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With the ever-increasing energy density requirements for sulfide-based all-solid-state batteries, lithium 
metal is regarded as an ideal candidate for anode materials. However, the dynamic degradation of solid-
solid contact between lithium anode and solid electrolyte remains a major challenge for the application 
of all-solid-state lithium metal batteries (ASSLMBs). The poor solid-solid contact problem is caused by the 
continuous accumulation of lithium voids, which results from the limited diffusion rate of lithium in the 
bulk phase. In this study, we design a three-dimensional (3D) lithiophilic graphitized carbon nanotube-
based (LNT) interlayer to address interfacial issues. The interlayers effectively regulate lithium stripping 
and suppress the growth of lithium voids via improved lithium diffusion, leading to a conformal interface 
during continuous cycling. The lithium metal anode with the interlayer delivers an areal capacity of 
12.96 mA h cm−2 , and when paired with a LiNi0.9Co0.05Mn0.05O2 (NCM9) cathode, the battery retains over 
91% capacity retention after 100 cycles at room temperature. This work provides an effective strategy for 
interface stabilization in high-capacity and long-life ASSLMBs. 
© 2025 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by 

Elsevier B.V. and Science Press. All rights are reserved, including those for text and data mining, AI 
training, and similar technologies. 
1. Introduction 

With the growing demand for high-energy-density storage in 
electric vehicles and portable electronic devices, all-solid-state 
batteries (ASSBs) have attracted significant attention due to their 
enhanced safety and potential for higher energy density [1–5]. 
Among various anode materials, lithium metal (Li) stands out as 
a research focus for all-solid-state battery anodes due to its excep-
tionally high theoretical specific capacity (3860 mA h g−1 ) and 
extremely low electrochemical potential (−3.04 V vs. standard 
hydrogen electrode) [6–10]. However, Li anodes still face numer-
ous challenges in practical applications, among which the interfa-
cial contact issues between the anode and solid-state electrolyte 
(SSE) are particularly prominent, significantly limiting the perfor-
mance and cycle life of ASSBs [11–17]. The interface between 
solid-state electrolytes and lithium metal involves solid-solid con-
tact, where achieving perfect surface conformity is inherently chal-
lenging due to limited point-to-point contact [18–21]. During 
electrochemical cycling, repeated volumetric expansion and con-
traction of lithium metal induce interfacial stress concentration, 
which compromises interface stability. This process leads to pro-
gressive void accumulation and pore formation, ultimately exacer-
bating interfacial contact issues [22–28]. 

The establishment of a stable electrochemical interface is criti-
cal for the practical application of ASSBs [29–32]. At non-ideal Li/ 
SSE interfaces with existing defects, vacancies diffuse more 
rapidly along defective surfaces than into the bulk lithium metal.
reserved, 
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Consequently, vacancies become trapped/absorbed by defects, pro-
moting defect growth [33–38]. Techniques such as applying exter-
nal pressure, melting lithium metal, or constructing artificial 
interlayers can be employed to improve anode-electrolyte interfa-
cial contact [39–43]. 

The introduction of interlayer between Li and the SSE is cur-
rently the most widely adopted approach to address the aforemen-
tioned issues [44–46]. In previously reported studies, this strategy 
has been shown to significantly improve interfacial contact and 
enhance stability. However, it cannot fundamentally resolve the 
problems of dendrite penetration and void formation during Li 
deposition and dissolution at the interface [47–49]. Common inter-
layer materials include polymers, alloys, and carbon-based materi-
als. While polymer interlayers exhibit excellent mechanical 
stability, they often induce undesirable side reactions [50]. Lithium 
alloy interlayers demonstrate advantageous characteristics includ-
ing lithiophilicity and high lithium-ion diffusivity, yet their fabrica-
tion involves complex processes with stringent technical 
requirements [51,52]. Carbon interlayers have been extensively 
studied, though their inherently low lithium diffusivity typically 
necessitates incorporation with fast ion-conducting materials 
[53–56]. In all-solid-state lithium metal batteries (ASSLMBs), 
lithium deposition generates substantial interfacial stress, poten-
tially causing electrolyte cracking and lithium penetration at the 
Li/SSE interface. Conversely, lithium stripping leads to void forma-
tion and increased impedance due to limited bulk diffusion in 
lithium metal. Both deposition and stripping processes are con-
fined to the interfacial region, where high current densities pro-
mote stress concentration and vacancy accumulation. These 
phenomena ultimately result in dendritic growth, interlayer degra-
dation, void formation, and current focusing at the interface [57– 
61]. 

These issues can be addressed by applying external pressure or 
elevating temperature, which enhances lithium metal diffusion 
rates and consequently alleviates stress accumulation and vacancy 
aggregation at the Li/SSE interface [35,62–65]. However, precise 
temperature and pressure control would introduce additional costs 
and technical challenges for the practical implementation of 
ASSLMBs. The aforementioned results demonstrate that improving 
lithium-ion transport efficiency can effectively suppress dendritic 
growth and void formation at the interface [57,66,67]. In this 
regard, constructing three-dimensional (3D) lithiophilic interlayers 
to accelerate lithium transport within the anode represents a 
promising approach [68–70]. 

This contribution proposes an effective strategy to suppress Li 
voids by constructing a 3D lithiophilic graphitized carbon 
nanotube-based interlayer on the lithium anode, thereby stabiliz-
ing the dynamic interfacial contact between the anode and SSE 
during cycling. Homogeneous LiC6 is formed in the interlayer 
through in situ Li intercalation into the carbon framework. The 
LiC6 demonstrates lithiophilic characteristics, effectively guiding 
Li+ deposition and enhancing stability during repeated Li plating/ 
stripping cycles. The 3D framework constructed by lithiophilic 
graphitized carbon nanotube and fluorinated graphite effectively 
maintains interfacial contact between the Li anode and SSE, 
enabling Li nucleation at the interlayer interface followed by rever-
sible infiltration/extraction during plating/stripping cycles. The 
synergistic construction of Li diffusion pathways with enhanced 
transport kinetics enables rapid annihilation of Li voids generated 
at the anode interface during stripping, thereby fundamentally 
mitigating dynamic contact instability caused by vacancy accumu-
lation. The results demonstrate that full cells assembled with high-
voltage LiNi0.9 Co0.05 Mn0.05 O2 (NCM9) cathode and Li with 3D 
composite interlayer anode exhibit outstanding average coulombic 
efficiency (CE = 99.8%), excellent long-term cycling stability (>100 
cycles at 0.3 C), and high capacity retention (>91% after 100 cycles) 
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under ambient conditions. This work presents a scalable fabrica-
tion strategy that optimizes dynamic interfacial contact and sup-
presses Li void formation, offering a viable pathway for rationally 
designing composite anodes to achieve high-energy-density 
ASSLMBs. 

2. Experimental 

2.1. Materials 

Graphitized multi-walled carbon nanotubes (GMWNTs, length 
> 50 nm) and fluorinated graphite (FG, thickness < 10 nm, flake size 
of ∼10 lm) were purchased from Jiangsu XFNANO Materials Tech 
Co., Ltd. Polyvinylidene fluoride (PVDF; Alfa Aesar) and N-methyl-
2-pyrrolidone (NMP; Aldrich) were employed as the binder and 
dispersant, respectively, for the interlayer slurry preparation. For 
the preparation of lithium metal anode, both lithium metal foil 
(thickness 50 lm; China Energy Lithium Co., Ltd.) and copper 
(Cu) foil were rolled together with a roller press, and then punched 
into a 9 mm diameter circular plate. The NCM9 cathode (67 wt% 
active material) was sourced from China First Automobile Group 
Co., Ltd., while the lithium phosphorus sulfur chloride (LPSC) elec-
trolyte was obtained from Ganfeng Lithium Group Co., Ltd. All 
materials are kept in a glove box with water and oxygen values 
below 0.01 ppm. 

2.2. Materials characterizations 

The composite anode morphology was characterized by scan-
ning electron microscopy (SEM, JSM 7401F at 5.0 kV), with 
simultaneous chemical composition analysis using energy-
dispersive X-ray spectroscopy (EDS; Oxford Instruments). 
ASSBs were disassembled in an argon-filled glovebox (H2O/ 
O2 < 0.1 ppm) and transferred to the characterization chamber 
via an argon-purged transfer vessel. Cross-sectional analysis of 
cycled cells was performed using a focused ion beam system 
(FIB, Crossbeam 340) at 20 nA beam current, enabling SEM exam-
ination of interfacial contact evolution during cycling. Phase com-
position before and after lithiation was determined by X-ray 
diffraction (XRD, Bruker D8 Advanced, Cu-Ka radiation, 40.0 kV, 
120 mA). Surface chemistry evolution was investigated by X-ray 
photoelectron spectroscopy (XPS, Kratos Analytical, Axis Supra+, 
Al Ka radiation). 

2.3. Preparation of composite anode 

The slurry was prepared by mixing GMWNTs (Fig. S1), FG, and 
PVDF in NMP solution at a solid content of 6.9 wt%. The 
GMWNTs and FG were blended at varying weight ratios of 1:0, 
10:1, and 5:5, respectively. Subsequently, the carbon composite 
and PVDF were homogenized at a 10:1 wt ratio, followed by the 
controlled addition of NMP solution to achieve optimal slurry 
viscosity. The slurry is then mixed by a ball mill at 1200 r 
min−1 for 40 min. The interlayer was obtained by coating the 
slurry onto Cu foil by knife coater and dried in a vacuum oven 
at 120°C for over 12 h. The interlayer thickness was optimized 
based on the following criteria: complete Li surface coverage 
must be achieved, and thinner interlayers enable higher energy 
density. Experimental results demonstrated that a minimum 
thickness of 15 lm was required to ensure uniform coverage 
on Li, accounting for the intrinsic roughness of coated interlay-
ers. The optimized interlayer thickness was determined to be 
15 ± 0.5 lm. Finally, the interlayer and lithium metal were rolled 
together and left to stand at room temperature for 24 h, result-
ing in a composite anode with a lithiated interlayer, denoted as 
Li-LNTxFy (x =  10,  5  and  y =  1, 5).
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2.4. Electrochemical performance 

ASSBs were assembled in an argon-filled glovebox with H2-
O < 0.1 ppm and O2 < 0.1 ppm. Critical current density (CCD) 
was evaluated using a stepwise current increment protocol: each 
charge/discharge cycle was conducted for 1 h, starting at 
0.1 mA cm−2 with 0.1 mA cm−2 increments between steps. The full 
cells were cycled within the voltage range of 2.8–4.3 V at 0.3 C 
after one precycle at 0.05 C (1 C = 180 mA h g−1 ). All mold cells 
were measured on a LAND multichannel battery testing system 
(Wuhan LAND Electronics Co., Ltd.) at 25°C. Electrochemical impe-
dance spectroscopy (EIS) measurements were performed using an 
electrochemical workstation (Solartron EnergyLab XM). The EIS 
measurements featured an amplitude of 10 mV, spanning a 
frequency range from 1 MHz to 0.1 Hz. EIS was employed to 
non-destructively monitor interfacial evolution during cycling at 
a discharge current density of 0.5 mA cm−2 . Additionally, the distri-
bution of relaxation times (DRT) analysis was performed using 
MATLAB GUI toolbox. All electrochemical measurements were con-
ducted at room temperature (25°C). 
3. Results and discussion 

3.1. Preparation and characterization of 3D lithiated interlayer 

The anode was fabricated by laminating the interlayer with Li 
foil, demonstrating scalable manufacturability (Fig. 1a). As shown 
in Fig. 1b, the intermediate layer exhibits apparent porosity before 
rolling, whereas it transforms into a dense intermediate layer after 
transferring (Fig. 1c). The LNT10F interlayer has a uniform thickness 
of approximately 15 lm, and its cross-sectional morphology was 
characterized by SEM. The LNT10F interlayer consists primarily of 
two elements, fluorine (F) and carbon (C), which are uniformly dis-
tributed throughout the layer as evidenced by EDS analysis, con-
firming the homogeneous mixing of GMWNTs and FG (Fig. 1d, e). 
When the Li stripping rate exceeds the Li replenishment rate, voids 
form at the Li/SSE interface during stripping, which increases cell 
overpotential and triggers both electrolyte reduction and Li dendrite 
growth. To mitigate these issues, we engineered a 3D porous inter-
facial layer on the Li surface. The graphitized carbon nanotubes con-
struct an interconnected 3D porous architecture that enhances the 
interfacial contact area and lithium diffusion rate. The Gibbs free 
energy (Li + 6C → LiC6, −10.59 kJ mol−1 ) indicates that Li intercala-
tion into carbon is thermodynamically spontaneous upon contact 
between metallic Li and GMWNTs. The interlayer components 
before and after lithiation were analyzed by XRD (Fig. 1f), revealing 
only characteristic peaks of LiCx (x = 6, 12, 24) and Li. This indicates 
that lithiation occurred in the interlayer at room temperature, with 
GMWNTs reacting with lithium to form predominantly LiC6 com-
pounds. As shown in Fig. S2, the interlayer surface changed from 
black to golden in color. Furthermore, the composition of the inter-
layer before and after lithiation was analyzed by XPS. As shown in 
Fig. S4, the appearance of C–Li in the C 1s spectrum after lithiation 
further confirms the spontaneous reaction between Li and GMWNTs 
at room temperature, forming a highly ion-conductive LiCx phase. 
Additionally, the increased intensity of the Li–F peak in the F 1s 
spectrum (Fig. S5) confirms the formation of LiF through the reac-
tion between FG and lithium at ambient temperature. The formed 
LiF can effectively suppress electrolyte reduction and maintain the 
stability of the anode/SSE interface. 

3.2. Constructing Li diffusion pathways 

To suppress the growth of Li voids by enhancing Li diffusion 
from the anode bulk to the interface, it is crucial to construct stable 
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Li diffusion pathways. In the interlayer, the GMWNTs maintain a 
stable 3D skeleton structure at the interface. This ensures continu-
ous contact between the anode and the SSE while providing chan-
nels for Li rapid diffusion. 

The stability of Li diffusion pathways and the Li diffusion rate 
are correlated with the GMWNTs content in the interlayer. To eval-
uate the Li diffusion rates in anodes with varying GMWNTs con-
tents, Li-LNT10F (GMWNTs:FG = 10:1) and Li-LNT5F5 (GMWNTs: 
FG = 1:1), anode||LiIn all-solid-state half-cells were assembled 
and operated at room temperature. The effective Li diffusion coef-
ficient in the electrode is determined by the depletion time of Li at 
the anode/SSE interface. Assuming a classical chemical diffusion 
process driven by the Li concentration gradient in the alloy [61], 
the Sand equation can be applied [62] 

1 
t0 

2 
c0F pDeff 

I 1 

Here, c0 represents the initial Li concentration, and t0 denotes 
the time at which the voltage in the discharge curve drops to 
−0.4 V, indicating Li depletion at the anode/SSE interface. Fig. 2a 
presents the plot of 2 versus i. The effective Li diffusion coeffi-
cient can be calculated from the slope of the fitted line, with the 
relevant data provided in Table S1. With increasing FG content, 
the effective diffusion coefficients for Li-LNT10F and Li-LNT5F5 were 
measured to be 9.62 × 10−10 , and 3.49 × 10−10 cm2 s−1 , respectively. 
In comparison, the Li metal anode exhibited a diffusion coefficient 
of 2.99 × 10−10 cm2 s−1 (Fig. 2b). These results indicate that the 
GMWNTs content significantly affects the Li-ion diffusion kinetics 
at the anode. The system achieved optimal ion diffusion rates 
when the mass ratio of GMWNTs to FG reached 10:1 (Fig. 2c). 

t 1 
0 

The Li-LNTxFy anode also influences interfacial physical contact, 
thereby providing Li diffusion pathways. The interfacial physical 
contact was quantified based on interfacial impedance. Critical 
delithiation tests and EIS were conducted to investigate the evolu-
tion of interfacial physical contact in the Li-LNTxFy anode. Fig. 2d 
demonstrates that the Li-LNT10F composite anode achieves a criti-
cal delithiation capacity of 12.96 mA h cm−2 , which is significantly 
higher than that of the Li metal anode (6.60 mA h cm−2 ) under a 
stack pressure of 5 MPa. The stripping capability of the Li metal 
anode comprises two components: the Li diffusion flux and the 
creep flux. Since the FG component enhances the Li+ diffusion coef-
ficient while the lithiophilic GMWNTs provide abundant storage 
sites and transport pathways for Li ions, the Li-LNTxFy anode con-
sequently exhibits a higher Li diffusion coefficient. This improved 
transport property directly contributes to its superior critical 
delithiation capacity compared to conventional Li metal anodes. 

Figs. S6 and S7 present the Nyquist plots illustrating the evolution 
of interfacial impedance during Li stripping in half-cells assembled 
with Li and Li-LNTxFy anodes. The ohmic resistance, which reflects 
the intrinsic electrolyte impedance, is determined by the high-
frequency intercept on the real axis. The evolution of ohmic impe-
dance is attributed to variations in effective contact area within the 
cells. In Li||LiIn half-cells, the ohmic impedance initially decreases 
before increasing, whereas the Li-LNT10F||LiIn system maintains essen-
tially stable impedance. This contrast indicates that the pure Li anode 
undergoes significant contact changes with increasing delithiation 
capacity, while the Li-LNTxFy anodes have nearly constant ohmic resis-
tance throughout the entire delithiation process. The stability of the 
anode/SSE interface can be attributed to the formation of electrochem-
ically stable LiF through the reaction between FG and lithium, which 
effectively suppresses interfacial side reactions and consequently 
reduces the Li+ charge transfer resistance. Furthermore, the three-
dimensional structure of GMWNTs helps maintain interfacial stability 
between the anode and SSE by preventing physical contact degrada-
tion that would otherwise obstruct Li+ diffusion pathways.
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Fig. 1. Preparation and characterization of Li with LNT10F composite anodes. (a) Manufacturing steps include slurry mixing, casting, transferring, and final assembling; (b) 
morphology of the interlayer before transferring; (c) cross-sectional and local magnification of LNT10F SEM images; EDS images of (d) C and (e) F; (f) XRD analysis of LNT10F 
interlayer components before and after lithiation. 

Fig. 2. Li diffusion rate evaluations of the different interlayers. Based on Sand’s equation for estimating Li diffusion coefficients, the relationship between delithiation current 
density and depletion time 2 vs. i) is presented: (a) interlayers with varied FG content, and (b) Li anode; (c) comparison of lithium diffusion coefficients; (d) voltage 
profiles of the Li with LNT10F composite anode and Li anode during delithiation at 0.5 mA cm−2 under a stack pressure of 5 MPa at room temperature. 

(t 1 0 
3.3. The evolution of interface contact 

The interfacial morphology characterization further confirms 
the effectiveness of the Li-diffusion control strategy in suppressing
89
Li void formation. Fig. 3a presents the morphological evolution of 
both Li and Li-LNT10F surfaces at varying delithiation capacities 
under a current density of 0.5 mA cm−2 . Initially, the Li metal 
anode exhibited a smooth surface morphology. However, due to
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the limited Li+ diffusion kinetics in the Li metal anode, shallow 
stripping voids emerged on the surface after 3.0 mA h cm−2 delithi-
ation. When the delithiation capacity increased to 6.0 mA h cm−2 , 
these voids grew significantly and eventually interconnected, 
forming an irregular porous structure. In contrast, under identical 
conditions, the Li-LNT10F surface maintained remarkable morpho-
logical stability, showing no significant changes even after 
6.0 mA h cm−2 delithiation, with only minimal micro-scale pitting 
observable. This superior stability originates from the effective 
suppression of Li void growth at the Li/SSE interface, which in con-
ventional Li metal anodes results from vacancy accumulation dur-
ing the delithiation process. In striking contrast, the Li-LNT10F/SSE 
interface maintained intimate contact throughout the entire 
delithiation process (Fig. 4b). The GMWNTs establish a robust con-
ductive network featuring abundant Li storage sites and efficient 
ion transport channels, which effectively mitigates the volumetric 
fluctuations of Li during cycling and thereby preserves the struc-
tural integrity of the host material. The LiF preformed by the reac-
tion between FG and lithium effectively suppresses interfacial side 
reactions and maintains chemical stability at the interface. The 
synergistic effect between GMWNTs and FG enables dynamic 
interfacial stabilization and rapid Li-ion diffusion at the interface. 
Moreover, the critical delithiation capacity of the anode serves as 
a key indicator of its efficacy in suppressing Li void formation. 
Therefore, we systematically evaluated the critical delithiation 
capacity of Li-LNT10F at current densities of 2.0 and 3.0 mA cm−2 

(Fig. S8), with comparative analysis against previously reported 
systems. As demonstrated in Fig. S9, Li-LNT10F exhibits superior 
delithiation capability across various current densities, highlight-
ing its exceptional advantage in suppressing interfacial void 
formation.

The evolution of ohmic impedance in half-cells reflects the 
increasing RSSE caused by contact loss at the anode interface 
(Fig. 3b). The quantitative relationship between contact area (S), 
contact retention ratio (a), and ohmic resistance (R) is mathemat-
ically described by Eqs. (2) and (3) [63]. 

a 
Sactive 
Sinitial 

100 % 2 

Sactive 
Sinitial 

RSSE 

RSSE 

2 

3 

Here, Sactive and are the contact area and ohmic impedance 
after Li peeling, respectively. The ohmic impedance of the Li||LiIn 
half-cell increased significantly from an initial value of 8.5 to 
31.2 X after Li stripping at 6.0 mA h cm−2 . The Li-LNT10F||LiIn 
half-cell demonstrated stable ohmic impedance maintained at 
approximately 15.2 X (Fig. 3d). Notably, the Li-LNT10F/SSE inter-
face exhibited an impressive contact retention ratio of 95.3%, in 
stark contrast to the mere 7.4% observed at the Li/SSE interface, 
highlighting its exceptional interfacial stability (Fig. 3c). Therefore, 
the Li-diffusion regulation strategy effectively suppresses Li void 
formation at the anode interface and stabilizes dynamic interfacial 
contact. 

RSSE 

3.4. Cyclic stability 

To investigate the cycling stability of the Li-LNT10F anode, Li-
LNT10F||LPSC||NCM9 and Li||LPSC||NCM9 cells were fabricated for 
EIS measurements before and after 50 cycles. As shown in 
Fig. 4a, the polarization resistance of Li-LNT10F||LPSC||NCM9 exhi-
bits a slight increase after 50 cycles, whereas that of Li||LPSC|| 
NCM9 shows a significant rise, indicating superior interfacial sta-
bility of the Li-LNT10F/SSE interface. The results demonstrate that 
the application of a composite carbon layer can optimize battery 
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interfacial contact. In the 3D LNT10F interlayer, the synergistic 
effect between fluorinated graphite and CNTs enables rapid 
lithium-ion conduction. Meanwhile, the conductive network of 
carbon nanotubes ensures efficient electron transfer. The intercon-
nected three-dimensional architecture physically confines lithium 
deposition and accommodates volume changes during cycling. 
Cross-sectional SEM morphological characterization of the Li/SSE 
and Li-LNT10F/SSE interfaces was conducted before and after 
cycling (Fig. 4b), providing direct visual evidence for the superior 
stability of dynamic contact at the Li-LNT10F/SSE interface. The 
Li/SSE interface exhibited minor voids prior to Li stripping, fol-
lowed by severe interfacial degradation and void enlargement after 
stripping. In contrast, the Li-LNT10F/SSE interface maintained tight 
contact both before and after Li stripping. 

3.5. Electrochemical performance of Li-LNT10F in ASSLMBs 

To demonstrate the practical application potential of the inter-
layer, comprehensive electrochemical performance tests were con-
ducted using both symmetric and full cell configurations. As shown 
in Fig. 5a, the Li symmetric cell experienced short-circuiting at a 
relatively low critical current density (CCD) of 0.8 mA cm−2 . This 
failure mechanism originated from contact loss due to Li void for-
mation, which led to non-uniform Li+ flux distribution and subse-
quent Li dendrite growth, ultimately causing battery failure. In 
contrast, the Li-LNT10F symmetric cell achieved a significantly 
higher CCD of 1.5 mA cm−2 (Fig. 5b), attributable to both stable 
physical contact at the Li-LNT10F/SSE interface and enhanced Li dif-
fusion kinetics. The GMWNTs establish a stable porous mixed 
ionic-electronic conducting framework that mitigates interfacial 
contact degradation caused by Li void formation. The LiF layer pro-
motes homogeneous Li deposition, thereby reducing localized Li+ 

flux and effectively increasing the CCD. Furthermore, the LiF inter-
phase promotes more uniform charge density distribution while 
suppressing excess electron accumulation at the interface. This 
interphase facilitates uniform Li ion transport across the interface 
and enables homogeneous Li deposition, thereby effectively sup-
pressing Li dendrite growth. During the deposition process, the 
Li0 generated on the surface diffuses into the LNT10F interlayer, 
promoting uniform deposition of metallic Li. 

Furthermore, to evaluate the impact of stabilized anode/SSE 
interfacial contact on practical battery performance, full cells were 
constructed with NCM9 cathodes and tested at room temperature. 
Fig. 5c presents the galvanostatic charge/discharge curves of the 
cells cycled at various C-rates from 0.1 to 0.5 C. The cells with Li-
LNT10F anode demonstrated higher discharge capacities across all 
current densities. When the current density returned to 0.1 C, 
the specific discharge capacity reached 167.5 mA h g−1 , demon-
strating excellent rate capability and cycling stability. The 
Li-LNT10F||LPSC||NCM9 cell delivered higher specific discharge 
capacities (Fig. 5e) of 168.9, 147.5, 130.1, 119.6, and 109.2 mA h g−1 

at 0.1, 0.2, 0.3, 0.4, and 0.5 C, respectively, compared to the 
Li||LPSC||NCM9 cell under the same current densities (Fig. 5d). 
Fig. 5f shows the charge-discharge curves of the Li||LPSC||NCM9 
at different cycle numbers, with an initial discharge capacity of 
156.3 mA h g−1 , and a voltage drop was observed during charging 
due to short circuit. Fig. 5g shows the charge-discharge curves of 
the Li-LNT10F||LPSC||NCM9 at different cycle numbers, with an 
initial discharge capacity of 148.1 mA h g−1 . Fig. 5h presents the 
galvanostatic cycling performance of full cells with Li-LNT10F and 
Li anodes at room temperature. The Li||LPSC||NCM9 cell exhibited 
fluctuating Coulombic efficiency after 46 cycles, indicating battery 
failure. In contrast, the cell employing the Li-LNT10F anode main-
tained stable cycling over 100 cycles at a current density of 0.3 C. 
This improvement can be attributed to the stable interfacial con-
tact between Li-LNT10F and the SSE during cycling. Such interfacial
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Fig. 3. Interface contact evolution of Li and Li with LNT10F. (a) SEM image of surface morphological evolution during continuous Li stripping of conventional Li metal anode 
and Li-LNT10F composite anode at 0.5 mA cm−2 ; (b) The schematic shows the RSSE increase due to interface contact loss; (c) Contact retention ratio a of Li/SSE and Li-xLNT10F/ 
SSE interface during Li stripping; (d) The evolution of the Ohmic impedance of Li||LiIn and Li-LNT10F||LiIn half-cell during Li stripping. 

Fig. 4. Characterization of anode/SSE interfaces before cycling and after 50 cycles: (a) Nyquist plots of full cells with Li metal anodes and composite Li metal anodes with 
LNT10F; (b) Cross-sectional SEM images of Li/SSE and LiGM10F/SSE interfaces.
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Fig. 5. Electrochemical properties of ASSLMBs. (a, b) Critical current density of symmetrical cells with Li and Li-LNT10F anodes; (c) Rate performances of full cells 
(1 C = 180 mA h g−1 ); (d, e) Charge-discharge curves of Li||LPSC||NCM9 and Li-LNT10F||LPSC||NCM9 cells at different current densities, respectively; (f, g) Charge-discharge 
curves of Li||LPSC||NCM9 and Li-LNT10F||LPSC||NCM9 at different cycle numbers, respectively; (h) Long-term cycling stability of full cells at 0.3 C. 
stability facilitates uniform Li deposition, suppresses interfacial 
degradation, and consequently enhances cycling performance.

4. Conclusions 

Regulation of Li diffusion is critical for preventing void forma-
tion at the anode/SSE interface. The GMWNTs in the 3D interlayer 
establish stable interfacial contact with the SSE, enhancing Li+ 

transport kinetics and serving as reliable Li diffusion pathways. 
The formed LiF through FG-lithium interaction not only mitigates 
side reactions but also preserves interfacial chemical stability. 
The synergistic interaction between GMWNTs and FG in the inter-
layer significantly enhances Li diffusion kinetics, achieving an ele-
vated diffusion coefficient of 9.62 × 10−10 cm2 s−1 . The Li-LNT10F/ 
SSE interface maintains structural integrity even after a high areal 
capacity of 12.96 mA h cm−2 . The full cell incorporating an NCM9 
cathode demonstrates outstanding cycling stability, retaining over 
91 % capacity after 100 cycles at room temperature. This work pro-
poses an effective interface engineering strategy for high-safety 
ASSLMBs with high energy densities. 
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