
Chinese Chemical Letters 37 (2026) 111310

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Stabilizing lithium metal anodes: Regulation

nucleation-growth-passivation behavior with a multifunctional

skeleton

Tianhui Li a, Meizhen Qub, Gongchang Pengb, Hanxiao Zhoub, Zihao Sub, Yi Changc,∗,
Bao Zhanga,∗, Wei Suna,∗

aUniversity of Electronic Science and Technology of China, School of Materials and Energy, Chengdu 611731, China
b Chengdu Institute of Organic Chemistry, Chinese Academy of Sciences, Chengdu 610041, China
cGac Aion New Energy Automobile Co., Ltd., Guangzhou 511434, China

a r t i c l e i n f o

Article history:

Received 3 December 2024

Revised 30 April 2025

Accepted 13 May 2025

Available online 13 May 2025

Keywords:

Li metal anode

Multifunctional skeleton

Nucleation-growth regulation

Surface passivation

High areal capacities

a b s t r a c t

Lithium metal anodes are a compelling option for high-energy-density rechargeable batteries. How-

ever, they face challenges such as uncontrolled dendrite growth and unstable interphase, particularly

at elevated areal capacities. In this study, we introduce a multi-functional skeleton design that pro-

motes uniform nucleation and growth of Li metal, enhancing interfacial stability. Our innovation features

a skeleton-alloy-fluorinated hybrid framework, incorporating abundantly N-doped lithiophilic sites and

MgF2 particles within a carbon fiber matrix. The lithophilic carbon fiber provides numerous Li nucleation

sites, mitigating Li deposition inhomogeneity and suppressing dendrite formation. The LiMg alloy phase

formed by MgF2 further promotes homogeneous Li growth. Additionally, the resulting LiF can passivate

and protect Li metal at the electrode-electrolyte interface, enhancing the cycling stability of Li anode. Em-

ploying this co-engineering strategy, the as-designed composite Li anode lasts over 1000h in symmetric

cells. Li-S full cells deliver 3.9 mAh/cm2 after 200 cycles at a high sulfur loading of 11.0mg/cm2. This

multi-functional approach provides insights for advancing lithium metal battery applications.

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

Medica, Chinese Academy of Medical Sciences.

Since the commercialization of Li-ion batteries (LIBs) in 1991,

these batteries have undergone significant advancements as pri-

mary energy storage devices for portable electronics and electric

vehicles [1]. However, more than the inherent energy density

limitations of LIBs are needed to meet the increasing demands

of grid-scale energy storage. To address this challenge, Li metal

batteries, with their exceptionally high theoretical energy density,

have emerged as potential candidates for current LIB technology.

Despite being widely regarded as a promising anode material

due to its lowest electrochemical potential (−3.04V vs. standard

hydrogen electrode) and high specific capacity (3860 mAh/g), Li

metal faces significant challenges related to safety hazards and

thermal runaway issues [2–5].

During the plating/stripping process, the non-uniform SEI ex-

hibits heterogeneous Li-ion conductivity, which leads to inhomo-

geneous Li nucleation. Furthermore, the cycling of the Li metal
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anode makes the fragile SEI crack by the infinite volume expan-

sion; the fresh Li metal is exposed, which possesses a lower energy

barrier [6,7]. The increased ion flux at cracks accelerates the non-

uniform Li deposition and Li dendrites growth, causing the failure

of the Li metal anode (Fig. 1a). Recent research has addressed the

critical challenge of stabilizing the electrolyte/electrode interphase.

Approaches include regulating electrolyte composition [8–10], ex-

ploring additives [11–13], and fluorinating the solvents to form an

in-situ SEI layer on the Li metal anode [14–16]. With the high

shear modulus (55.2 Gpa), high interface energy (73.28 meV/A2),

and good compatibility with Li metal, LiF has shown a potential

to suppress Li dendrites and stabilize the electrode/electrolyte in-

terphase [10,17]. Yet, in-situ LiF formation typically requires flu-

orinated solvents, which are costly and environmentally harmful.

An alternative strategy to inhibit dendrite formation is to con-

struct 3D structures, which provide a high specific surface area

to reduce local current density during Li plating, such as carbon

host [18–20], metal materials [4,21,22]. However, the positive effect

of lithiophilic site is commonly tested under modest conditions

(<3 mAh/cm2). “Dead Li” accumulates on these sites, blocking the

Li-ion diffusion channels under high areal capacity and making

https://doi.org/10.1016/j.cclet.2025.111310
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Fig. 1. Illustration of structure and Li plating behaviors of various substrates: (a)

Bare Li, (b) NCNT@CF/Li, (c) MgF2/NCNT@CF-Li composite Li anode.

it hard to decrease the nucleation overpotential (Fig. 1b). There-

fore, constructing an advanced functional composite electrode that

achieves reversible Li electrodeposition/resolution and a dendrite-

free morphology under high areal capacities is ideal yet remains

challenging.

In this work, we proposed a skeleton-alloy-fluoride Li com-

posite anode based on the above discussions. As depicted in

Fig. 1c, the MgF2/NCNT@CF-Li anode realizes a reversible Li plat-

ing/stripping process by optimizing Li nucleation and growth and

passivating the electrode/electrolyte interphase. The NCNT@CF

matrix, with numerous lithiophilic sites, such as pyridine and

pyrrole, promotes Li nucleation uniformly and suppresses huge

volume variations. The homogeneous Li-Mg alloy maintains struc-

tural integrity upon lithiation at high areal capacities. The LiF-rich

interphase, with high interfacial energy and sufficient mechanical

strength, effectively suppresses Li dendrite formation. Conse-

quently, the composite Li anode achieves stable performance over

400 cycles with a coulombic efficiency of 99.6 % in asymmetric

cells. It demonstrates an extended cycle life (∼1000h) with low

polarization under 1mA/cm2. More attractively, the symmetric

cell under high plating/stripping capacity (∼10 mAh/cm2) shows

stable Li plating/stripping cycling of over 120h, compared to 45h

for the bare Li metal anode. By pairing with a high-loading sulfur

cathode (∼11.0mg/cm2), the MgF2/NCNT@CF-Li anode delivers

a high initial areal capacity of 11.8 mAh/cm2. It maintains high

stability over 200 cycles, demonstrating great promise for high

areal capacity Li metal batteries.

The pristine carbon felt consisted of cross-linked fibers with

diameters of approximately 10μm, providing a flexible structure

and ample void space to accommodate Li (Figs. S1a and b in Sup-

porting information). NCNT@CF was synthesized on carbon felt us-

ing the catalytic chemical vapor deposition method, with details

previously reported in our work [23]; corresponding SEM images

are shown in Figs. S1c and d (Supporting information). Figs. S2

(Supporting information) presents the N2 adsorption/desorption

isotherm and pore size distribution. After growing NCNT on the

substrate, the specific surface area from 8.0 m2/g increases to 95.4

m2/g. The higher specific surface area can lower the local cur-

rent density, allowing uniform and stable Li deposition/dissolution.

Raman spectra of CF and NCNT@CF (Fig. S3 in Supporting in-

formation) indicate D and G band intensity ratios of 0.99 and

1.05, respectively, highlighting the presence of numerous defects

in NCNT@CF. Pristine MgF2 was composed of secondary particles,

as illustrated in Figs. S4 (Supporting information), and the fabrica-

tion process for MgF2/NCNT@CF is shown in Fig. 2a. During ultra-

sonic dispersion of the MgF2 ethanol solution on NCNT@CF, bulk

MgF2 is broken down into smaller particles. As shown in Fig. 2g,

these MgF2 particles are uniformly distributed on the carbon nan-

otubes. The MgF2/NCNT@CF host retains the 3D cross-linked struc-

ture of carbon fiber and densely nitrogen-doped CNTs; the corre-

sponding EDS mapping is presented in Fig. S5 (Supporting infor-

mation). The XRD pattern reveals diffraction peaks at 26°, 42.1°,
and 44.6°, corresponding to the (002), (012), and (100) planes of

graphitized carbon. Peaks at 27.2°, 35.1°, and 40.3° are assigned

to the (110), (101), and (111) planes of MgF2 (PDF#01–1196). Ad-

ditional peaks at 31.0° and 76.0° are attributed to CNx, the cata-

lyst by-products from the high-temperature pyrolysis of acetoni-

trile (Fig. 2b). XPS analysis was performed to examine the sur-

face chemistry of MgF2-NCNT@CF. As shown in Fig. S6 (Support-

ing information), the XPS survey indicates the presence of C, N, O,

Mg, and F on the MgF2/NCNT@CF surface, with atomic percentages

of N, Mg, and F measured at 6.20 at%, 6.23 at%, and 11.74 at%, re-

spectively. Fig. S7 (Supporting information) reveals that the lithio-

philic nitrogen functional groups remain after the dispersion of

MgF2 particles, providing numerous uniform nucleation sites and

reducing nucleation overpotential over pristine CF. The detailed in-

formation is as follows: peaks at 686.0 eV belong to MgF2 in F 1s

(Fig. S7c), which is also confirmed in 1304.8 eV in Mg1s spectrum.

The peaks at 398.7, 400.9, and 406.0 eV in the N1s spectrum are

attributed to pyridine N, pyrrole N, and alkyl acetonitrile (Fig. 2c

and Fig. S7b). Two peaks at 284.8 eV and 285.9 eV are observed in

the C1s spectrum, corresponding to C–C and C=N bond (Fig. S7a).

The above results confirm the successful loading of MgF2 particles

onto the substrate, which can react with molten Li to generate LiF,

thereby forming a LiF-rich SEI on the MgF2/NCNT@CF-Li.

The CF/Li, NCNT@CF/Li, and MgF2/NCNT@CF-Li composite an-

odes were synthesized using a thermal melting method (Figs. S8-

S10 in Supporting information). For pristine CF, molten Li shows

limited wettability and does not spread well on the CF surface,

indicating the lithiophobic nature of CF (Fig. S8). Nitrogen-doped

CNT endows the carbon substrate lithiophilicity, and molten Li

can infuse the NCNT@CF substrate within 10 min (Fig. S9). When

MgF2/NCNT@CF is brought into contact with molten Li, an alloy-

ing reaction occurs (MgF2 + Li→ LiMg+ LiF), enabling uniform ad-

sorption of molten Li into the host (Fig. S10). When the host

was immersed in molten Li for 30 s, melting Li appeared at the

central edge of the MgF2/NCNT@CF; when infiltration reached 3

min, Li filled the nanogaps due to the combined effects of en-

hanced lithiophilicity and capillary force of carbon nanotube, and

the interconnect structure was still maintained. The smooth sur-

face and dense structure of MgF2/NCNT@CF-Li are illustrated in

Fig. 2h. As shown in Figs. S11 (Supporting information), EDS map-

ping reveals that the distribution of Mg does not perfectly align

with that of F, suggesting that the thermal melting reaction re-

sults in the formation of Mg and LiF on the surface. The unique

structure of MgF2/NCNT@CF-Li provided ample space to accommo-

date volume expansion, conducive to forming LiF-rich interphase,

inducing a uniform Li plating process. The morphology of bare Li,

CF/Li, and NCNT@CF/Li were also investigated in Figs. S12 (Support-

ing information). The bare Li, CF/Li, and NCNT@CF/Li all exhibit a

flat surface, and the bare Li and NCNT@CF/Li show a dense struc-

ture (Figs. S12a-c and g-i). However, due to reduced lithiophilicity,

the inner space of the carbon felt was not fully infiltrated by Li

(Figs. S12d-f).

XRD was performed to identify further the surface composition

of the MgF2/NCNT@CF-Li electrode. As depicted in Fig. 2d, typi-

cal peaks for Li metal appear at 36.2° and 64.9°, corresponding to

the (110) and (200) plane (PDF#15–0401). The weakening of car-
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Fig. 2. Characterization of MgF2/NCNT@CF and composite Li anode. (a) The preparation process of MgF2/NCNT@CF-Li. (b) XRD pattern of MgF2/NCNT@CF. (c) N1s spectrum

of MgF2/NCNT@CF. (d) XRD pattern of CF/Li, NCNT@CF/Li, and MgF2/NCNT@CF-Li. High resolution (e) Mg1s and (f) F 1s XPS spectra of MgF2/NCNT@CF before and melting Li.

SEM images of (g) MgF2/NCNT@CF and (h) MgF2/NCNT@CF-Li composite.

bon peaks suggests that metallic Li has uniformly infiltrated the

carbon framework during the thermal melting. MgF2/NCNT@CF-Li

exhibits the characteristic peak of LixMg alloy at 35.4° (PDF#09–

0215), indicating that metallic Mg, produced by the lithiation re-

action of MgF2 at high temperature, further reacts with molten Li

to form lithiophilic LixMg alloy. Lithiophilic LixMg alloy can reduce

the nucleation overpotential during Li plating, promote the evenly

nucleate process, and hinder Li dendrite growth. The peaks at 22.9°
and 70.8° are correspond to Li3N (PDF#20–0759). Additionally, the

peaks at 50.5° belong to Li2C2, which may be due to the compound

formed when Li and carbon materials are in thermal equilibrium at

the temperature of 693K. A weak diffraction peak at 76.5° is also

assigned to the (400) plane of LiMgN (PDF#06–0702), the com-

pound of phase equilibrium of nitrogen compound, molten Li, and

Mg at 693K. Mo has proposed that LiMgN may be a passivation

layer to protect Li [24]. XPS was also performed to investigate the

surface information of MgF2/NCNT@CF-Li. Fig. S13 (Supporting in-

formation) shows the C1s spectrum, with three peaks correspond-

ing to C=C, C-Li, and C=O (Figs. S13c). Three peaks in the N1s

spectrum belong to the pyridine, pyrrole, and alkyl acetonitrile

groups (Figs. S13d). In addition, peaks at 53.5, 54.2, and 54.9 eV

in Li 1s spectra, which are assigned to Li3N, LixMg, and LiF, are

consistent with the Mg1s high-resolution spectrum. In addition, in

the F 1s high-resolution spectrum, LiF (683.8 eV) and —CF3 group

(686.7 eV) are observed, indicating the LixMg alloy, and LiF was

formed from the reaction between molten Li and MgF2 (Figs. 2e

and f).

To investigate the effect of the introduction of the NCNT and

MgF2 into the carbon felt on Li deposition/dissolution, the mor-

phology evolution of pristine CF and MgF2/NCNT@CF electrode are

presented in Figs. S14 and S15 (Supporting information). The de-

posited Li shows a sheet-like structure when the discharge capacity

is 15 mAh/cm2. As the plating continued, the deposited Li main-

tained a flat and dense morphology (Figs. S14a and b). Meanwhile,

the Li layer shows a thickness of ∼66μm and ∼82μm at the

deposited capacity of 15 and 20 mAh/cm2, respectively, indicat-

ing that the porous MgF2/NCNT@CF skeleton alleviates the volume

expansion during cycling. In contrast, Li deposition on the pris-

tine carbon felt results in a dendritic structure, the non-uniform

deposition attributed to the lithiophobic carbon fibers. The den-

drites grow larger when further plating to 20 mAh/cm2, forming a

porous morphology (Figs. S15a and b). At the stripping state, the

MgF2/NCNT@CF skeleton shows a smooth surface without “dead

Li”; the Li metal is well confined in the structure in Figs. S14c

and f. However, irregular Li residues on the carbon felt surface in-

dicate that the Li metal cannot reversibly plating/stripping under

high area capacity on the carbon felt (Fig. S15c). The above results

imply the important role of the MgF2 and NCNT in stabilizing com-

posite during the Li plating/striping process.

In addition, to demonstrate the electrochemical behaviors of

the MgF2/NCNT@CF electrode, cyclic voltammetry (CV) was em-

ployed with MgF2/NCNT@CF as the cathode and the Li metal as

the anode (Fig. S16 in Supporting information). The peak at 0.3V

may assigned to the formation of SEI, while the peak at 1.5V

is ascribed to the irreversible displacement reaction between Li

and MgF2 (Li+MgF2 =2LiF+Mg) [25]. From the second cycle, the

MgF2/NCNT@CF presents reversible cycling, which can be assigned

to the alloying/de-alloying process (Mg+Li � LixMgy) [26].

To investigate the Li plating behavior on the MgF2/NCNT@CF

composite further, the morphology of various composite anodes af-

ter cycling was characterized by SEM. After 50 cycles at 1mA/cm2,

1 mAh/cm2, bare Li shows a loose and porous structure with ob-

servable Li dendrites and mossy Li in Figs. 3a-c. The thickness of

the porous layer reaches ∼66μm, resulting in the “hostless struc-

ture” of the bare Li, which undergoes severe volume expansion.

The fragile SEI layer of bare Li creates random Li+ flux, promoting

dendritic Li growth and leading to battery failure. For the CF/Li, as

depicted in Fig. S17 (Supporting information), the deposited irregu-

lar floccules form a thick Li layer that covers the composite anode.

The loose morphology arises from the lithiophobic carbon fiber,

which cannot be combined with Li+ efficiently. Figs. 3d-f illustrate

the morphology of NCNT@CF-Li after cycling; no needle-like Li or
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Fig. 3. Morphology evolution of various Li anode. Top view and cross-sectional

view of (a-c) bare Li, (d-f) NCNT@CF/Li anode, (g-i) MgF2/NCNT@CF-Li composite

anode after 50 cycles at 1mA/cm2, 1 mAh/cm2.

mossy Li formed on the surface, and the structural integrity is pre-

served. The presence of lithiophilic NCNT provides adequate sites

to guide Li nucleate, resulting in unrestricted, spherical Li deposits

with diameters of 8–9μm.

The MgF2/NCNT@CF-Li, by contrast, has a flat surface, and the Li

sheet grows into a relatively smooth structure (Figs. 3g-i) while the

structure integrity is preserved. The corresponding EDS mapping

confirms the uniform distribution of Mg, C, and F elements on the

surface (Fig. S18 in Supporting information). Mg element originates

from the LixMg alloy, C from the carbon skeleton, and F from the

LiF by the reaction between molten Li and MgF2/NCNT@CF skele-

ton; some comes from the decomposition of LiTFSI. These results

verify that the LixMg alloy is distributed uniformly within the com-

posite electrode, and the LiF-rich layer effectively inhibits the for-

mation of Li dendrites, stabilizing the electrolyte/electrode inter-

phase. The cross-sectional view displays that the porous structure

can promote electrolyte infiltration, accelerate Li+ transportation,

and mitigate volume expansion.

The skeleton-alloy-fluoride composite developed in this work

imparts several advantageous features to the Li metal anode.

According to the previous report, Li-Mg alloy can keep largely

bulk intact after Li stripping, preserving bulk stability during

high-capacity Li plating/stripping cycling [27]. Additionally, the

lithiophilicity of the alloy, along with the N-contained functional

group (pyridine N and pyrrole N), lowers the Li nucleation bar-

rier and facilitates Li+ transportation at the electrode-electrolyte

interphase.

The electrochemical performance of various anodes further

identifies the interphase stability of the MgF2/NCNT@CF-Li com-

posite anode. At 1mA/cm2, 1 mAh/cm2, NCNT@CF-Li cell achieves

a longer life span of up to 280 cycles, whereas the overpoten-

tial of the CF/Li significantly increases at <170 cycles (Fig. S19

in Supporting information). Fig. 4a shows the voltage profiles

of plating/stripping for symmetric cells operated on bare Li and

MgF2/NCNT@CF-Li. The MgF2/NCNT@CF-Li exhibited stable plating

and stripping for over 1000h. In contrast, the bare Li exhibited

large voltage polarization after 200h. The comparative voltage hys-

teresis of the two symmetric cells is shown in Fig. 4b; the de-

cay of the voltage hysteresis in the beginning cycles can be at-

tributed to the stabilization process of the SEI at the electrode.

Fig. 4. Surface composition analysis and ion kinetic transportation of the composite anode. (a, b) Galvanostatic cycling and voltage hysteresis at 1mA/cm2, 1 mAh/cm2. (c)

Li 1s, (d) F 1s, (e) C 1s XPS spectra of MgF2/NCNT@CF-Li anode and bare Li after 100 cycles for 1mA/cm2, 1 mAh/cm2. (f, g) Nyquist plots of bare Li and MgF2/NCNT@CF-Li

symmetric cell before and after cycling. (h) DRT analysis after cycling.
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Fig. 5. Electrochemical performance of Li and MgF2/NCNT@CF-Li. (a) Coloumbic efficiency of MgF2/NCNT@CF||Li and Li||Cu at 1mA/cm2, 1 mAh/cm2. (b) Rate capability

comparison. (c, d) Cycling stability of MgF2/NCNT@CF-Li and bare Li symmetrical batteries at 4mA/cm2, 2 mAh/cm2 and 5mA/cm2, 10 mAh/cm2. (e) cycling performance of

MgF2/NCNT@CF-Li||NCM811 and Li||NCM811 full cells at 0.5 C rate. (f) Cycling performance of MgF2/NCNT@CF-Li||S and Li||S full cells.

XPS was conducted to verify the protection mechanism of the

MgF2/NCNT@CF-Li electrode. XPS spectra illustrate C, F, and Li sig-

nals after 100 cycles at 1mA/cm2, 1 mAh/cm2. For the cycled bare

Li, the electrolyte-derived SEI, including COOR (288.6 eV) and C–OR

(285.8 eV) in the C1s spectrum (Fig. 4e) and LiF (685.2 eV) in the

F 1s spectrum (Fig. 4d). In addition, Li2O (55.0 eV) can also be de-

tected in the cycled pristine Li in Fig. 4c. The results are consis-

tent with the composition reported in the previous SEI analysis

[28]. Fig. S20 (Supporting information) also illustrates the chem-

ical composition of NCNT@CF-Li after cycling, showing that the

components, like the intrinsic SEI of the bare Li, indicate that

the N-functional groups have little effect on electrolyte decompo-

sition during cycling. By comparison, the relative ratio of LiF on

the MgF2/NCNT@CF-Li composite anode is significantly higher, en-

abling more uniform regulation of Li deposition. The reduction of

COOR and C–OR species in the C1s spectrum and the elimination

of Li2O in Li 1s illustrate the effectiveness of the MgF2/NCNT@CF-Li

composite in reducing electrolyte decomposition.

The improvement in surface stability of the MgF2/NCNT@CF-Li

is further investigated by electrochemical impedance spectra (EIS)

carried out before and after cycling in Figs. 4f and g. The con-

verted DRT profiles are also presented in Fig. 4h and Fig. S21

(Supporting information). The peaks in the relaxation time range

from 10–4 s to 10–2 s, corresponding to the process of Li+ transfer

across the SEI, while the peaks in the range of 10–2–101 s represent

the charge transfer process. The values of resistance of SEI (RSEI)

and charge transfer (Rct) were dominated by integrating the cor-

responding peak. Before cycling, bare Li shows high RSEI (315 �),

while the lower RSEI obtained with MgF2/NCNT@CF-Li (53 �), in-

dicates that the LiF/LiMg hybrid interface on the composite anode

effectively stabilized the Li/electrolyte interphase. After 50 cycles

at 1mA/cm2, 1 mAh/cm2, the MgF2/NCNT@CF-Li shows a lower Rct
(4.6 �) in comparison with the Rct (13.9 �) of bare Li, which is

assigned to the lithiophlicity of LiMg alloy and LiF on the surface

of composite Li that enables high Li affinity to Li atoms and favor-

able charge transfer capability. However, the RSEI (1.1 �) of bare Li

seems lower than that of MgF2/NCNT@CF-Li (2.3 �), which can be

ascribed by the destruction of SEI, induced by the severe volume

variation. The results are also consistent with cycling performance

and morphology evolution, suggesting that the LiF-rich SEI proves

interfacial stability.

To evaluate the electrochemical performance of the

MgF2/NCNT@CF-Li composite anode, the coulombic efficiency

and cycling stability were conducted by a galvanostatic mea-

surement. Detecting Li-Cu coulombic efficiency provides insight

into the electrochemical stability of the Li stripping/replating

process on the various substrates. Fig. 5a compares the coulombic

efficiency of MgF2/NCNT@CF||Li and Li||Cu batteries at 1mA/cm2,

1 mAh/cm2. The MgF2/NCNT@CF demonstrates stable cycling per-

formance, maintaining an average CE of 99.6 % over 400 cycles. In

comparison, Cu foil shows fluctuating CE, which declines after 10

cycles, revealing Li stripping/plating instability on the Cu foil. The

corresponding voltage profiles are illustrated in Fig. S22 (Support-

ing information). The Li plating behavior of the MgF2/NCNT@CF

electrode differs from the Cu foil (Figs. S22a and b). To investigate

the Li plating/stripping behavior on the MgF2/NCNT@CF electrode,

the higher capacity was employed in Fig. S22c. When the local

voltage was above 0V, lithium-ion intercalation was the dominant

capacity contributor; the Li metal plating happened when the volt-

age went below 0V. The results suggested that the hybrid Li-ion/Li

metal operation on the MgF2/NCNT@CF electrode was previously

reported on the hard carbon [29–31]. Fig. S23 (Supporting informa-

tion) displays the coulombic efficiency of CF||Li and NCNT@CF||Li

cells at 1mA/cm2, 1 mAh/cm2. The coulombic efficiency of the CF

begins to decay at 99 cycles and reaches 68% at 117 cycles. The

NCNT@CF electrode can stabilize for 160 cycles at 99.0 % and decay

to 81% after 180 cycles, attributed to the accumulation of “dead

Li” from the non-uniform Li deposition/dissolution at the carbon

skeleton.

Symmetrical cells were used to investigate the electrochem-

ical performance of composite anodes under different currents

and capacities. Fig. 5b displays the rate capability of bare Li and

5
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MgF2/NCNT@CF-Li. The results confirm that the lower polariza-

tion of MgF2/NCNT@CF-Li at different current densities is due to

the carbon skeleton’s fast electron/ion transportation channel. By

contrast, the polarization of the bare Li symmetrical cell gradu-

ally increases at 2mA/cm2 and then fluctuates sharply and reaches

360mV at 5mA/cm2. Such large polarization indicates slow ion

transport kinetics between Li electrodes at higher current density,

which may be attributed to the thick SEI accumulation. The LiF-

rich MgF2/NCNT@CF-Li electrode displays a smooth voltage plateau

and lower polarization when the current is back to 1mA/cm2

(∼30mV), which further confirms the LiF-rich SEI can protect the

Li anode.

Fig. 5c shows the voltage-time profile of MgF2/NCNT@CF-Li

and bare Li at 4mA/cm2, 2 mAh/cm2. The hysteresis of the

MgF2/NCNT@CF-Li anode remains stable at a voltage of 100mV

for >200h, while the Li increases to 200mV after 20h. Benefit-

ing from the lithiophilic nitrogen-contained functional group to

regulate Li nucleation at the beginning, the polarization of the

NCNT@CF-Li anode fluctuates around 80mV. However, the hys-

teresis increased to 190mV after 200h due to the lack of in-

terphase protection (Fig. S24 in Supporting information). At an

increased capacity of 10 mAh/cm2, the bare Li shows an un-

stable electrochemical performance when the cycling capacity

in Fig. 5d. The NCNT@CF/Li shows a flat polarization curve at

40h. After 45h, a sudden voltage increase was detected for the

NCNT@CF/Li electrode with oscillating voltage in the later cy-

cles, implying the cell failed, which explained the severe den-

drite growth and repeated SEI cracking/rebuilding process under a

high capacity (Fig. S25 in Supporting information). By contrast, the

MgF2/NCNT@CF-Li anode shows superiority. It can still work for

120h with a flat voltage plateau and lower polarization (∼150mV).

The unique 3D carbon structure of MgF2/NCNT@CF provides higher

specific surface area and cross-link transfer channels for Li plat-

ing/stripping. Compared to other previously reported composite

anodes, the MgF2/NCNT@CF-Li symmetric cell can obtain good Li

plating/stripping stability in different area capacities (Table S1 in

Supporting information). LiF-rich interphase prevents the crack of

SEI, and the LixMg alloy interphase retains the integrity of the

skeleton during cycling.

To evaluate the electrochemical performance of

MgF2/NCNT@CF-Li anode in the corrosive carbonate-based elec-

trolyte, the NCM811 cathode with a loading of 9.2mg/cm2 was

paired, and the cycling stability of the cells is shown in Fig. 5e.

The Li||NCM811 cell exhibited a lower capacity of 145 mAh/g after

50 cycles, followed by a gradual capacity degradation attributed

to increased impedance caused by unstable SEI. In contrast, the

MgF2/NCNT@CF-Li||NCM811 cell maintained a high discharge

capacity of ∼124 mAh/g after 380 cycles. Meanwhile, the full cell

with MgF2/NCNT@CF-Li shows stable charge-discharge voltage

curves without obvious polarization owing to the stable interphase

of the composite anode in Fig. S26 (Supporting information). In

addition, a sulfur cathode was also chosen as the full-cell configu-

ration to investigate the potential application of MgF2/NCNT@CF-Li

anode in high-energy-density batteries. With a high loading of S

cathode of 11.0mg/cm2, the MgF2/NCNT@CF-Li||S cell delivers an

initial discharge capacity of 11.8 mAh/cm2 at the current density

of 2.0mA/cm2 (Fig. 5f), the corresponding discharge-charge voltage

profiles are shown in Fig. S27 (Supporting information). However,

the specific capacity degraded fast initially, which may be ascribed

to the severe loss of active materials induced by the “shuttle

effect” in such a high S loading [32]. The bare Li||S cell shows a

similar initial discharge capacity, while it drops to 2.1 mAh/cm2

at 50 cycles. The larger polarization of the corresponding voltage

curves of the Li||S cell is illustrated in Fig. S28 (Supporting infor-

mation), which can be explained by the accumulation of “dead Li”,

thus leading to increased impedance in the electrode/electrolyte

interphase. The MgF2/NCNT@CF-Li||S cell remained at 3.9 mAh/cm2

after 200 cycles. In addition, the coulombic efficiency from 200

cycles was 95.0 %, demonstrating the excellent interphase stability

of composite electrodes at such high Li plating/stripping capacity.

In conclusion, we developed a multifunctional skeleton design

for a composite electrode that effectively stabilizes the lithium

metal anode. The synergistic interplay of the 3D porous carbon

skeleton, Li-Mg alloy, LiF components, and lithiophilic sites within

the MgF2/NCNT@CF-Li composite anode efficiently guides lithium

deposition by reducing nucleation barriers and promoting lateral

growth on the electrode surface. This composite electrode features

a multifunctional structure, sufficient flexibility to maintain struc-

tural integrity under high lithium plating and stripping capacities,

robust mechanical stiffness to inhibit dendrite growth, and a LiF-

rich interphase that protects Li metal anode. Benefiting from the

composition and structural features, the MgF2/NCNT@CF-Li com-

posite anode can cycle for ∼1000h with low polarization at a cur-

rent density of 1mA/cm2, 1 mAh/cm2. Paired with high-loading

sulfur cathodes, the full cell delivers a high initial areal capacity

(11.8 mAh/cm2) and long cycle life (200 cycles) at 4mA/cm2, as

well as exhibiting 3.9 mAh/cm2 after 200 cycles. The rational de-

sign of skeleton—alloy—LiF electrode and its synergistic effect for

stable electrochemical performance provide a new insight into ap-

plying a multifunctional composite host in stabilizing Li anode.
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