Sn–Cu (Fig. 3c(iii)) reveals locally
compact Li deposits, lower-magnication SEM images (Fig. S17)
show that Li deposition on Gr/Sb–Cu is more homogeneous
over a larger electrode area, whereas Gr/Sn–Cu exhibits greater
spatial variation in deposit distribution. These observations
suggest that Gr/Sb–Cu promotes more uniform large-area Li
plating, which contributes to its superior electrochemical
performance.
This journal is © The Royal Society of Chemistry 2026



Fig. 3 SEM images of (a) pristine Ag (i), Sb (ii), Sn (iii) and Bi (iv) deposited Cu CCs; (b) Pristine Gr coated onto deposited Cu CCs, (c) Li plated, and
(d) Li stripped Gr/Ag–Cu (i), Gr/Sb–Cu (ii), Gr/Sn–Cu (iii) and Gr/Bi–Cu (iv) using 1 mA cm−2 and 1 mAh cm−2.
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Nevertheless, no dendritic structures are visible, indicating
effective suppression of uncontrolled vertical growth. Mean-
while, Gr/Bi–Cu displays irregular Li plating with no well-
dened morphology and low uniformity (Fig. 3c(iv)). Although
no visible dendritic or needle-like structures are observed in any
of the modied Cu substrates, the Bi-containing sample pres-
ents a non-uniform Li framework, suggesting less effective
suppression of anisotropic growth compared to its Ag-, Sb-, and
Sn-modied counterparts.

Following Li stripping, clear differences in surface recovery
are observed. The Gr/Ag–Cu (Fig. 3d(i)) and Gr/Sb–Cu (Fig. 3d(ii))
substrates exhibited stable surface morphologies with limited
residual Li features, indicatingmore homogeneous stripping and
reduced irreversible Li accumulation. The Sb-modied substrate,
in particular, shows a comparatively uniform and less disrupted
surface, reecting higher Li reversibility than Gr/Sn–Cu and Gr/
Bi–Cu. For Gr/Sn–Cu (Fig. 3d(iii)), the surface appears rougher
with a few localized irregularities (highlighted in the image with
arrows), suggesting partial residual Li aer stripping consistent
with its slightly lower CE (Fig. 2e). In contrast, Gr/Bi–Cu
(Fig. 3d(iv)) displays prominent roughness and tiny lament-like
structures, implying less uniform Li removal and greater inter-
facial instability. Overall, no Li dendrites were observed on the Li-
plated and stripped substrates in this study, indicating that the
use of lithiophilic metals successfully suppressed dendrite
formation. In contrast, SEM images of bare Gr-coated Cu foil in
our previous study revealed extensive dendrite growth.57
This journal is © The Royal Society of Chemistry 2026
Cross-sectional SEM imaging combined with EDX elemental
mapping was performed for the pristine metal-coated Cu
substrates including Ag–Cu, Sb–Cu, Sn–Cu, and Bi–Cu
(Fig. S4a–d), as well as for the corresponding Li-plated, Gr-
coated electrodes, namely Li@Gr/Ag–Cu, Li@Gr/Sb–Cu,
Li@Gr/Sn–Cu, and Li@Gr/Bi–Cu (Fig. S5a–d). The elemental
maps conrm the presence and uniform distribution of the
deposited metals close to the Cu foil, indicating successful and
homogeneous lm formation (Fig. S4a–d). Notably, the metal
interlayers (Ag, Sb, Sn, and Bi) remain clearly detectable even
aer Gr coating (Fig. S5a–d). Moreover, all detected carbon
signals originate from the Gr layer in these samples (Fig. S5a–d).
The cross-sectional SEM images also reveal dense and compact
Li deposition, with no observable dendritic structures (Fig. S5a–
d). Furthermore, additional post-cycling SEM shows that the
porosity is retained in the Gr/Sb–Cu CC aer 100 Li plating/
stripping cycles (Fig. S19).

The phase composition of the plated Gr/Sb–Cu was further
examined by XRD (Fig. S16). The diffraction pattern clearly
shows reections attributed to themetallic Li as well as lithiated
Gr (LiC6) and lithiated Sb (Li3Sb). The persistence of the lithi-
ated phases suggests that the Sb interlayer and the Gr coating
remain present following Li deposition.
2.4 Full-cell assessment vs. sulfur and NMC811 cathodes

Sulfur (S) electrodes were paired with pre-deposited Li on the
modied CCs, providing an N/P ratio of ∼2. Cycling
J. Mater. Chem. A
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performance of the full cells, including S‖Li@Gr/Sb–Cu,
S‖Li@Gr/Sn–Cu, and S‖Li@Gr/Bi–Cu, was evaluated at 0.2C
(Fig. 4a and S7a). The results show that S‖Li@Gr/Sb–Cu deliv-
ered an initial capacity of 972.96 mAh g−1 (1.48 mAh cm−2),
whereas S‖Li@Gr/Sn–Cu and S‖Li@Gr/Bi–Cu exhibited higher
initial capacities of ∼1061.7 (1.68 mAh cm−2) and 1088.54 mAh
g−1 (1.62 mAh cm−2), respectively. Notably, aer 200 cycles,
S‖Li@Gr/Sb–Cu retained a higher discharge capacity of 447.15
mAh g−1 (0.68 mAh cm−2) with 45.95% capacity retention
(Fig. 4a). In contrast, S‖Li@Gr/Sn–Cu exhibited a lower capacity
retention of ∼36.39% with a lower discharge capacity of 386.38
mAh g−1 (0.61 mAh cm−2) whereas S‖Li@Gr/Bi–Cu showed the
poorest retention of 32.13% with the lowest discharge capacity
of 349.38 mAh g−1 (0.52 mAh cm−2) aer 200 cycles (Fig. 4a).
The performance of CCs in the S full cells matches their
performance in half cell CE tests (Fig. 2e) in which the superior
average CE of Sb containing CC compared to the Sn containing
CC and especially Bi modied CCs was conrmed. Associated
voltage–capacity graphs for specic cycles for the CCs are also
provided in the SI (Fig. S8) demonstrating increasing over-
potential and capacity fade over 150 cycles.

To further evaluate the electrochemical performance of the
anodes at higher current densities, rate capability tests were
conducted for S‖Li@Gr/Sb–Cu, S‖Li@Gr/Sn–Cu, and S‖Li@Gr/
Bi–Cu (Fig. 4b and S7b). Among the three systems, S‖Li@Gr/Sb–
Cu demonstrated the best rate performance, delivering average
capacities of 918.43, 703.65, 538.02, and 492.12 mAh g−1 (cor-
responding to 1.36, 1.04, 0.79 and 0.72 mAh cm−2) at 0.1, 0.2,
0.5, and 1C, respectively (Fig. 4b). Under the same conditions,
S‖Li@Gr/Sn–Cu delivered slightly lower capacities of 875.48
mAh g−1 (1.288 mAh cm−2), 640.65 mAh g−1 (0.94 mAh cm−2),
520.69 mAh g−1 (0.76 mAh cm−2), and 476 mAh g−1 (0.7 mAh
cm−2), respectively while S‖Li@Gr/Bi–Cu exhibited the lowest
Fig. 4 (a) Cycling performance of Li@Gr/Sb–Cu, Li@Gr/Sn–Cu and Li@
evaluation of S‖Li@Gr/Sb–Cu, S‖Li@Gr/Sn–Cu and S‖Li@Gr/Bi–Cu at cu
capacity plots of S‖Li@Gr/Sb–Cu at various C-rates. EIS analysis conduct
and RCT plots for S‖Li cells.
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capacities of 845.57, 604.17, 499.37, and 463.62 mAh g−1

(equivalent to 1.19, 0.85, 0.7 and 0.65mAh cm−2, respectively) at
the corresponding C-rates (Fig. 4b). The corresponding voltage-
specic capacity proles for the third cycle at each C-rate are
presented for S‖Li@Gr/Sb–Cu (Fig. 4c), S‖Li@Gr/Sn–Cu
(Fig. S9a), and S‖Li@Gr/Bi–Cu (Fig. S9b), where the increasing
overpotentials at higher C-rates are clearly observed.

Electrochemical impedance spectroscopy (EIS) measure-
ments (Fig. 4d–f) further revealed differences in interfacial
resistance among the electrodes. Aer the 5th cycle, S‖Li@Gr/
Sb–Cu exhibited relatively low SEI resistance (RSEI = 5.759 U)
and charge-transfer resistance (RCT = 1.709 U), whereas
S‖Li@Gr/Bi–Cu showed higher RSEI and RCT values of 5.607 and
3.405 U, respectively. A similar trend was observed aer 100
cycles, with resistances increasing to 7.268 U (RSEI) and 3.716 U

(RCT) for S‖Li@Gr/Bi–Cu. These higher resistance values indi-
cate enhanced electrolyte decomposition and unstable SEI
formation, which contribute to increased overpotentials and
accelerated capacity decay.92,93 In contrast, S‖Li@Gr/Sb–Cu
exhibited comparatively lower resistance values of 6.506 U (RSEI)
and 1.304 U (RCT) aer 100 cycles, suggesting more stable SEI
formation and suppressed electrolyte decomposition. The
resistance values for S‖Li@Gr/Sn–Cu (summarized in Fig. 4f
and Table S1) were intermediate, with RSEI and RCT of 5.967 and
1.827 U aer the 5th cycle and 8.752 and 1.73 U aer the 100th
cycle, respectively (RSEI+CT = 10.482 U), lying between those of
S‖Li@Gr/Sb–Cu (RSEI+CT = 7.81 U) and S‖Li@Gr/Bi–Cu (RSEI+CT

= 10.984 U). Notably, the lower RSEI and RCT values observed for
S‖Li@Gr/Sb–Cu are consistent with its higher CE and lower
nucleation overpotential (8.2 mV) (Fig. 2b and e).94

For further evaluation of the LMAs, full-cell tests were con-
ducted using high-voltage NMC811 cathodes. The initial ve
charge/discharge cycles were performed at 0.1C to allow
Gr/Bi–Cu in Li–S batteries at 0.2C over 200 cycles. (b) Rate capability
rrent densities of 0.1C, 0.2C, 0.5C and 1C. (c) Corresponding voltage–
ed after the (d) 5th and (e) 100th cycle, along with the associated (f) RSEI

This journal is © The Royal Society of Chemistry 2026
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electrode stabilization, aer which the rate was increased to
0.2C. This transition led to a slight reduction in the average
delivered capacities. Consistent with the CE trends observed in
half cells and sulfur-based full cells, the NMC‖Li@Gr/Sb–Cu
conguration demonstrated superior electrochemical perfor-
mance compared with the other NMC-based cells. During the
rst cycle, this cell delivered an initial discharge capacity of
164.34 mAh g−1 (1.59 mAh cm−2, Fig. S10a), which gradually
decreased to 128.13 mAh g−1 (1.24 mAh cm−2) aer 200 cycles,
while exhibiting an average CE of 99.64% (Fig. 5a). The
NMC‖Li@Gr/Sn–Cu and NMC‖Li@Gr/Bi–Cu cells exhibited
slightly lower yet comparable initial discharge capacities of
155.53 mAh g−1 (1.51 mAh cm−2) and 154.04 mAh g−1 (1.49
mAh cm−2), respectively (Fig. S10a). However, the capacity of
the Sn-modied substrate began to fade aer 187 cycles,
declining to 111.18 mAh g−1 (1.08 mAh cm−2) by cycle 191. In
comparison, the Bi-modied substrate showed earlier perfor-
mance degradation, with capacity fading initiating around cycle
165 at 118.56 mAh g−1 (1.15 mAh cm−2) and further decreasing
to 88 mAh g−1 (0.85 mAh cm−2) by cycle 190. In agreement with
half-cell CE measurements using both ether- and carbonate-
based electrolytes (Fig. 2e and S3), full-cell cycling against the
NMC cathode conrmed that NMC‖Li@Gr/Sb–Cu delivered the
best overall performance, whereas NMC‖Li@Gr/Bi–Cu showed
the poorest stability. The lower CE observed in the carbonate
electrolyte relative to the ether-based system is attributed to the
less stable Li metal/electrolyte interface, which promotes para-
sitic reactions and continuous SEI reconstruction. Although
carbonate electrolytes are necessary for high-voltage cathodes
such as NMC811, these processes reduce Li plating/stripping
reversibility.95–97 Nevertheless, Gr/Sb–Cu exhibited the highest
CE and best capacity retention among the investigated
Fig. 5 (a) Cycling performance of Li@Gr/Sb–Cu, Li@Gr/Sn–Cu and Li@
(remaining cycles) over 200 cycles. (b) Rate capability evaluation of NMC
densities of 0.1C, 0.2C, 0.5C and 1C. (c) Corresponding voltage–capacity
after the (d) 5th and (e) 100th cycle, along with the associated (f) RSEI an

This journal is © The Royal Society of Chemistry 2026
substrates, indicating improved interfacial stability under
practical high voltage operating conditions. Further improve-
ments may be achieved through advanced carbonate electrolyte
formulations.

Notably, all three LMAs displayed comparable behavior
during the rst ∼120 cycles, with the Li@Gr/Bi–Cu and Li@Gr/
Sn–Cu showing a more pronounced drop-off from cycles 188
and 165, respectively. This earlier decline is likely due to
accelerated Li inventory loss during cycling, leading to reduced
cell performance.98–100 The equivalent voltage–capacity proles
for cycles 1, 5, 50, 100, and 150 are provided in the SI (Fig. S11).

Rate capability tests were subsequently performed at 0.1C,
0.2C, 0.5C, and 1C (Fig. 5b). Among the tested cells,
NMC‖Li@Gr/Sb–Cu exhibited the most favorable rate perfor-
mance, particularly at higher current densities (0.5C and 1C),
delivering average discharge capacities of 165.24, 158.41,
140.33, and 117.19 mAh g−1 (corresponding to 1.60, 1.53, 1.36,
and 1.13 mAh cm−2) at 0.1C, 0.2C, 0.5C, and 1C, respectively
(Fig. 5b and S10b). The NMC‖Li@Gr/Sn–Cu cell showed
comparable but slightly inferior rate capability, with discharge
capacities of 164.40 mAh g−1 (1.59 mAh cm−2), 155.16 mAh g−1

(1.50 mAh cm−2), 139.14 mAh g−1 (1.35 mAh cm−2), and 116.08
mAh g−1 (1.12 mAh cm−2) at 0.1C, 0.2C, 0.5C, and 1C, respec-
tively. In contrast, NMC‖Li@Gr/Bi–Cu exhibited the weakest
rate performance across all current densities, delivering average
discharge capacities of 159.80 mAh g−1 (1.55 mAh cm−2), 148.57
mAh g−1 (1.44 mAh cm−2), 119.84 mAh g−1 (1.16 mAh cm−2),
and 65.93 mAh g−1 (0.64 mAh cm−2) at 0.1C, 0.2C, 0.5C, and 1C,
respectively. This behavior indicates the limited suitability of Bi-
containing CCs for high-rate applications (Fig. 5b and S10b).
The voltage-specic capacity proles of NMC‖Li@Gr/Sb–Cu
(Fig. 5c), NMC‖Li@Gr/Sn–Cu (Fig. S12a) and NMC‖Li@Gr/Bi–
Gr/Bi–Cu against the NMC cathode at 0.1C (first 5 cycles) then 0.2C
‖Li@Gr/Sb–Cu, NMC‖Li@Gr/Sn–Cu and NMC‖Li@Gr/Bi–Cu at current
plots of NMC‖Li@Gr/Sb–Cu at various C-rates. EIS analysis conducted
d RCT plots for NMC‖Li cells.

J. Mater. Chem. A
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Cu (Fig. S12b) at the 3rd cycle for each C-rate reveal a gradual
increase in overpotential with increasing current density.

Electrochemical impedance spectroscopy (EIS) analysis was
carried out as a complementary investigation for interfacial
stability (Fig. 5d–f and Table S2), revealing trends consistent
with those observed in sulfur-based cells. Aer the 5th and
100th cycles, NMC‖Li@Gr/Sb–Cu exhibited the lowest interfa-
cial resistances. Following ve cycles, RSEI and RCT values were
5.043 U and 24 U, respectively, increasing to 6.244 U and 59.26
U, respectively, aer 100 cycles. The Sn-modied substrate
showed higher resistances, with RSEI and RCT values of 6.928 U

and 30.49 U, respectively, aer ve cycles, rising to 9.807 U and
65.5 U, respectively, aer 100 cycles. In contrast, NMC‖Li@Gr/
Bi–Cu displayed the highest impedance even at early stages,
with RSEI and RCT values of 10.55 U and 44.47 U, respectively,
aer only ve cycles. These values increased substantially aer
the prolonged cycling, reaching 44.25 U and 62.21 U, respec-
tively, at the 100th cycle. The high SEI resistances of the Bi-
modied CC can be attributed to lower uniformity of Li
plating and hindered stripping on the CC, as evidenced by post-
mortem SEM images (Fig. 3c(iv) and d(iv)). Such variations in
deposition uniformity could lead to a degree of interfacial
instability, contributing to increased RSEI.101

The comparatively low impedance of NMC‖Li@Gr/Sb–Cu,
even aer extended cycling, indicates the formation of a less
resistive SEI. This stable interphase contributes to improved
capacity retention and higher CE, consistent with its superior
half-cell CE (Fig. 2e) and lower nucleation overpotential
(8.2 mV, Fig. 2b) relative to the other substrates.94 Conversely,
the substantially higher and progressively increasing resis-
tances observed for NMC‖Li@Gr/Bi–Cu suggest unstable SEI
formation and increased electrolyte degradation.92,93 These
effects lead to increased polarization, capacity decay, and
reduced CE, in agreement with its inferior half-cell
performance.92,93

Furthermore, the higher impedance of NMC‖Li@Gr/Sb–Cu
aer 100 cycles (Fig. 5e and f) compared with its sulfur-cell
counterpart (Fig. 4e and f) arises from differences in electro-
lyte chemistry. Sulfur cells employed an ether-based electrolyte
(LiTFSI in DOL/DME with LiNO3 additive), which is more
compatible with LMAs and promotes stable SEI formation. In
contrast, NMC cells utilized a conventional carbonate-based
electrolyte (LiPF6 in EC/DEC with FEC), which typically leads
to higher interfacial resistance aer prolonged cycling.102,103

3 Conclusion

This study presents the design of a bilayer-modied Cu CC for
LMAs through the introduction of a thin lithiophilic metallic
interlayer that simultaneously transforms inherently lithio-
phobic Cu and Gr into Li-attractive hosts and regulates Li
deposition on them, thereby enabling highly reversible Li
plating/stripping. A systematic comparison of Gr/M–Cu
substrates (M = Sb, Ag, Sn, and Bi) identied Gr/Sb–Cu as the
optimal architecture that balances performance and material
cost, exhibiting a nucleation overpotential 8.2 mV lower than
those of Gr/Sn–Cu and Gr/Bi–Cu during Li plating. The strong
J. Mater. Chem. A
lithiophilicity of Sb contributed to exceptional CEs at high areal
capacities over prolonged cycling, along with stable symmetric-
cell operation for over 1000 h. Moreover, full cells employing Gr/
Sb–Cu demonstrated excellent rate capability, delivering high
specic capacities of 117.19 and 492.12 mAh g−1 at 1C against
NMC and S cathodes, respectively. The engineered anode also
exhibited very low SEI and charge-transfer resistances aer
extended cycling, conrming its interfacial stability.

4 Experimental section
4.1 Electrode preparation

Sb, Ag, Sn, and Bi pellets (99.99% pure, purchased from Kurt J.
Lesker) were individually deposited onto commercial planar Cu
foil (Schlenk, ∼9 mm thickness) via thermal evaporation to
obtain thin lms with thicknesses of∼70–90 nm. Subsequently,
a Gr slurry was cast onto the coated pieces of Cu foil. The Gr
slurry was prepared by mixing Gr powder (CAS-no: 7782-42-5,
Sigma-Aldrich) as the active material, conductive carbon black
(Super C65, Sigma-Aldrich), and carboxymethyl cellulose (CMC,
Sigma-Aldrich) binder in a weight ratio of 80 : 10 : 10. The slurry
was cast onto the metal-coated pieces of Cu foil (Sb–Cu, Ag–Cu,
Sn–Cu, and Bi–Cu) with an approximate coating thickness of
∼20 mm, followed by drying in a vacuum oven at 80 °C over-
night. The dried pieces of foil were punched into 12 mm
diameter disks and used as LMAs, denoted as Gr/Sb–Cu, Gr/Ag–
Cu, Gr/Sn–Cu, and Gr/Bi–Cu. The electrode mass loading was
∼1.1–1.3 mg cm−2. Theoretical porosity of the electrodes ob-
tained 51.7% via the following formula:104

3 ¼ rbulk

rtrue
(1)

where 3 is the electrode porosity, rbulk is the bulk density
calculated from the electrode mass loading divided by the total
electrode thickness (including the coated Gr and deposited
metal), and rtheo is the theoretical density estimated from the
weighted average densities of all electrode components used in
this work.104

4.2 Material characterization

Cross-sectional scanning electron microscopy (SEM) was per-
formed using an FEI Helios G4 CX microscope equipped with
an energy-dispersive X-ray (EDX) detector. Measurements were
conducted at accelerating voltages of 5 kV to examine the pris-
tine Gr/Sb–Cu substrate. Additional SEM and energy-dispersive
spectroscopy (EDS) analyses were carried out using a Hitachi
SU-70 microscope. Various accelerating voltages were employed
to analyze all substrate samples, including pristine Sb-, Ag-, Sn-,
and Bi-deposited pieces of Cu foil, both before and aer Gr
coating. For Li-plated samples, a low accelerating voltage of 5 kV
was used to minimize beam-induced damage. For postmortem
analysis, SEM electrodes were retrieved from half-cells, rinsed
with dimethoxyethane (DME) inside an argon-lled glove box,
and dried under an inert atmosphere. The samples were then
transferred to the SEM chamber without air exposure.

X-ray diffraction (XRD) analysis of pristine Sb–Cu, Gr–Cu, and
Gr/Sb–Cu samples mounted on Si zero-background holders was
This journal is © The Royal Society of Chemistry 2026
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performed using an Anton Paar (XRD dynamic 500) diffractom-
eter with Cu Ka radiation (l = 1.5418 Å) and a 1D Pixos 2000
detector. The instrument was operated at 40 kV and 50 mA.
4.3 Electrochemical measurements

All electrochemical measurements were carried out using 2032-
type coin cells assembled in an argon-lled glove box with O2 and
H2O levels maintained below 1 ppm. Galvanostatic cycling was
performed using a Neware battery tester, while electrochemical
impedance spectroscopy (EIS) measurements were carried out
using a BioLogic VMP-300 workstation. For coulombic efficiency
(CE) tests, Gr/Sb–Cu, Gr/Ag–Cu, Gr/Sn–Cu, and Gr/Bi–Cu elec-
trodes were paired with pieces of Li metal foil of identical
diameter. Each cell used 60 mL of electrolyte consisting of 2.5 M
lithium bis(triuoromethanesulfonyl)imide (LiTFSI) in a 1 : 1 (v/
v) mixture of 1,3-dioxolane (DOL) and dimethoxyethane (DME),
with 0.25 M LiNO3 additive, and a Celgard 2325 separator. Half-
cells were initially cycled ve times within a voltage window of
0.01–2 V vs. Li/Li+. Li plating was then conducted at a current
density of 1 mA cm−2 with an areal capacity of 1 mAh cm−2,
followed by stripping to 0.1 V to ensure complete Li removal.
Symmetric cells were assembled using Li pre-deposited (8 mAh
cm−2) matched electrodes (Gr/Sb–Cu@Li‖Gr/Sb–Cu@Li, Gr/Ag–
Cu@Li‖Gr/Ag–Cu@Li, Gr/Sn–Cu@Li‖Gr/Sn–Cu@Li, and Gr/Bi–
Cu@Li‖Gr/Bi–Cu@Li) with the same Li+-solvated ether-based
electrolyte. Cycling was performed at 1 mA cm−2 with a plating/
stripping capacity of 1 mAh cm−2.

For full-cell testing with sulfur cathodes, ∼2.5 mAh cm−2 Li
(N/P ratio z 2) was pre-deposited onto each substrate. Cells
were cycled at 0.2C within a voltage window of 1.8–2.8 V. Sulfur
cathodes were fabricated by casting a slurry of sulfur, Super P
conductive carbon (Thermo Fisher Scientic), and polyethylene
oxide (PEO, Sigma-Aldrich) onto carbon-coated aluminum (Al)
foil, followed by drying under ambient conditions. Electrodes
with a diameter of 10 mm were punched and assembled with
the Li-predeposited substrates. The electrolyte used was 1 M
LiTFSI in DOL : DME (1 : 1 v/v) with 0.25 M LiNO3 at an
electrolyte-to-sulfur ratio of 20 mL mg−1, together with a Celgard
2325 separator. NEI Corporation supplied the NMC811 cathode,
which had an areal capacity of ∼2 mAh cm−2 and a mass
loading of 10.79mg cm−2. For NMC811 full cells, 4 mAh cm−2 Li
(N/P ratio z 2) was pre-deposited on each substrate prior to
assembly. Each full cell contained 60 mL of carbonate-based
electrolyte composed of 1 M LiPF6 in ethylene carbonate (EC)
and diethyl carbonate (DEC) (1 : 1 v/v) with 10% uoroethylene
carbonate (FEC). This electrolyte was selected due to the high
operating voltage of the NMC cathode (∼4.3 V), which exceeds
the oxidation stability limit of ether-based electrolytes (<4 V).
Full cells were pre-cycled for ve cycles at 0.1C, followed by
subsequent cycling at 0.2C within a voltage range of 2.8–4.2 V.
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