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Anode-free lithium metal batteries (AFLMBs) leverage a bare current collector (CC) as a lithium deposition
substrate to achieve high energy density and reduced manufacturing costs. However, severe nucleation
overpotential and dendritic growth, rooted in the Cu-Li lattice mismatch, hinder their practical
deployment. Herein, a dense zeolitic imidazolate framework-67 (ZIF-67) polycrystalline membrane is
epitaxially grown in situ on Cu CC via liquid-phase epitaxy and subsequently converted into a CoN-
doped carbon skeleton membrane (67 MC@Cu) through thermal treatment. The embedded CoN
nanoparticles, evolved from {CoN4} units in ZIF-67, serve as highly lithiophilic sites that dynamically

regulate lithium nucleation and suppress dendrite formation. The binder-free fabrication maximizes the
Received 10th September 2025 . ) ) . . ) . .
Accepted 13th November 2025 exposure of active sites while preserving the functionality of the MOF-derived architecture. As a result,
full cells assembled with 67 MC@Cu exhibit markedly enhanced cycling stability, retaining 92.0% capacity
DOI: 10.1039/d5sc06967] . o . . )
after 280 cycles—far surpassing 20.2% retention of commercial carbon-coated Cu (C@Cu). This work

rsc.li/chemical-science provides an effective interfacial engineering strategy to advance the practical implementation of AFLMBs.
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1. Instruction

High energy density remains a primary objective for electro-
chemical energy storage technologies to meet the evolving
global energy demands and growing application
requirements.' Lithium metal batteries (LMBs) have attracted
extensive attention owing to their exceptional theoretical
capacity (3860 mA h g™') and low electrochemical potential
(—3.04 V vs. the standard hydrogen electrode). However, their
practical application is hindered by the low coulombic effi-
ciency (CE), undesirable side reactions, and formation of
lithium dendrites.*”” Furthermore, the excessive lithium
content in commercial Li foil (50-400 um thick) reduces energy
density and increases safety risks in LMBs.*™°

Anode-free lithium metal batteries (AFLMBs), which utilize
a bare current collector (CC) as the Li" deposition substrate
(Fig. 1a), offer the potential for high energy density at low
manufacturing costs.'*** Nevertheless, the unstable Li/CC
interface and the absence of active materials severely limit
their cycle life and thus their practical viability. These issues,
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largely originating from the lattice mismatch between metallic
Li and Cu CC, have prompted efforts to modify the structure
and surface properties of Cu CCs."™® Such strategies aim to
enhance the reversibility of Li deposition/stripping and extend
the cycling stability of AFLMBs. Carbon-modified CCs, partic-
ularly commercial carbon-coated Cu (C@Cu) foil, have been
extensively utilized in lithium-ion batteries (LIBs).'”° Recently,
De Volder et al. fabricated a three-dimensional porous
composite CC by electrodepositing carbon nanotubes onto Cu,
which enhanced the mechanical elasticity of Cu foam and
reduced cell resistance.”® However, precise regulation of Li
deposition using a single carbon-based material remains chal-
lenging due to limited functionality and insufficient material
diversity. To address this, Zhu et al. developed a Se-decorated
carbon cloth host, and the highly lithiophilic nano-Se impar-
ted excellent Li wettability.>® Therefore, further improvements
in Li deposition layer quality can be achieved by simultaneously
introducing highly lithiophilic metal nanoparticles and highly
conductive carbon materials onto Cu CCs.****

Metal-organic frameworks (MOFs), a class of porous crys-
talline materials composed of metal ions/clusters coordinated
with organic ligands, offer an ideal platform for such modifi-
cations. Upon thermal treatment, the organic ligands are con-
verted into a conductive carbon skeleton, while the metal nodes
transform into uniformly dispersed metal-based nanoparticles.
This property has made MOFs attractive as sacrificial templates
for fabricating metal nanoparticle-doped carbon materials.?**
Compared with the carbon layer of C@Cu, MOF-derived carbon

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

Lithiophilic CoN Induceing Uniform Lithium Deposition Bl

(a) Schematic illustration of the structures of LIBs, LMBs, and AFLMBs. (b) The preparation process of 67 MC@Cu. (c) The structure and ball-

and-stick model of ZIF-67. (d) The structural model and HRTEM image of 67 MC. Schematic illustration of Li* deposition on the commercial (e)

C@Cu CC and (f) 67 MC@Cu CC.

skeleton contains homogeneously distributed metal nano-
particles that serve as abundant lithiophilic sites to guide Li*
nucleation. However, most reported MOF-derived carbon coat-
ings still rely on polymeric binders such as polyvinylidene
fluoride (PVDF) or polytetrafluoroethylene (PTFE) to attach the
powders onto Cu CC. The use of such binders often results in
weak interfacial adhesion, non-uniform and discontinuous
distribution of lithiophilic sites, and reduced electronic
conductivity. Moreover, the insulating binder can block active
sites, thereby significantly compromising the overall effective-
ness of the surface modification.>**

To overcome these limitations, this work employs a liquid-
phase epitaxial growth strategy to in situ fabricate a dense and
continuous zeolitic imidazolate framework-67 (ZIF-67) poly-
crystalline membrane (67M) directly on Cu CC (Fig. 1b).
Subsequent thermal treatment transformed the 67M layer into
a CoN-doped carbon skeleton membrane (67 MC@Cu),
enabling complete, binder-free surface modification of the Cu
CC and generating abundant, uniformly distributed lithiophilic
CoN sites (Fig. 1c and d). The resulting 67 MC membrane
effectively directs uniform Li" deposition, suppresses dendrite
growth, and improves the integrity of the Li deposition layer
(Fig. 1e and f). As an anode for AFLMBs, 67 MC@Cu exhibits

© 2026 The Author(s). Published by the Royal Society of Chemistry

superior cycling stability and practical applicability compared
to commercial C@Cu foil.

2. Results and discussion

The fabrication process of 67 MC@Cu is illustrated in Fig. 1b.
Initially, ZIF-67 powders were evenly seeded onto Cu foil (ZIF-
67@Cu) via a spin-coating technique. ZIF-67@Cu was then
immersed in a ZIF-67 growth solution, where the crystal seeds
guided the epitaxial growth of ZIF-67, resulting in the formation
of a continuous and dense ZIF-67 polycrystalline membrane on
the Cu foil (67M@Cu). Subsequent thermal treatment in an N,
atmosphere converted 67M@Cu into a CoN-doped carbon
skeleton membrane (67 MC@Cu). According to the immersion
time and thermal treatment temperature, the obtained samples
were designated as Cu-2h-400 (2 h growth followed by thermal
treatment at 400 °C) and Cu-3h-350 (3 h growth followed by
thermal treatment at 350 °C).

The morphological evolution of the Cu foil surface during
the fabrication of 67 MC@Cu was examined by scanning elec-
tron microscopy (SEM) (Fig. 2a). Spin-coated ZIF-67 particles
serve as nucleation seeds (Fig. 2b), enabling rapid membrane
formation. After 1 h of immersion in the growth solution, the
Cu foil surface is largely covered by the ZIF-67 membrane

Chem. Sci., 2026, 17, 1186-1194 | 1187
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Fig.2 SEM images of (a) bare Cu, (b) ZIF-67@Cu, (c) 67M@Cu, and (d) 67 MC@Cu. (e) XRD patterns of bare Cu, simulated ZIF-67, and 67M@Cu. (f)
XRD patterns of bare Cu, CoN, and 67 MC@Cu. (g) High-resolution Co 2p XPS spectra of ZIF-67 and 67 MC@Cu. (h—j) TEM images of 67 MC@Cu.
(k) High-resolution Co 2p XPS spectra of 67 MC@Cu, both pristine and after immersion in electrolyte for 12 h.

(Fig. S1). Extending the growth time to 2 h results in the
formation of a complete and well-intergrown ZIF-67 crystal
membrane on the Cu foil (Fig. 2c). Following thermal treat-
ment, SEM analysis confirms the transformation of 67M@Cu
into 67 MC@Cu (Fig. 2d). Cross-sectional SEM further reveals
a tight interfacial contact between 67 MC and Cu foil, with
a uniform membrane thickness of 3.4 pm (Fig. S2). X-ray energy
dispersive spectroscopy (EDS) verifies the homogeneous distri-
bution of C, N, and Co elements in 67 MC@Cu, demonstrating
the structural integrity of the 67 MC membrane (Fig. S3).
Complementary atomic force microscopy (AFM) shows that the
height variation on the 67 MC@Cu surface (566 nm) is smaller
than that on bare Cu foil (677 nm), indicating that the 67 MC
membrane promotes planarization of the CC (Fig. S4). More-
over, optical observation reveals that, due to light reflection
from the dense 67 MC membrane, 67 MC@Cu exhibits a visible
color gradient under natural light (Fig. $5).>**° SEM images of
Cu-2h-400 and Cu-3h-350 further confirm that although the
surface morphology evolves with higher thermal temperature
and membrane thickness increases with longer immersion
times, the modified membrane layer remains continuous and
dense (Fig. S6).

To examine the structural evolution, different CCs were
systematically characterized using X-ray diffraction (XRD)
(Fig. 2e). The XRD pattern of 67M@Cu exhibits well-defined
diffraction peaks in the low-angle region corresponding to the
(011), (002), (112), and (222) planes of ZIF-67. In the XRD pattern

188 | Chem. Sci, 2026, 17, 186-1194

of 67 MC@Cu, the diffraction peaks at 260 = 36° and 42° are
attributed to CoN formation after thermal treatment (Fig. 2f and
$7).3%° X-ray photoelectron spectroscopy (XPS) was further
conducted to probe the chemical states and bonding environ-
ments (Fig. 2g and S8). Compared with pure ZIF-67 powder, the
peaks of Co** and Co** in the Co 2p spectrum shift by 0.7 eV,
while the Co-N bond in the N 1s spectrum shifts by —0.6 eV.
These shifts confirm significant modifications in the oxidation
state and electronic environment of cobalt, consistent with the
transformation from Co-N coordination in ZIF-67 to Co-N
bonding in 67 MC@Cu. In addition, thermal decomposition of
the organic ligands induces a transformation in nitrogen
coordination, specifically converting pyridinic-N into the more
thermodynamically stable pyrrolic-N configuration (Fig. S8).*
To gain nanoscale structural insights, high-resolution
transmission electron microscopy (HRTEM) was employed.
Cross-sectional lamellae of 67 MC@Cu were prepared using
a focused ion beam (Fig. S9). The HRTEM image reveals two
distinct phase interfaces in 67 MC@Cu (Fig. 2i). Lattice-fringe
analysis shows that the yellow and blue regions correspond to
the Cu (200) plane (d = 0.18 nm, Fig. 2h) and the characteristic
(111) plane of CoN (d = 0.24 nm, Fig. 2j), respectively. The
amorphous regions correspond to the carbon skeleton formed
during thermal treatment.**"** These findings demonstrate the
successful preparation and close interfacial bonding of 67 MC
on the Cu CC. Elemental TEM-EDS mapping shows homoge-
neous distributions of C, N, and Co throughout 67 MC@Cu

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Comparison of CE of Li deposition and stripping processes on C@Cu and 67 MC@Cu at a current density of 1 mA cm~2 with a fixed

capacity of 1 mA h cm™2

. (b) Voltage—capacity curves during initial Li* deposition on C@Cu and 67 MC@Cu at a current density of 1 mA cm™2. (c)

Time-voltage curves of Li||C@Cu and Li||67 MC@Cu half-cells in the Aurbach CE test. (d) Time—-voltage curves of Li||C@Cu and Li||67 MC@Cu
half-cells during continuous discharge at 1 mA cm™2. (e) Time—voltage curves of the symmetric cells assembled with C@Cu and 67 MC@Cu
(prelithiation: 5 mA h cm™). (f) Electrochemical impedance spectroscopy of the Li||67 MC@Cu half-cell at different states. In situ optical

microscopy images of Li deposition on the (g—k) 67 MC@Cu and (l-p) C@Cu at a current density of 10 mA cm

(Fig. S10). Furthermore, even after immersion in the electrolyte
for 12 h, the Co 2p XPS spectrum of 67 MC@Cu remains nearly
unchanged compared with pristine 67 MC, confirming its high
chemical stability (Fig. 2k).

Having established the structural and interfacial features,
the electrochemical properties of 67 MC@Cu as an AFLMB CC
were evaluated in Li||67 MC@Cu half-cells.** At 1 mA cm ™ with
a fixed areal capacity of 1 mA h cm ™2, the Li||67 MC@Cu cell
demonstrates excellent cycling stability, maintaining an average

coulombic efficiency (CE.,,) of 83.4% over 120 cycles
(Fig. 3a). By contrast, the Li||C@Cu cell suffers rapid capacity
fading and delivers a lower CE,,, of 76.7% within only 40 cycles.
The initial Li deposition behavior was further investigated by
measuring the nucleation overpotential, defined as the poten-
tial difference between the minimum voltage dip and the
subsequent stable deposition plateau (Fig. 3b).** The over-
potential is significantly lower for 67 MC@Cu (80.9 mvV)
compared with C@Cu (106.4 mV), indicating facilitated Li
nucleation. This improvement is attributed to the synergistic
effect of the conductive carbon skeleton and lithiophilic CoN
species. To examine the influence of fabrication parameters,
half-cells based on Cu-2h-400 and Cu-3h-350 were also tested.
As shown in Fig. S11 and S12, both samples exhibit a lower

© 2026 The Author(s). Published by the Royal Society of Chemistry
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CE,, and higher nucleation overpotential compared to 67
MC@Cu, suggesting that elevated thermal treatment tempera-
ture and excessive thickness exert a detrimental effect on Li
deposition.

The reversibility of Li deposition/stripping was evaluated
using the Aurbach CE test.**** The activated Li||67 MC@Cu half-
cell exhibits a moderate average CE,,, of 86.2% (Fig. 3c). This
value primarily arises from the use of a conventional carbonate-
based electrolyte without additives, which was chosen to high-
light the intrinsic effect of CC modification. In addition, the
high lithiophilicity and abundant internal cavities of the 67 MC
framework can lead to the formation of “self-preserved” Li seeds
that facilitate homogeneous Li redeposition in subsequent
cycles. Nevertheless, the CE, of 67 MC@Cu still surpasses that
of Li||C@Cu (83.4%), demonstrating its practical promise in
AFLMBs. The time-voltage profiles of continuous Li deposition
were monitored over 100 h to evaluate the limiting areal
capacities at different current densities.* At 1 mA cm 2
Li||C@Cu short-circuits at only 50 mA h cm™2, whereas Li||67
MC@Cu sustains stable Li deposition up to 100 mA h cm™2
(Fig. 3d). Similarly, at higher current densities (Fig. S13), 67
MC®@Cu maintains stable Li plating for over 100 h
(300 mA h cm ) at 3 mA cm 2 and 40 h (200 mA h cm ?) at 5

Chem. Sci., 2026, 17, 1186-1194 | 1189
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Fig. 4 SEM images of (a) pristine C@Cu CC, (b) C@Cu CC after depositing 5 mA h cm™2 Li, (c) C@Cu CC after stripping 5 mA h cm~2 Li, and (d)
cross-sectional image of C@Cu CC after depositing 5 mA h cm™2 Li. SEM images of (e) pristine 67 MC@Cu CC, (f) 67 MC@Cu CC after depositing
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carbon and (1) Li on CoN (111). (m) XRD patterns of 67 MC@Cu after Li deposition (0.2 mA h cm~2) and stripping. (n) High-resolution Co 2p XPS
spectra of 67 MC@Cu in the initial state and after Li deposition (0.2 mA h cm™2).

mA cm 2, respectively, far exceeding the performance of C@Cu.
Moreover, 67 MC@Cu exhibits consistently lower nucleation
overpotentials than C@Cu at all current densities, confirming
its ability to promote rapid and uniform Li nucleation, effec-
tively accommodate high Li flux, and suppress dendrite-
induced failure.

The Li deposition process was directly visualized using an in
situ optical microscope (Fig. 3g-p).°>** After 15 min of contin-
uous Li deposition at 10 mA cm ™2, C@Cu develops a coarse and
porous Li layer (140 um thick) dominated by dendritic growth.
In contrast, 67 MC@Cu promotes uniform and compact Li
deposition with a reduced thickness of 73 pm. The results
confirm that 67 MC@Cu regulates Li" nucleation and growth,
enabling homogeneous Li deposition and mitigating dendrite-
induced short-circuit risks. The interfacial stability was

190 | Chem. Sci., 2026, 17, 186-1194

further evaluated via electrochemical impedance spectroscopy
(EIS).*>** In Li||[C@Cu cells, interfacial resistance increases
markedly with cycling (Fig. S14), whereas 67 MC@Cu maintains
stable impedance values (Fig. 3f, S15 and S16). Finally,
symmetric cells were assembled after prelithiation of C@Cu
and 67 MC@Cu CCs (Fig. 3e). At 1 mA cm 2 and 0.2 mA h cm ™2
per cycle, the C@Cu-based symmetric cell shows rapidly
increased polarization within 12 h, while the 67 MC@Cu-based
cell retains stable voltage profiles. Together, these results
demonstrate that 67 MC@Cu not only facilitates uniform Li
deposition but also effectively enhances electrode-electrolyte
interfacial stability during long-term cycling.

The morphologies of the 67 MC@Cu and C@Cu CCs under
different Li deposition/stripping states (current density: 1 mA
cm %) were examined using SEM.** For C@Cu, Li dendrites

© 2026 The Author(s). Published by the Royal Society of Chemistry
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C@CuU||LFP and 67 MC@CU||LFP (scan rate: 1 mV s™3).

emerge even at a low deposition capacity of 0.5 mA h cm >

(Fig. S17a) and develop into a loose, porous Li layer with
increasing deposition (Fig. 4b, S17b and c). Moreover, signifi-
cant Li residues remain after stripping, leading to a decline in
CE (Fig. 4c). In sharp contrast, 67 MC@Cu maintains a smooth
surface throughout deposition, enabling the formation of
a uniform and compact Li layer (Fig. 4f and S18a-c). After
stripping, the surface of 67 MC@Cu is nearly restored to its
pristine morphology without detectable residues (Fig. 4g).
Cross-sectional SEM further highlights these differences. At
a deposition capacity of 5 mA h cm ™2, 67 MC@Cu yields a dense
Li layer with a thickness of 34 um (Fig. 4h and S18d), whereas
C@Cu generates a loose and porous structure of 53 um (Fig. 4d
and S17d). These results demonstrate that 67 MC@Cu
substantially improves the reversibility of Li deposition/
stripping. The high-density Li layer also helps mitigate
AFLMB volume fluctuations during cycling, thereby extending
cell lifespan.

© 2026 The Author(s). Published by the Royal Society of Chemistry

The underlying mechanism of performance enhancement
was elucidated by density functional theory (DFT)
calculations.”®” Fig. 4i shows the adsorption model of the
carbon layer in C@Cu. Because of its symmetric electron
distribution, Li" preferentially adsorbs at the hexagonal center
with an adsorption energy (E.qs) of —1.28 eV. In contrast, for the
CoN model, Li" adsorption occurs near the N atom, forming
a stable Li-N bond with the lone pair electrons of N. This results
in a markedly lower E,q5 of —4.07 eV (Fig. 4j). The electronic
structures following lithium-ion adsorption were elucidated
through a differential charge-density analysis (Fig. 4k and 1).
The Li-CoN system exhibits a more delocalized charge distri-
bution. This redistribution originates from the intrinsically
lower work function of CoN compared with carbon, which
facilitates electron transfer to Li' and induces an interfacial
dipole that homogenizes the local electric field.***® Meanwhile,
the conductive carbon skeleton promotes additional charge
delocalization, resulting in a more uniform interfacial charge
distribution across the Li-CoN interface and thereby enabling
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uniform Li nucleation.®® Therefore, CoN serves a dual electronic
role within the 67 MC@Cu CC: CoN as lithiophilic nucleation
sites that lower the energy barrier for Li deposition and
ensuring efficient charge transport and dendrite-free Li growth.

To evaluate the stability of CoN, ex situ XRD and XPS analyses
were performed after depositing 0.2 mA h em™2 of Li (Fig. 4m
and n). The XRD patterns show that the (111) peak of CoN
remains clearly identifiable, while XPS analysis confirms that
the valence of Co atoms is essentially unchanged, indicating
that CoN retains its structural integrity during the Li deposition
process. To further assess the long-term stability of CoN, addi-
tional ex situ XRD and XPS measurements were conducted on
Li||67 MC@Cu half-cells after 100 cycles (Fig. S19). The XRD
patterns still display the characteristic CoN peaks, and Co 2p
XPS spectra after Ar* etching show Co**/Co** peaks, confirming
that the CoN remains unchanged after cycling. These results
demonstrate that CoN maintains excellent stability both during
initial Li deposition and long-term cycling, ensuring durable
interfacial regulation of Li plating and stripping.

The practical applicability of 67 MC@Cu was evaluated in
full cells paired with a LiFePO, (LFP) cathode. As shown in
Fig. 5a and b, 67 MC@Cu||LFP demonstrates excellent long-
term cycling stability, retaining 84.6 mA h g ' with 92%
capacity retention after 280 cycles. In comparison, C@Cu||LFP
exhibits severe degradation, retaining only 18.1 mA h g~ ' under
identical conditions (Fig. 5d). A comprehensive comparison
with previously reported studies (Table S1) further confirms the
advanced performance of 67 MC@Cu CC over other modified
Cu CC. This enhanced performance is further demonstrated in
rate capability tests (Fig. 5¢ and S20). With current density
increasing from 1C to 10C, 67 MC@Cu||LFP experiences less
capacity loss than C@Cul||[LFP. When the current density is
returned to 1C after 40 cycles, 67 MC@Cu||LFP also shows
higher capacity and stronger cyclic stability than C@Cu||LFP
(95.4% vs. 40.8% retention after 280 cycles).

EIS analysis reveals that the initial resistance of 67
MC@Cu||LFP is slightly higher than that of C@Cul|LFP,
attributed to the presence of the 67 MC layer (Fig. 5e). After 50
cycles, the impedance of both cells reaches a similar level (16.66
Q for C@Cul|LFP and 18.05 Q for 67 MC@Cul||LFP) (Fig. 5f and
S21). Furthermore, cyclic voltammetry curves (2.9-3.65 V) show
that 67 MC@Cul||LFP possesses a narrower redox peak separa-
tion than C@Cul||LFP (Fig. 5g), indicating faster charge-transfer
kinetics and more reversible redox processes.®*

Considering the strong electrolyte dependence of AFLMB
stability, the electrochemical behavior of 67 MC@Cu was tested
in different electrolytes. In the localized high-concentration
electrolyte (LHCE, 2.4F-1.6N-TTE), the Li||67 MC@Cu half-cell
exhibits a stable CE of 98.0% for 130 cycles (Fig. S22a), and
the prelithiated 67 MC@Cu||LFP full cell maintains stable
cycling for 500 cycles at 5C (Fig. S22b). In the ether-based
electrolyte, the Li||67 MC@Cu half-cell achieves a stable CE of
91.5% over 60 cycles (Fig. S22c), while the corresponding pre-
lithiated 67 MC@Cul||LFP full cell delivers stable operation for
160 cycles at 5C (Fig. S22d). These results confirm that 67
MC@Cu delivers outstanding electrochemical performance and
strong practical potential.
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3. Conclusions

This work reports a CoN-doped carbon skeleton-modified Cu
CC (67 MC@Cu), prepared via in situ liquid-phase epitaxial
growth of a ZIF-67 polycrystalline membrane followed by
thermal treatment. The formation and lithiophilicity of CoN
were validated through HRTEM and DFT calculations. In situ
optical microscopy and SEM observations further confirmed
that 67 MC@Cu enables homogeneous lithium nucleation and
promotes the formation of a compact, high-density Li deposi-
tion layer. As a result, Li||67 MC@Cu half-cells exhibit superior
deposition/stripping reversibility, while full cells paired with an
LFP cathode deliver remarkable long-term cycling stability,
retaining 92% of their capacity after 280 cycles, significantly
exceeding the 20.2% retention of commercial C@Cu. The 67
MC@Cu CC also demonstrates good adaptability across
different electrolytes. Overall, this work demonstrates a binder-
free, MOF-derived modification strategy that effectively over-
comes the limitations of conventional CCs, offering a promising
pathway toward practical implementation of AFLMBs and
providing new insights into interfacial engineering design.
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