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Functional-Oriented Design of Gradient Composite Fluoride 
Interphase for Enhanced Silicon Anode Performance
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Yana, b, c, Guangchao Lia, b, c*, Jiexi Wanga, b, c

Silicon (Si) is considered a promising next-generation anode due to its ultrahigh theoretical capacity, yet the severe volume 
changes during cycling that cause interfacial instability and rapid capacity fade remain a major challenge. Conventional 
fluoride-based interfacial engineering seeks to enhance performance by inducing a LiF-rich SEI, but often overfocuses on LiF 
content while neglecting the structural and multifunctional requirements of the interphase. Herein, we propose an in-situ 
fluorination strategy to construct a composite coating layer comprising crystalline Li2SiF6 and amorphous Li3AlF6 (denoted as 
LSAF) on porous silicon (p-Si). This design creates a physicochemical barrier that simultaneously offers high ionic 
conductivity, superior mechanical strength, and effective electrolyte isolation. The LSAF-1 anode exhibits outstanding cycling 
stability, retaining 1238.0 mAh g-1 after 400 cycles at 2 A g-1. Its advantages are more pronounced under high-temperature 
and high-rate conditions. Furthermore, it shows remarkable performance in full cells paired with LiFePO4. Mechanistic 
studies reveal that this coating not only suppresses the accumulation of P/F-containing by-products at the electrode 
interface but also alleviates volumetric strain by enhancing interfacial mechanical strength. This research provides novel 
insights for rational interface engineering of Si anodes, advancing the design and development of high-performance anode 
materials for lithium-ion batteries.

1. Introduction
With the rapid development of electric vehicles and large-

scale energy storage systems, the demand for high-energy-
density lithium-ion batteries has become increasingly urgent.1, 2 
The development of new-generation anode materials with high 
specific capacity is crucial to achieving this goal.3, 4 Among the 
candidate materials for next-generation anodes, Si is 
considered one of the most promising options due to its 
ultrahigh theoretical specific capacity (~3579 mAh g-1 for the 
Li15Si4 phase), low and safe operating potential, and exceptional 
natural abundance.5-7 However, Si experiences dramatic 
volume changes (>300%) during cycling, which leads to the 
pulverization of active particles, structural degradation of the 
electrode, and repeated fracture and reformation of the solid 
electrolyte interphase (SEI).8-10 This leads to continuous 
electrolyte decomposition, irreversible loss of active lithium, 
and a sharp rise in interfacial impedance, collectively resulting 
in rapid capacity fading and poor cycling stability, which 
severely restricts the practical application of Si anodes.11-13

To address these challenges, research efforts have primarily 
focused on two complementary strategies: structural design 
and interfacial engineering.14 Structural design, involving nano-
structuring, porous design, or composite architectures, aims to 
accommodate the macroscopic strain associated with volume 
changes.15-17 The porous silicon structure, with internal 
buffering space and short ion-diffusion pathways, enables high 
capacity and improved cycling stability, making it one of the 
mainstream solutions for high-performance Si anodes.18, 19 
Nevertheless, structural design alone still struggles to resolve 
the nanoscale dynamic instability at the electrode/electrolyte 
interface.20, 21 In contrast, interfacial engineering, through 
surface coating or electrolyte additives, directly targets the 
construction of a robust and stable interphase, thereby 
enabling efficient and long-term cycling of Si anodes.22-24

Among various interface modification strategies, fluorides 
have attracted considerable attention due to their unique 
physicochemical properties.25, 26 Conventional studies focus on 
fluorides promoting LiF-rich interfaces, but pursuing high LiF 
content alone is insufficient for silicon anodes.27 LiF possesses 
high intrinsic brittleness, making the LiF-rich layer prone to 
cracking upon repeated volume expansion/contraction of 
silicon, which exacerbates interfacial instability.28 Its insulating 
nature also increases impedance when overly thick, hindering 
rapid Li+ transport.29 More importantly, interfacial stability 
relies on the synergistic effect of multiple SEI components.30 
Solely maximizing LiF content inevitably compromises other 
functional components, reducing SEI toughness and 
accelerating failure. Fluoride fast-ion conductors, represented 
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by Li2SiF6 and Li3AlF6, exhibit high Li+ conductivity, which can 
significantly lower the interfacial Li+ transport barrier and 
thereby enhance electrode reaction kinetics.31, 32 Moreover, 
these fast-ion conductors can form a stable interface on the Si 
surface, effectively suppressing the reductive decomposition of 
the electrolyte.31 This “ion transport-mechanical stability” 
synergistic mechanism transcends the limitation of the 
traditional coating layer only as a physical barrier, and offers a 
new direction for the interface design of Si anodes.

Building upon studies on single-component fast-ion 
conductors, crystalline-amorphous composite structures 
exhibit unique structural synergistic advantages in interface 
regulation.33 The well-ordered crystalline components enhance 
interfacial structural stability and ion transport efficiency, while 
the amorphous components offer favorable interfacial 
compatibility and mechanical flexibility, effectively buffering 
stress fluctuations induced by volume changes during cycling.34, 

35 The integration of these two phases achieves a synergistic 
“rigid‑flexible” effect: the crystalline phase provides mechanical 
support and ion conduction pathways, whereas the amorphous 
phase endows the interface with mechanical adaptability and 
chemical uniformity.36, 37 Furthermore, such multiscale 
composite structures can induce the formation of a gradient 
interfacial chemical environment, enabling more precise 
regulation of lithium-ion flux distribution and suppression of 
side reactions.38, 39 This provides an ideal structural platform for 
constructing high-performance SEI layers.

To address the critical challenge that porous silicon 
structures, while capable of mitigating macroscopic strain, fail 
to achieve dynamic interfacial stability, this study integrates the 
intrinsic transport advantages of fast‑ion conductors with the 
design concept of crystalline-amorphous composite 
architectures. A synergistic fast‑ion conductor coating layer 
composed of crystalline Li2SiF6 and amorphous Li3AlF6 was 
successfully constructed on the surface of porous silicon. This 
design capitalizes on the rapid ion transport pathways of the 
crystalline phase and the mechanical buffering capability of the 
amorphous phase, establishing a “physicochemical” barrier that 
combines high ionic conductivity, excellent mechanical 
strength, and effective electrolyte isolation. In contrast to 
conventional strategies that rely on passive protection by thick 
LiF layers, this coating proactively induces the formation of a 
thin, dense, and compositionally balanced SEI, thereby 
suppressing interfacial side reactions at the source. The 
optimized LSAF-1 electrode exhibits remarkable performance, 
combining high capacity (2526.9 mAh g-1 at 0.2 A g-1) with long 
cycle life (1238.0 mAh g-1 after 400 cycles at 1 A g-1), along with 
outstanding high-temperature tolerance and Li+ transport 
kinetics. This work systematically elucidates the synergistic 
mechanisms of crystalline-amorphous composite fluoride 
coatings in terms of chemical regulation, structural support, and 
kinetic optimization, offering a new paradigm for the rational 
interface design and performance enhancement of Si anodes.

2. Experimental Section
2.1 Materials Preparation

2.1.1 Synthesis of p-Si
Typically, commercial AlSi12 alloy powder was employed as 

the precursor in this study. The aluminum component was 
selectively removed via a conventional chemical etching 
process.40, 41 After the reaction, the product was collected by 
vacuum filtration and thoroughly washed with deionized water. 
The porous silicon (p-Si) material was finally obtained after 
freeze-drying.
2.1.2 Synthesis of p-Si @LSAF

Initially, 0.3 g of p-Si powder was added to 50 mL of ethanol 
and ultrasonically dispersed for 20 minutes. Subsequently, x 
mmol LiOH (x=0.5、1、1.5 mmol) was dissolved in a mixed 
solvent consisting of 45 mL ethanol and 5 mL water to prepare 
a solution. The LiOH solution was added to the porous silicon 
suspension, and the mixture was stirred for 4 hours. Then, 2 mL 
of hydrofluoric acid (HF, 50 wt%) was added, and stirring was 
continued for another 4 hours. The product was collected by 
filtration, followed by freeze-drying, to obtain the material 
labeled LSAF-x.
2.2 Materials Characterization

The crystal structure parameters of the samples were 
characterized by X-ray diffractometer (XRD, Empyrean 2, 
PANalytical) using Cu Kα radiation operated at 40 kV in the 2θ 
range of 10°-80° with a scanning speed of 10° min−1. The 
functional groups in the Si-based material were characterized 
by Fourier Transform-Infrared (FTIR) Spectroscopy (NICOLET 
iS20, Thermo Fisher Scientific). The scanning electron 
microscope (SEM, JSM-7900F, JEOL) and transmission electron 
microscope (TEM, Titan G2 60-300) were employed to observe 
the morphology and microstructure of the samples, and the 
element distribution of the material was characterized by the 
companion X-ray energy dispersive spectrometer (EDS). The 
chemical composition of materials surface and electrodes SEI 
layers were investigated by X-ray photoelectron spectroscopy 
(XPS, Thermo Fisher Scientific) with Al Kα radiation. Thermal 
gravimetric analyzer (TGA, STA300, HITACHI) was used to 
characterize the compositions of samples. The atomic force 
microscopy (AFM) morphology and DMT modulus 
measurements on the surface of electrodes were performed 
using a Bruker Dimension Icon instrument. Time-of-flight 
secondary ion mass spectrometry (TOF-SIMS, PHI Nano TOF 3) 
analysis was used to analyze the composition and structure of 
the SEI after cycle. The sputtering rate was set at 25 nm min-1 
during the measurement.
2.3 Electrochemical Tests

The electrochemical performance of the electrodes was 
evaluated using 2032‑type coin cells assembled in an 
argon‑filled glovebox (O2<0.1 ppm, H2O<0.1 ppm). The 
electrode was prepared by mixing the active material (70 wt%), 
sodium alginate (20 wt%) and carbon black (10 wt%) with 
appropriate amount of ethanol and water. The resulting 
homogeneous slurry was coated onto a copper foil current 
collector and dried in a vacuum oven at 80 °C for 12 h. The 
electrode was then punched into discs with a diameter of 
12 mm with a mass loading around 0.5 mg cm-2. Lithium metal 
foil was used as the counter electrode, and the glass microfiber 
membrane (GF/A) was employed as the separator. The 
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electrolyte was composed of LiPF6 (1 M) in a mixed solution of 
ethylene carbonate (EC) /diethyl carbonate (DEC) (1:1 in volume 
ratio) with 10 wt.% fluoroethylene carbonates (FEC) as the 
additive. Cyclic voltammetry (CV) was conducted between 0.01 
and 2 V with a scan rate of 0.1 mV s-1. Electrochemical cycling 
tests were performed at 25/45 °C between 0.01 and 2 V. Rate 
capabilities were tested at 0.2, 0.4, 1, 2, 4, and 0.2 A g-1 
continuously with 5 cycles per rate. The galvanostatic 
intermittent titration technique (GITT) was performed in LAND 
battery test system with 0.2 A g-1 lasting for 60 min, followed by 
a relaxation time of 90 min. The electrochemical impedance 
spectroscopy (EIS) measurements were carried out on Bio-Logic 
SP-150 within the frequency range from 105 to 10-2 Hz with an 
amplitude of 5 mV. The full cells were assembled by pairing the 
LSAF-1 with a commercial LiFePO4 (LFP) cathode (active 
material ratio = 91.5%). The mass loading of cathode was ~12.3 
mg cm-2. The N/P ratio of the assembled full cells was controlled 
around 1.2. The full cells were cycled in the voltage range of 2.0 
V to 4.0V at 0.5C (1C=155 mA g-1). To compensate for the 
capacity loss during initial cycling, electrochemical pre-lithiation 
was applied to the Si anodes. First, half-cells comprising the 
LSAF-1 electrode and a lithium metal electrode were pre-cycled 
five times within a voltage range of 0.01-2.0 V at 0.2 A g-1. 
Subsequently, additional lithium was inserted to achieve a pre-
lithiation degree of 50% relative to the capacity.

3. Results and Discussion
The p-Si@LSAF composite was prepared via an in-situ 

fluorination strategy (Figure 1a). Initially, porous silicon (p-Si) 
was synthesized using a conventional chemical etching method. 
Subsequently, the p-Si material was added to a LiOH solution 
under continuous stirring for surface activation, forming a 
homogeneous suspension. Finally, a HF solution was introduced 
into the suspension to initiate an in-situ fluorination reaction on 
the p-Si surface ultimately yielding the p-Si@LSAF anode 
material.

Commercial AlSi12 microspheres were used as raw material 
for preparing porous silicon (Figure S1). Corresponding TEM 
images reveal the alloy powder consists of solid microspheres, 
with Al, Si, and O uniformly distributed throughout the material 
(Figure S2). To investigate the surface composition of AlSi12, XPS 
characterization was performed (Figure S3a-c). The O 1s 
spectrum exhibits peaks corresponding to Al₂O₃ (531.8 eV) and 
SiOx (532.9 eV). The Al 2p spectrum exhibits peaks for Al (71.7 
and 72.3 eV) and Al2O3 (74.4 and 75.6 eV). The Si 2p spectrum 
exhibited peaks for Si (98.5 and 99.2 eV) and SiOx (Si+: 100.6 eV; 
Si2+: 102.7 eV). The results indicate the presence of a distinct 
oxide layer on the alloy surface. 

The p-Si obtained by chemical etching retained the spherical 
structural characteristics of the original AlSi12 microspheres, 
with a large number of pores formed on the surface (Figure 1b). 
After modification with HF solution, the material underwent a 
secondary morphological transformation, changing from a 
“spherical” to a “flower‑cluster” morphology, along with a 
noticeable enlargement of the surface pores (Figure 1c‑e). TEM 
images reveal the unique hollow, dendritic porous structure of 

p‑Si (Figure 1f), while LSAF‑1 exhibited a porous flower‑cluster 
morphology (Figure 1g). High‑resolution TEM (HRTEM) images 
indicate that the surface of the p‑Si particles is coated with a 
uniform amorphous layer approximately 2 nm thick (Figure 1h), 
whereas the surface of LSAF‑1 is covered by a mixed 
crystalline‑amorphous layer about 7 nm thick (Figure 1i). The 
crystalline regions display lattice fringes with a spacing of 
0.21 nm, corresponding to the (301) plane of Li2SiF6. The 
elemental mappings of p‑Si show homogeneous distribution of 
Al, Si, and O throughout the material (Figure 1j), indicating that 
the chemical etching did not completely remove the 
Al‑containing components from the alloy and that a distinct 
oxide layer was present on the surface, which provided a basis 
for subsequent in-situ conversion reactions. Moreover, the 
uniform distribution of F on the surface of LSAF‑1 further 
confirms the existence of a fluoride coating layer (Figure 1k).

To determine the material composition, X-ray diffraction 
(XRD) characterization was performed. The XRD pattern of the 
AlSi12 precursor (Figure 2a) exhibits strong diffraction peaks 
corresponding to metallic Al and weaker peaks for Si. After 
chemical etching, the metallic Al peaks completely disappear, 
leaving only the characteristic peaks of crystalline Si, indicating 
that Si becomes the dominant phase after etching. The XRD 
patterns of the coated materials (Figure 2b) show the 
emergence of Li2SiF6 diffraction peaks, whose intensity 
increases with a higher amount of added LiOH. Faint LiF 
diffraction peaks can also be observed in the pattern of LSAF-
1.5. The content of fluoride in the coating layer was determined 
by thermogravimetric analysis (TGA) under an argon 
atmosphere. The weight losses for LSAF-0.5, LSAF-1, and LSAF-
1.5 are 1.96 wt%, 3.53 wt%, and 12.93 wt%, respectively (Figure 
2c). The onset temperature for this weight-loss process is 
245.6°C, and the temperature corresponding to the maximum 
rate of mass change is 271.0°C (Figure S4). These temperatures 
are consistent with the reported decomposition temperature of 
Li2SiF6 (approximately 251°C). The thermal decomposition 
reaction of Li2SiF6 is as follows:

𝐿𝑖2𝑆𝑖𝐹6 ≜ 2𝐿𝑖𝐹 + 𝑆𝑖𝐹4↑ (1)
Thus, the mass loss of the materials is attributed to the 

evolution of gaseous SiF4. The calculated Li2SiF6 contents in the 
three samples are 2.94 wt%, 5.29 wt%, and 19.38 wt%, 
respectively, based on the thermogravimetric data. To 
investigate the composition of the amorphous phase within the 
coating layer, the LSAF-1 sample was subjected to heat 
treatment under an argon atmosphere. After maintaining at 
350 °C for 2 hours, the surface Li2SiF6 decomposed, leading to 
an increase in the diffraction peak intensity of LiF. Notably, 
crystalline Li3AlF6 diffraction peaks also appeared 
simultaneously (Figure S5a). To clarify the origin of this 
crystalline Li3AlF6—whether it crystallized from pre-existing 
amorphous Li3AlF6 or formed via a solid-state reaction between 
AlF3 and LiF—the material was heat-treated at a higher 
temperature. When the temperature was raised to 550 °C, the 
Li3AlF6 peaks intensified, while the LiF peak showed no 
reduction in intensity (Figure S5b), indicating that LiF was not 
significantly consumed in this process. Taken together, these 
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results suggest that the coating layer consists of both crystalline 
Li2SiF6 and amorphous Li3AlF6.

To more accurately investigate the surface composition of 
the materials, X-ray photoelectron spectroscopy (XPS) 
characterization was performed on each sample. The Al 2p 
spectrum of p-Si (Figure 2d) displays two sets of peaks, 
corresponding to metallic Al (71.7 eV and 72.3 eV) and Al2O3 
(74.4 eV and 75.6 eV), confirming the presence of residual 
aluminum in both metallic and oxidized states on the p-Si 
surface. After the coating process, a new peak attributed to Al─F 
(77.1 eV) emerges in the Al 2p spectrum of materials, 
accompanied by a significant decrease in the intensity of the 
Al2O3 peaks. This indicates the conversion of surface Al2O3 into 
Li3AlF6. No discernible signal is detected in the F 1s spectrum of 
p-Si (Figure 2e), confirming the absence of fluorine-containing 
species on its surface. In contrast, the F 1s spectrum of the 
coated materials exhibits characteristic peaks for LiF (685.0 eV), 
Si─F (686.6 eV), Al─F (687.8 eV), and a trace amount of C─F 
(689.3 eV), evidencing the successful formation of LiF, Li2SiF6, 

and Li3AlF6. The appearance of the C─F signal is likely due to side 
reactions between hydrofluoric acid and the ethanol solvent. 
The O 1s spectra of all samples (Figure S6a) show peaks 
corresponding to SiOx (532.9 eV) and Al2O3 (531.8 eV). 
Compared with p-Si, the relative intensity of the SiOx peak 
decreases noticeably in the coated materials, suggesting that HF 
treatment effectively removes part of the surface oxide layer 
but cannot eliminate it completely. In the Si 2p spectra (Figure 
S6b), besides the characteristic peaks of Si (98.5 eV and 99.2 eV), 
signals corresponding to Si4+ (103.3 eV) and Si+ (100.6 eV) from 
SiOx are observed for all samples. The intensity of the SiOx peaks 
diminishes in the coated materials, consistent with the trend 
observed in the O 1s spectra. To further quantify the effect of 
HF treatment on surface oxidation, p-Si was treated in an HF 
solution of the same concentration for 4 hours without adding 
LiOH. Quantitative analysis reveals that the material oxygen 
concentration decreases from 9.80 wt% to 4.46 wt% after this 
treatment (Figure S7), further confirming that a substantial 
portion of the oxide layer remains.

Figure 1. Morphology and microstructure of the samples. (a) Schematic illustration for the preparation of Si@LSAF. SEM images of 
(b) p-Si, (c) LSAF-0.5, (d) LSAF-1 and (e) LSAF-1.5. TEM images of (f) p-Si and (g) LSAF-1.5. HRTEM images of (h) p-Si and (i) LSAF-1. 
Elemental mapping of (j) p-Si and (k) LSAF-1.

To investigate the distribution and evolution of chemical 
composition within the coating layer along the depth direction, 

depth-profiling XPS analysis was performed on the LSAF-1 
material using Ar+ sputtering. As Ar+ etching proceeds, the XPS 
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signals corresponding to surface Al2O3 gradually intensify, while 
those of SiOx concomitantly weaken (Figure S8a). Specifically, 
the signal for the high-valence state Si4+ continuously decreases 
until it vanishes, whereas the signals for the lower-valence 
states Si+ and Si2+ progressively increase (Figure S8b). In the F 1s 
spectra, the intensity of the signal attributed to Si-F decreases, 
while that of Al─F slightly increases (Figure S8c). The evolution 
of the atomic percentage of each element with sputter time 
(Figure S9) shows a trend highly consistent with the 
aforementioned analysis. These results systematically reveal 
the multiscale chemical structural evolution of the LSAF-1 
material from the surface to the bulk. When transitioning from 
the outermost surface inward, the coating exhibits a distinct 
chemical gradient: the uppermost surface is predominantly 
composed of high-valence-state SiOx (Si4+) and crystalline Li2SiF6. 
As the etching depth increases, the Al2O3 signal progressively 
strengthens, the chemical state of SiOx shifts toward lower 
valence states (Si+/Si2+), and the fluoride composition 
transitions from being dominated by Li2SiF6 toward amorphous 
Li3AlF6. This gradient structure with continuous compositional 
variation confirms the successful construction of a 
compositionally graded composite fluoride interphase layer via 
the in-situ reaction.

The Fourier transform infrared (FTIR) spectra of the materials 
show a characteristic peak at 1630 cm-1, which is attributed to 
─OH groups (Figure 2f). The broad band in the range of 900 to 
1300 cm-1 corresponds to the vibration of Si─O─Si bonds, 
indicating the presence of a SiOx layer on the material surface. 
Furthermore, in the spectrum of the LSAF-1.5 sample, a 
characteristic peak at ~730 cm-1, assigned to Si-F bonds, can be 
observed. The specific surface area and pore structure of the 
materials were characterized by nitrogen adsorption-
desorption measurements (BET) (Figure 2g, Figure S10, and 
S11). The specific surface areas of p-Si, LSAF-0.5, LSAF-1, and 
LSAF-1.5 are 102.5, 50.8, 44.6, and 36.0 m2 g-1, respectively, 
while the total pore volumes are 0.198, 0.108, 0.114, and 0.091 
cm3·g-1, respectively. Compared to p-Si, the modified materials 
exhibit a significant decrease in both specific surface area and 
pore volume. Notably, the number of mesopores with 
diameters smaller than 10 nm is markedly reduced. This 
phenomenon may be attributed to the chemical etching effect 
of HF during the reaction, which disrupts the original porous 
framework of the material, leading to partial particle 
fragmentation and pore collapse, thereby diminishing its 
porous characteristics.

Figure 2. XRD patterns of (a) AlSi12 and p-Si, (b) modified materials. (c) TG curves of the materials with different amounts of coating. 
(d) Al 2p and (e) F 1s XPS spectra of materials (f) FTIR spectra. (g) specific surface area and pore volume of materials.

To evaluate the effects of the porous structure and surface 
modification layer, systematic electrochemical 
characterizations were performed on all samples. Figure 3a 
displays the initial charge–discharge profiles of different 
electrodes at 0.2 A g-1. The initial charge specific capacities of 
the p-Si, LSAF-0.5, LSAF-1, and LSAF-1.5 electrodes are 2673.9, 
2654.9, 2526.9, and 2254.0 mAh g-1, respectively, with 
corresponding initial Coulombic efficiencies (ICE) of 83.38%, 
84.61%, 85.12%, and 84.99%. Compared with p-Si, the coated 
materials exhibit a decrease in reversible capacity, which is 
primarily attributed to the introduction of inactive coating 
components. Meanwhile, the improved ICE of the coated 

samples suggests that the constructed synergistic coating layer 
effectively suppresses side reactions at the 
electrode/electrolyte interface. Cyclic voltammetry (CV) 
measurements were further conducted within a voltage range 
of 0.01-2 V (Figure 3b and Figure S12). For the LSAF-1 electrode, 
the reduction peak around 1.46 V in the first cycle can be 
ascribed to irreversible interfacial reactions. In subsequent 
cycles, the reduction peaks appearing at 0.01 V and 0.19 V 
correspond to the lithiation process of Si (Li-Si alloy formation), 
while the oxidation peaks at 0.34 V and 0.52 V correspond to 
the delithiation process. Compared with p-Si, the polarization 
voltage of the modified materials is significantly reduced, with 
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LSAF-1 showing the smallest polarization. Moreover, under the 
influence of the synergistic coating layer, the decomposition 
voltage of FEC is notably increased, and a new reduction peak 
emerges at ~0.45 V (Figure 3c), demonstrating that the coating 
alters the formation mechanism of the SEI on the electrode 
surface.

Figure 3d presents the long-term cycling performance of the 
samples at a current density of 1 A g-1. The initial charge specific 
capacities of the Si, p-Si, and LSAF-1 electrodes are 3149.6, 
2447.9, and 2289.8 mAh g-1, respectively. After 200 cycles, the 
corresponding capacity retention rates are 29.7%, 64.4%, and 
71.8%. To evaluate the cycling stability under high current rates, 
extended cycling tests were further conducted at 2 A g-1 (Figure 
3e). Under this condition, the initial charge specific capacities of 
Si, p-Si, and LSAF-1 are 2618.5, 2196.9, and 2054.5 mAh g-1, 

respectively. Notably, the Si electrode nearly loses all 
electrochemical activity after 300 cycles, while p-Si and LSAF-1 
retain reversible capacities of 1119.5 and 1238.0 mAh g-1 after 
400 cycles, respectively. These results demonstrate that the 
synergistic effect between the porous structure and the coating 
layer significantly enhances the cycling stability of the material. 
Among the samples with different coating amounts, LSAF-1 
exhibits the best cycling performance (Figure S13 and S14). 
Furthermore, rate capability tests at various current densities 
(Figure 3f) further reveal the electrochemical kinetic 
advantages imparted by the surface coating layer. The modified 
electrodes, especially those with higher coating contents, 
exhibit less capacity decay at high rates, demonstrating that the 
synergistic coating structure effectively enhances the lithium-
ion transport kinetics of the electrode.

Figure 3. Electrochemical characterizations of materials. (a) charge-discharge curves. (b) the CV curve of LSAF-1. (c) Local 
magnification of the corresponding CV curves. (d) Cycling performance at 1 A g-1. (e) Cycling performance at 2 A g-1. (f) Rate 
capability from 0.2 to 4 A g-1. (g) Cycling performance at 2 A g-1 under 45 ℃. (h) Electrochemical performance parameters 
comparison (i) Cycling performance of the LFP//LSAF-1 full cell. 

Building upon the superior electrochemical performance of 
LSAF-1 at room temperature, this study further evaluated its 
cycling stability under an elevated temperature of 45 °C (Figure 
3g). High temperature tends to exacerbate side reactions at the 
electrode/electrolyte interface and reduce the reversibility of 
electrode reactions. Nevertheless, the LSAF-1 electrode 
achieves an ICE of 79.64%, which is higher than that of the p-Si 
electrode (77.88%) (Figure S15). Concurrently, the cycling 

stability of all electrodes deteriorates at high temperature, with 
the Si electrode undergoing complete capacity decay after 250 
cycles. After 300 cycles, the reversible capacities of the p-Si and 
LSAF-1 electrodes are 904.2 and 1255.3 mAh g-1, respectively, 
indicating that the gap in cycling stability between the two 
materials further widens. 

Furthermore, the performance of the LSAF-1 anode was 
comprehensively compared with other advanced silicon-based 
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anodes reported recently (Figure 3h).42-51 The comparative 
results demonstrate that the LSAF-1 electrode outperforms 
other modified electrodes in key metrics, including reversible 
capacity, ICE, and cycling stability, highlighting its considerable 
potential as a high-performance silicon-based anode material. 
To evaluate the practical application prospects of the LSAF-1 
anode, we assembled CR2032 coin-type full cells by pairing it 
with a commercial LiFePO4 cathode. The full cell exhibits 
excellent cycling stability at a rate of 0.5 C (1C = 155 mA g-1) 
within a voltage window of 2–4 V (Figure 3i).

To gain deeper insight into the role of the coating layer in the 
formation of the SEI, XPS analysis was performed on the 
electrodes after activation (Figure S16). In the F 1s spectra 
(Figure S16a), the p‑Si electrode exhibits characteristic peaks 
corresponding to LiF (685.0 eV), Si─F (686.6 eV), and P─F (687.8 
eV), all of which originate from electrolyte decomposition and 
interfacial side reactions. In contrast, the signals of all 
fluorine‑containing species are markedly weaker in the LSAF‑1 
electrode, especially the peak assigned to LiF. The Si 2p spectra 
of the activated electrodes (Figure S16b) show peaks from 
elemental Si (98.8 eV), Li4SiO4 (100.2 eV), Li2SiO3 (102.1 eV), Si4+ 
(103.3 eV), and Si-F (104.7 eV). The lithium silicates (Li4SiO4/ 
Li2SiO3) are formed through the conversion of surface SiOx, 
which is favorable for Li+ transport across the interface. 
Moreover, the stronger signal of elemental Si in the LSAF-1 
electrode suggests the formation of a thinner SEI layer on its 
surface. The P 2p spectra of the electrodes (Figure S16c) are 
composed of LixPFyOz (133.3 eV and 134.4 eV) and P─F (136.6 
eV and 137.7 eV), which are mainly derived from electrolyte 
decomposition. In the LSAF‑1 electrode, the intensity of the 
P‑related signals is significantly reduced, indicating suppressed 
electrolyte decomposition and confirming that the synergistic 
coating layer effectively enhances the stability of the 
electrode/electrolyte interface. Quantitative analysis based on 
the XPS survey spectra of the activated electrodes (Figure S17) 
reveals a notable decrease in the atomic percentages of F and 
P, together with an increase in C and O contents in the LSAF‑1 
electrode. These results suggest that side reactions at the 
electrode interface are mitigated and that an SEI layer richer in 
organic components is formed.

To further elucidate the influence mechanism of the 
synergistic coating layer on the lithium storage behavior of the 
electrodes, CV curves of the p-Si and LSAF-1 electrodes were 
measured at various scan rates (Figure 4a‑b). Based on the CV 
data, the capacitive contribution ratio of each electrode at 
different scan rates was further calculated (Figure 4c‑d). As the 
scan rate increases, the proportion of pseudocapacitive 
contribution rises significantly for both electrodes, and the 
LSAF-1 electrode consistently exhibits a higher capacitive 
contribution ratio than p-Si across all scan rates. This difference 
indicates faster ion diffusion and charge-transfer kinetics in the 
LSAF-1 electrode, which is mainly attributed to the optimization 
of the interfacial mass-transport process by the surface 
composite coating layer. Furthermore, differential capacity 
curves were analyzed during the initial 100 cycles of the 
electrodes, with the results presented in Figure 4e-f. The two 
cathodic peaks observed during discharge and the two anodic 
peaks during charge are consistent with the CV results. The 

contour plot of LSAF-1 shows no obvious peak shift or intensity 
decay throughout the cycling, indicating low polarization and 
stable capacity retention. For comparison, the corresponding 
differential capacity curves of p‑Si (Figure S18a-b) and nano Si 
(Figure S18c-d) are also provided. The evolution of the 
differential capacity curves for the p‑Si electrode is similar to 
that of LSAF‑1, yet with weaker lithiation/delithiation peak 
intensities. In contrast, the lithiation/delithiation peak 
intensities of the nano Si electrode diminish markedly with 
cycling, accompanied by significant peak shifts, reflecting 
severe capacity decay and polarization. These results 
demonstrate that the LSAF‑1 electrode exhibits superior 
electrochemical performance.

To gain further insight into the Li+ diffusion behavior, 
galvanostatic intermittent titration technique (GITT) 
measurements were performed on the electrodes (Figure S19a-
c). Based on Fick’s second law, the Li+ diffusion coefficients at 
different voltages were calculated. Notably, the LSAF-1 
electrode exhibits higher Li⁺ diffusion coefficients during both 
discharge and charge processes (Figure 4g-h). Figure 4i 
compares the electrochemical impedance spectra (EIS) of the 
electrodes before cycling to investigate the influence of the 
composite coating layer on the electrode kinetics. The 
corresponding impedance parameters were obtained by 
equivalent circuit fitting (Figure S20). The results show that both 
the ohmic resistance (Re = 3.0 Ω) and charge-transfer resistance 
(Rct = 26.6 Ω) of the LSAF-1 electrode are significantly lower than 
those of the other electrodes (p-Si: Re = 3.6 Ω, Rct = 45.2 Ω; Si: 
Re = 6.8 Ω, Rct = 80.0 Ω). These findings clearly demonstrate that 
constructing a surface composite coating layer can effectively 
improve the reaction kinetics of the electrode.

To investigate the structure-property relationship between 
the coating layer and the structural stability of the electrode, 
quantitative nanomechanical mapping (QNM) atomic force 
microscopy was employed to characterize different regions of 
the electrodes after cycling. Surface morphology analysis 
(Figure 5a‑b and S21a‑d) reveals that the LSAF-1 electrode 
exhibits a significantly lower surface roughness (average value: 
23.7 nm) than the p-Si electrode (average value: 53.1 nm), 
indicating a flatter surface. According to the area distribution of 
the Derjaguin-Muller-Toporov (DMT) modulus (Figure 5c‑d and 
S22a‑d), the DMT modulus on the LSAF-1 electrode surface 
(average value: 13.4 GPa) is notably higher than that of the p-Si 
electrode (average value: 9.3 GPa). This enhancement in 
mechanical properties primarily stems from the SEI layer 
induced by the surface modification layer, which possesses 
higher mechanical strength. Such a high‑modulus interface can 
more effectively accommodate the localized stress generated 
by Si volume expansion, thereby alleviating issues of particle 
pulverization and excessive SEI growth

The macroscopic structural changes of the p-Si and LSAF-1 
electrodes before and after cycling were further compared. 
After 200 cycles, numerous obvious cracks appear on the 
surface of the p-Si electrode, whereas the LSAF-1 electrode 
shows fewer and milder cracks (Figure S23a‑b). As shown in 
Figure S23c‑d, the thicknesses of the p-Si and LSAF-1 electrodes 
before cycling are 12.0 μm and 13.6 μm, respectively. After 200 
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cycles, the thickness of the p-Si electrode increases to 39.2 μm, 
corresponding to a volume expansion of 227%, while the 
thickness of the LSAF-1 electrode increases only to 31.1 μm, 
with a volume expansion rate of 129%. These results 
demonstrate that the surface modification strategy adopted in 
this work effectively suppresses the overall volume expansion 
of the electrode.

To investigate the influence of the surface modification layer 
on the dynamic evolution of SEI components during cycling, XPS 
characterization was performed on the cycled electrodes. In the 
F 1s spectra (Figure 5e), all electrodes exhibit characteristic 
peaks of LiF, Si─F, and P─F. In the P 2p spectra (Figure 5f), peaks 
corresponding to LixPFyOz and P─F are observed. Notably, the 
signal intensities of P‑containing species are significantly 
weaker in the LSAF‑1 electrode, providing direct evidence that 
the constructed coating layer effectively suppresses the 
decomposition of LiPF6 during cycling. Furthermore, the 

synchronous attenuation of Si─F bond signals indicates that the 
modification layer inhibits the intrinsic side reactions between 
Si and the electrolyte. Crucially, the corresponding decrease in 
LiF signals reveals a non‑conventional interface stabilization 
mechanism. Instead of relying solely on the generation of a 
LiF‑rich SEI, the coating layer establishes a robust 
physicochemical barrier that fundamentally mitigates 
interfacial failure by reducing the excessive formation of LiF 
from electrolyte decomposition and side reactions. This finding 
challenges the traditional view that “a LiF‑rich SEI is optimal,” 
suggesting a new paradigm for interfacial stabilization. 
Quantitative analysis of the XPS survey spectra of the cycled 
electrodes (Figure 5g) shows a decrease in the atomic 
percentages of F and P, along with a relative increase in Si 
content in the coated material. This indicates that side reactions 
at the electrode interface are effectively suppressed, leading to 
the formation of a thinner and more stable SEI layer.

Figure 4. CV curves of (a) p-Si and (b) LSAF-1 at various scan rates from 0.1 to 0.8 mV s-1. Percentage capacitive contributions of (c) 
p-Si and (d) LSAF-1 at different scan rates. dQ/dV mappings for the (e) discharging and (f) charging processes of LSAF-1. 
Corresponding Li+ diffusion coefficients during (g) discharging and (h) charging progresses. (i) Nyquist plots and fitted curves of 
electrodes before cycling.

Cycling at elevated temperature (45 °C) exacerbates the 
complexity of side reactions at the electrode/electrolyte 
interface. Surface topography analysis visually reveals the 
differences in interfacial stability among the electrodes under 
high-temperature conditions. The p-Si electrode surface 
exhibits a rough morphology covered with coarse particles 
(Figure S24a), which are typical manifestations of excessive SEI 
growth and structural looseness. In contrast, protected by the 
coating layer, the LSAF-1 electrode maintains a relatively 
smooth and compact surface morphology (Figure S24b). This 
observation aligns with its superior cycling stability at high 

temperature, providing visual evidence that the coating layer 
effectively suppresses high-temperature interfacial degradation. 
Surface XPS analysis further elucidates the interfacial regulation 
mechanism of the coating layer. The F 1s spectra show a 
simultaneous reduction in the signals corresponding to both 
Si─F and LiF components in the LSAF-1 electrode (Figure S24c-
d), offering direct evidence for the synergistic effect of physical 
barrier and chemical passivation provided by the coating layer. 
Specifically, the coating layer can induce the formation of SEI 
components with higher chemical stability while effectively 
isolating direct contact between the active Si and the 
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electrolyte, thereby significantly inhibiting their intrinsic side 
reactions.

To gain deeper insight into the chemical composition and 
spatial distribution of the electrode interface, time-of-flight 
secondary ion mass spectrometry (TOF-SIMS) characterization 
was performed on the cycled electrodes. Three-dimensional 
distribution maps of various secondary ion species (Figure 5h-i) 
and corresponding sputtering depth profiles (Figure 5j-k) were 
obtained. In the TOF-SIMS signals, Si- originates from the active 
Si material; PF6- and C₂HO- represent decomposition products of 
the lithium salt and organic solvent, respectively; LiF2- indicates 
the inorganic component LiF; while the distribution of Li- reveals 
the accumulation of inactive lithium. The results show that a 
thin interfacial layer rich in LiF but with minimal organic 
impurities forms on the surface of the LSAF-1 electrode. Toward 
the interior, the signal is dominated by active Si-, whereas 
signals from side‑reaction‑derived LiF2- and inactive Li- remain 
at low levels. In contrast, the SEI surface of the p‑Si electrode is 
enriched with organic by‑products (PF6- and C₂HO-), while high 
concentrations of LiF2- and inactive Li- are diffusely distributed 

throughout the entire electrode. The sputtering depth profiles 
further corroborate this trend. HRTEM images of the cycled 
electrodes further reveal distinct interfacial architectures 
(Figure S25a-b). In stark contrast to the p-Si electrode, a thinner 
and more uniform SEI layer is observed on the LSAF-1 electrode. 
Such an interfacial architecture is beneficial for fast lithium-ion 
transport and long-term structural stability.

Benefiting from the regulation of the surface coating layer, 
the LSAF-1 electrode forms a distinct bilayer structure 
characterized by “LiF‑enriched surface and clean interior,” 
effectively confining side reactions to a shallow surface region 
(Figure 5l). In comparison, the p-Si electrode exhibits 
substantial accumulation of organic by‑products on the surface, 
along with widespread distribution of high‑concentration LiF 
and dead Li throughout the electrode bulk, confirming the 
continuous occurrence and deep penetration of interfacial side 
reactions during cycling. This comparison indicates that merely 
pursuing a high chemical proportion of LiF in the SEI cannot 
ensure long‑term interfacial stability, suggesting that an 
interface strategy relying solely on LiF‑rich chemistry without 
structural design has inherent limitations.

Figure 5. Comparison of surface roughness of (a) p-Si and (b) LSAF-1 electrodes. 2D plots of DMT modulus of (c) p-Si and (d) LSAF-
1 electrodes. (e) F 1 s and (f) P 2p XPS spectra for p-Si and LSAF-1 electrodes after cycling. (g) Elemental concentration of the cycled 
electrode surface. TOF-SIMS 3D renderings of (h) p-Si and (i) LSAF-1 electrodes after cycling. TOF-SIMS sputter depth profiles of 
key interfacial components in (j) p-Si and (k) LSAF-1 electrodes after cycling. (l) Schematic diagrams of the SEI components of p-Si 
and LSAF-1 anodes.
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4. Conclusions
In summary, this study successfully constructed a 

Li2SiF6/Li3AlF6 composite fluoride coating layer on the surface of 
p-Si, realizing a function-oriented interfacial engineering 
strategy. This composite layer not only acts as a physical barrier 
but also chemically guides the formation of a SEI with excellent 
mechanical strength and high ionic conductivity. The resulting 
bilayer interface structure—characterized by a LiF-enriched 
surface and a clean interior—effectively confines side reactions 
to a shallow surface region, significantly enhancing the 
long-term cycling stability of the interface. Systematic 
electrochemical evaluations demonstrate that the optimized 
LSAF-1 electrode exhibits outstanding cycling stability, high ICE, 
remarkable rate capability, and good tolerance under elevated 
temperature conditions. Both interfacial kinetics and 
mechanical stability are substantially improved. This work 
breaks through the limitation of traditional interfacial 
engineering that merely pursues high LiF content, highlighting 
the importance of synergistic optimization among structural 
design, mechanical properties, and chemical functionality of the 
interface layer. The study not only deepens the understanding 
of the interfacial failure mechanisms in silicon-based anodes 
but also provides new design principles and theoretical 
foundations for the development of next-generation 
high-energy-density lithium-ion battery anode materials and 
their interfacial engineering.
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