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A B S T R A C T   

All-solid-state lithium batteries employing sulfide solid electrolyte are promising candidates for next generation 
lithium batteries. Nevertheless, the unstable interface of sulfide solid electrolyte and Li metal has limited the 
lifespan of sulfide solid state lithium metal batteries. Herein, a composite protection layer composed of Li-Ag/LiF 
(LAF) is formed on Li metal surface by the in-situ reaction of silver-fluoride (AgF) and Li metal to solve the 
instability issue of the Li6PS5Cl/Lithium interface. The Li-Ag particles act as nucleation sites for Li deposition and 
LiF can avoid the growth of lithium dendrites. The density function theory (DFT) calculation results show the 
lithiophilic of Li-Ag alloys and high interfacial energy of LiF/Li6PS5Cl interface, proving the superiority of the 
LAF protection layer. The critical current density of the Li-LAF/ Li6PS5Cl/ LAF-Li symmetric battery is 1.6 mA 
cm− 2 and the battery achieved a long lifespan of over 3000 h at 0.1 mA cm− 2 and 0.1mAh cm− 2 at room 
temperature. In addition, a high discharge capacity of 139.1mAh/g is obtained in the LiNbO3@LiCoO2/ 
Li6PS5Cl/ LAF-Li full cell. This work provides a feasible strategy for the interface modification of sulfide all-solid- 
state Li metal batteries.   

1. Introduction 

As lithium-ion battery technology keeps on improving, there is a 
growing requirement for significant energy density. Due to their po-
tential to simultaneously make a breakthrough in realizing considerable 
energy density and excellent safety, all-solid-state lithium batteries 
(ASSLBs) have emerged as the focus of intense battery research [1,2]. 
The most appropriate anode for ASSLBs is thought to be lithium metal 
for its incomparable advantages in electrochemical potential, density 
and theoretical capacity [3]. Before using lithium metal as anode, the 
option of solid-state electrolyte needs to be considered firstly. For the 
selection of inorganic solid electrolytes, the main choices are perovskite- 
type electrolyte, halide-type electrolyte and sulfide-type [4]. Among 
them, sulfide solid electrolytes stand out for their unique advantages in 
high ionic conductivity, which is favorable for achieving breakthrough 
in energy density and pretty safe performance of ASSLBs [5]. Particu-
larly, the argyrodites sulfide solid electrolyte (Li6PS5Cl) has drawn more 
and more attention as its low cost of precursors and simple synthesis 
method [6]. However, the commercialization of sulfide ASSLBs is hin-
dered by the incompatibility of Li6PS5Cl (LPSCl) and Li metal [7]. The 

LPSCl electrolyte will break down for the reaction with Lithium during 
the cell operations, leading to a gradual increase in interface impedance 
[8]. At elevated current densities, the side reactions induce the forma-
tion of microcracks within the electrolyte, which subsequently propa-
gate and provide pathways for the accumulation of lithium dendrites 
and finally result in short circuits [9–11]. 

Lithium dendrite formation is significantly accelerated by the un-
stable contact of the interface [12]. In previous researches, a variety of 
attempts have been made to solve these problems. The insertion of an 
artificial protection layer (organic polymer [13], LiH2PO4, LiF [14,15], 
etc.) seems to be a pretty choice to avoid direct contact and reduce 
adverse reactions between the lithium anode and solid electrolyte. An 
alloying anode protection layer can lead a uniform deposition of lithium 
metal. Hong et al. [16] enhanced the cycling stability of sulfide ASSLBs 
by importing a Li-Ag intermetallic layer. Wang et al. [17] used a Li3N-LiF 
composite layer to prevent the reactions of Li3PS4 and lithium metal. 
Nevertheless, an ideal artificial protection layer needs to meet the re-
quirements of isolating electron transport and guiding the uniform 
nucleation of lithium [18]. Therefore, developing an effortless and 
inexpensive process to construct a uniformly distributed multifunctional 
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protective layer for Li6PS5Cl/Li interface to prevent side reactions and 
dendritic lithium growth is extremely needed [19]. 

In this study, we design a protection layer consisted of Li-Ag/LiF to 
prevent the creation of lithium dendrites through a simple process. By 
directly applying a solution of silver fluoride (AgF) onto the lithium 
surface, the Li-Ag/LiF (LAF) protection layer can be obtained. It was 
proved by DFT calculations that the Li-Ag alloy can guide uniform 
deposition of lithium. While for LiF, another product of the reaction, is 
favorable for isolating lithium dendrites in electrolytes. Compared to the 
symmetric Li/Li6PS5Cl/Li cell, the symmetric Li-LAF/Li6PS5Cl/LAF-Li 
cell demonstrates a significant improvement in critical current density 
(from 0.6 mA/cm2 to1.6 mA/cm2) and a prolonged cycling lifespan 
(from 200 h to over 3000 h at 0.1 mA/cm2 and 0.1 mAh/cm2) at room 
temperature. Furthermore, a high discharge capacity of 139.1mAh/g is 
obtained in the full battery with LAF anode and LiNbO3@LiCoO2 cath-
ode. The LAF-protection layer functions well at reducing the production 
of lithium dendrites either in liquid lithium batteries or solid lithium 
batteries. 

2. Results and discussion 

2.1. The LAF-protection layer in solid electrolyte system 

The schematic diagrams of Li/Li6PS5Cl interface and Li-LAF/ 
Li6PS5Cl interface are illustrated in Fig. 1. In Fig. 1a-b, it is depicted 
that the Li6PS5Cl sulfide solid electrolyte undergoes decomposition 
when Li metal is utilized as anode, resulting in the creation of a series of 
byproducts consisting of Li2S, Li3P, and LiCl. Dendritic lithium will 
gradually accumulate as a consequence of adverse effects, which will 
increase the interface resistance [20]. Therefore, we put forward a Li- 
Ag/LiF (LAF) protection layer on Li anode through a facile route. As 
depicted in Fig. 1c-d, the presence of Ag nanoparticles facilitates the 
uniform deposition of lithium, while LiF acts as a barrier to prevent 
electron tunneling, thereby ensuring a homogeneous distribution of the 
electric field [21,22]. Therefore, the compatibility of LPSCl and Li metal 
is significantly enhanced, which was demonstrated by the results of 
electrochemical tests. 

The LAF-protection layer was established through a facile way. Li- 
Ag/LiF is established on the surface of lithium metal by exposing Li to 
AgF solution (DMSO as solvent) and heating at 100 ℃ for an hour to 
remove the solvent. Firstly, DMSO is stable with lithium metal. Silver 
fluoride is well dissolved in DMSO. For these two reasons, DMSO is 
chosen as the solvent. During the heating process, lithium metal will 
undergo a strong substitution reaction with silver fluoride, forming a 
protection layer on the outside layer of lithium metal. The DMSO is also 
removed during the heating process. The main reaction is as followed: Li 
+ AgF → Ag + LiF. The reaction among Li metal and AgF solution is 
clearly evident when the solution is dropped to the outside layer of Li 
metal, causing the transformation of the metal surface from silver-like to 
brown (Fig. S1). The optical microscope image of the Li metal without 
the LAF protection layer was shown in Fig. 2a. To further prove the 
construction of Li-Ag/LiF protection layer on the outside of lithium 
metal, optical microscope, scanning electron microscopy (SEM) and 
energy dispersive X-ray photoelectron spectroscopy (XPS) were used for 
analysis. The optical microscope results reveled that the lithium metal 
turned from silver to orange-yellow (Fig. S2). The surface topography of 
untreated lithium and the LAF protective layer were observed under 
SEM, and the surface morphology of LAF layer was uniform (Fig. 2b). 
FIB-SEM analysis was utilized to assess the thickness of the LAF pro-
tection layer, which was found to be 2.8 μm (Fig. 2c), which is the best 
thickness of the LAF protection layer. The measurements of the best 
thickness for the protection layer was shown in Fig. S3-S6. We obtained 
different thickness protective layers by changing the concentration of 
silver fluoride solution. The concentrations are 0.1 mg/ml,0.3 mg/ml 
and 0.6 mg/ml, corresponding to the thickness of 1.47 μm, 2.8 μm and 
3.855 μm (Fig. S3– 5). To get the best thickness of the protection layer, 
Lithium symmetric batteries were assembled to measure CCD. As shown 
in Fig. S7, the CCD varied form 1.3 mA cm− 2, 1.6 mA− 2 to 1.2 mA cm− 2. 
Therefore, the best thickness of the LAF protection layer is 2.8 μm. The 
ionic conductivity of the Li6PS5Cl sheet is 3.4 mS cm− 1 (Fig. S6). 

During the test of EDS elemental mapping, the mapping images of Ag 
and F (Fig. 2d-e) showed uniform distribution on the protection layer. In 
addition, the XPS results confirmed the Li-Ag alloy and LiF protection 
layer was successfully coated on Li. For the sake of further determine the 

Fig. 1. Schematic illustration of the cycling process (a-b). and Li-ion deposition process (c-d). of Li/Li6PS5Cl interface and Li-LAF/ Li6PS5Cl interface.  
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element distribution of the LAF layer, XPS profiles were collected from 
different depth. As shown in Fig. 2f, the Ag 3d XPS spectrum turns out to 
be excellent spin–orbit components with two peaks at 367.6 and 373.6 
eV, matching well with the binding energies of AgF 3d3/2 and AgF 3d5/2 
when the detaching time is 0 s, respectively [23,24]. The other two 
peaks at 372.8 and 378.2 eV matches well with Ag 3d3/2 and Ag 3d5/2 
[25]. When the sputtering time was increased to 180 s, the peaks shift to 

368.2 and 374.2 eV, indicating the presence of Ag metal. When the 
sputtering time is further increased to 360 s and 540 s, the Ag 3d 
spectrum turns out to be 368.1 and 364.1 eV, corresponding to the in-
tensity of LixAgy. For the element F, two peaks in the F 1 s (Fig. 2f) 
spectra, matching well with the Li-F in LiF and C-F in -CF3, were 
observed at binding energy of 686.5 eV and 688.3 eV [26]. When 
increasing the sputtering time to 180 s, 360 s and 540 s, there turns out 

Fig. 2. Characteristic of Lithium metal with and without LAF protection layer. (a-b) SEM image on the top surface of lithium metal without (a) and with (b) the LAF 
protection layer; (c) FIB-SEM image of the cross section of LAF protection layer; (d) the top surface elemental mappings of the LAF layer; (e) the cross section 
elemental mappings of the LAF layer; (f) Ag 3d, F 1 s XPS depth spectra XPS results on the surface of AgF treated lithium metal. 
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to be one peak at the binding energy of 686.5 eV, corresponding Li-F in 
LiF. The XPS depth profiles prove the gradient distribution of element Ag 
and F in the LAF-Li surface. Through the SEM and XPS characterizations, 
it is proved that the main ingredients of AgF reacting with Li metal are 
Li-Ag alloy and LiF. 

To validate the protective efficacy of this composite interfacial layer, 
several electrochemical tests were carried out. Lithium symmetric bat-
teries were used to examine LAF layer affected the critical current 
density (CCD) [27,28]. As shown in Fig. 3a-b, the CCD value was 0.6 mA 
cm− 2 at 25℃ for the cell assembled with untreated lithium tablets and 
1.6 mA cm− 2 at 25℃ for the cell assembled with LAF-coated lithium 
tablets, proving that the LAF layer is beneficial in solving the unstable 
interface issue of ASSLBs. To further investigate the role of this protec-
tive layer, a long-term cycle test with constant current charge and 
discharge was performed using the lithium symmetric cell. A symmetric 
cell was made using the untreated lithium tablets and LPSCl electrolyte 
for a constant current charge/discharge test (0.1 mA cm− 2, 0.1 mAh 
cm− 2). A short circuit caused the failing of the cell after 200 h of cycling 
(Fig. 3d). This indicated that the dendrites had penetrated the inside of 
the electrolyte, leading to the voltage drop. In contrast, when tested 
under the same conditions using a symmetric cell assembled from 
lithium tablets with LAF protective layer, the cell demonstrated stable 
cycling more than 3000 h while holding a low overpotential. (Fig. 3c). 
At the current density of 0.5 mA cm− 2, 0.5 mAh cm− 2, the Li-LAF/ 
Li6PS5Cl /LAF-Li battery can achieve the stable cycling of over 400 h 
(Fig. S8). The impedance of the lithium symmetric cell was also 
measured (Fig. S9). The impedance of the Li-LAF/ Li6PS5Cl /LAF-Li 

battery is much smaller than the impedance of Li/ Li6PS5Cl /Li battery. 
The partial enlargement of Li-LAF/ Li6PS5Cl /LAF-Li battery (Fig. 3e) 
proves that the cell is stable even after the cycling of two thousand 
hours. 

To further confirm the effectiveness of the LAF protection layer, 
density functional theory (DFT) calculations were employed to deter-
mine the interface energy of Li/Li6PS5Cl, LiAg/Li6PS5Cl and LiF/ 
Li6PS5Cl. As illustrated in the Fig. 4a-c, the interface formation energy of 
Li/Li6P5Cl、LiAg/Li6PS5Cl and LiF/Li6PS5Cl is 1.2172, 0.4301 and 

Fig. 3. Lithium symmetric cells tests. (a-b) CCD test; (c) Constant current charge/discharge test; (d-e) partial magnification.  

Fig. 4. Schematic illustration of the structure of the DFT calculation. (a) Li 
(001)/Li6PS5Cl (001); (b) LiAg(001)/Li6PS5Cl (001);(c) LiF(100)/ 
Li6PS5Cl(001). 
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3.0077 J cm− 2, correspondingly. Due to the low interfacial energy of the 
LiAg (001)-Li6PS5Cl (001) interface, the Li-Ag alloy layer forms spon-
taneously on the outside surface of Li metal, and the Ag particles can act 
as efficient locations of nucleation for the deposition of Li, thus pro-
moting the reduction of Li+ and achieving the homogeneous deposition 
of Li metal. The LiF (001)/Li6PS5Cl (001) interface has a high interfa-
cial energy, thus the LiF is generated between the Li-Ag alloy layer and 
the Li6PS5Cl electrolyte. As an electronic insulating material, LiF can 
effectively avoid electron tunneling effect. The elevated interfacial en-
ergy substantially raises energy barrier associated with even nucleation, 
and the high interfacial tension also inhibits the propagation and 
penetration of Li into the pores and cracks in sulfide electrolyte, thus 
helping to prevent the accumulation of Li dendrites [29]. All in all, the 
DFT calculation results further verifies that the LAF protection layer can 
significantly strengthen the interface stability of Li6PS5Cl/Li. 

To demonstrate the application of the LAF protection layer in 
ASSLBs, the LAF-Li anode was combined with LiNbO3-coated LiCoO2 
(LNO@LCO) to assemble ASSLBs. The cycling performance of ASSLBs 
with positive active materials loading of 13.1 mg cm− 2 using Li6P5Cl 
SSEs (labeled as Li-LAF/ Li6P5Cl /LNO@LCO and Li/ Li6P5Cl / 
LNO@LCO, respectively) were tested from 2.5 V to 4.3 V at 0.1C rate. As 
shown in Fig. 5, the half-cells with the protective layer had a higher first- 
cycle discharge capacity and a significantly higher average coulombic 
efficiency than the control group. During the subsequent long cycle test, 
comparing the experimental and control groups, the former was 
noticeably more stable (Fig. 5b). A significant increase in capacity 
retention of about 30 % is achieved in the modified sample (Fig. 5c-d). 
The Coulombic Efficiencies along with the cycles are provided in 

Fig. S10. Nevertheless, the electrode material expands in bulk during 
cell cycling which will create cracks and pores and result in a large 
interfacial impedance between the solid–solid interface. There is still 
room for improvement in the cycling stability in whole cell testing. 
Further improvements will be made to address these issues in subse-
quent experiments. The comparisons of the recent results in the relative 
references on the improvement of the electrolyte/Li interface using the 
strategy of construction the artificial SEI are listed on Table S1. 

To explore the detail reasons of the poor cycle performance of the 
LiCoO2-based full cell without LAF protection layer. We observed the 
morphologies of the cycle anodes from the LiCoO2-based full cells. 
Fig. S11 is the lithium anode image disassembled from the cycled Li/ 
Li6PS5Cl/LNO@LCO cell. The formation of lithium dendrites can be 
observed during the cycling process. In addition, the LPSCl powder 
sticking to the surface of Li metal is also clearly visible [7]. During the 
cycling process there are a serious of side reactions between LPSCl and Li 
metal, which leads to the decomposition and pulverization of LPSCl. 
While for the Li-LAF anode disassembled from Li-LAF/ Li6PS5Cl/ 
LNO@LCO cell after the cycling of 30 cycles, the surface of Li-LAF is 
relative smooth (Fig. S12). Both lithium dendrites and LPSCl powder are 
not observed. The surface topography of LPSCl sheet after cycling was 
also observed. As shown in Fig. S13. These results further confirm the 
effectiveness of LAF protection layer in improving the interface stability 
of lithium and Li6PS5Cl. 

2.2. The LAF protection layer in liquid electrolyte system 

In liquid electrolyte systems, the longevity of the lithium metal 

Fig. 5. Schematic illustration of the full cell. (a) Schematic diagram of all-solid-state battery; (b) Cycling performance of LNO@LCO/Li6PS5Cl/Li and LNO@LCO/ 
Li6PS5Cl /LAF-Li at 0.1C; (c) Charge/discharge potential curves of LNO@LCO/ Li6PS5Cl /Li at 0.1C; (d) Charge/discharge potential curves of LNO@LCO/ Li6PS5Cl 
/LAF-Li at 0.1C. 
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battery is constrained by uncontrolled reactions occurring between 
lithium metal and non-aqueous electrolytes. Li-Li symmetric cells were 
tested in liquid electrolyte systems to determine the efficacy of the LAF- 
protection layer. 

The cycling process of bare lithium anode and Li-LAF anode in liquid 
electrolyte systems is shown in Fig. S14. For the lithium metal batteries 
without artificial layer, uncontrolled side reactions will occur and result 
in the accumulation of lithium dendrites (Fig. S14b). Conversely, the 
inclusion of Ag nanoparticles in the LAF layer promotes the homoge-
neous deposition of Li ions on the outside of lithium metal, while LiF 
impedes the growth of lithium dendrites. As a result of these factors, a 
dendrite free morphology is observed after the deposition of Li ions for 
several hours (Fig. S14c). 

To further validate the effect of the LAF protection layer, a variety of 
electrochemical tests were carried out in the symmetric Li/Li cells at 
varied current densities. Fig. S15a showed the voltage profiles over time 
(0.25 mA cm− 2 and 0.25 mAh cm− 2). It is evident that the polarization 
voltage of lithium metal symmetric battery after silver fluoride treat-
ment decreases gradually and approaches a stable value, and there is a 
small overpotential in the stable stage (Fig. S15). At larger current 
densities (1.5 mA cm− 2 and 1.5 mAh cm− 2), the cycling stability of 
symmetric cells was investigated. The LAF-Li/Li-LAF cells are stable 
even after the Li plating/striping cycles of 1000 h. Conversely, the cells 
without the LAF protection layer failed within 400 h (Fig. S15b). The cell 
with LAF protection layer behaved lower polarization at various current 
densities (Fig. S15). 

Electrochemical impedance spectroscopy (EIS) tests were made to 
establish the significant impact of the LAF protective layer on stabilizing 
the lithium metal anode. The measurements were performed from 5 
cycles to 50 cycles at a current density of 1 mA cm− 2 and a capacity of 1 
mAh cm− 2. The impedance of the Li/Li symmetrical cell (Fig. S16b) 
exhibited initial higher values during the first few cycles, which grad-
ually decreased during the cycling. Conversely, the impedance of Li- 
LAF/LAF-Li symmetrical cell (Fig. S16a) was particularly small during 
the whole cycling process, proving that the LAF protection layer is 
favorable for the formation of an ideal artificial layer. The above anal-
ysis confirms that treating the lithium anode with silver fluoride is a 
viable approach to construct a stable interface for a dendrite-free Li 
metal battery. 

To investigate the morphological evolution of LAF electrode, the 
SEM images of LAF electrode were observed, which is favorable for 
understanding the reason behind the improvement of interface stability. 
The images of Li plating/stripping were observed. After 100 cycles at 
2.5 mA cm− 2 for the untreated Li anode, cellular dendrites were 
observed on the Li-planted side and cracks occurred on the Li-stripped 
side (Fig. S17a-c). In contrast, the aspect of the silver fluoride treated 
lithium was smooth and flat after 200 h cycling, and no root whisker-like 
dendrites appeared (Fig. S17d-f). The EDS mapping of the cycled Li-LAF 
was made to identify whether the protection layer is destroyed. The 
presence of element F and Ag proved that the protection layer was not 
broken after cycling (Fig. S17h-i). The white shinning points in Fig. S17g 
represented element Ag. These results further verified the role of LAF- 
protection layer in long cycled lithium metal batteries. According to 
the results mentioned above, LAF-protection layer is also effective for 
the suppression of lithium dendrites in liquid electrolyte systems. 

3. Conclusion 

In summary, a composite protection layer made of Li-Ag/LiF (LAF) 
was formed on the surface of lithium by reacting AgF and Li metal, 
effectively solving the instability issue of Li/Li6PS5Cl interface. The 
formation process of Li-Ag/LiF through the replacement of AgF with Li 
metal is confirmed through SEM and XPS characterizations. The pres-
ence of Li-Ag alloys significantly enhances the interface stability of the 
Li/Li6PS5Cl interface and make it easier to deposit Li ions evenly. 
Additionally, the inclusion of LiF effectively inhibits the nucleation and 

growth of lithium dendrites at the interface. The combination of LiF and 
Li-Ag alloys enhanced the compatibility of Li/Li6PS5Cl interface, 
resulting in a decrease in interface resistance. Therefore, the Li-LAF/ 
Li6PS5Cl/LAF-Li symmetric cell can stably cycle over 3000 h with a low 
overpotential (36 mV). When combined with LNO@LCO cathode, the Li- 
LAF/ Li6PS5Cl/LNO@LCO cell demonstrated a high initial capacity of 
139.11 mAh/g with superior cycling stability at 30 ℃. These exceptional 
electrochemical performances highlight the effectiveness of the 
designed Li-Ag/LiF protection layer in suppressing lithium propagation 
into the sulfide solid-state electrolytes. A stable lithium metal anode was 
also prepared in liquid electrolyte systems with excellent cycling sta-
bility (over 1000 h at 1.5 mA cm− 2 and 1.5 mAh cm− 2) for the Li-LAF|| 
LAF-Li symmetric battery. This study presents a straightforward 
approach to enhance the interface compatibility between lithium metal 
and Li6PS5Cl sulfide solid electrolyte. 

4. Experiment section 

4.1. Sample synthesis 

The Li6PS5Cl powder were purchased from Shenzhen Kejing 
Company. 

The AgF solution was obtained by dissolving 3 mg AgF (Alfa Aesar, 
99.8 %) in DMSO solution (Sigma Aladdin,99.8 %). To obtain the LAF 
protection layer, the surface of the lithium foil is evenly coated with 40 
Âµl solution dropped by pipette gun. Then the coated lithium foil was 
heated at 100 ℃ for 1 h to remove the solution, during which Li will 
react with AgF and generates Ag and LiF. All the samples were prepared 
within a glovebox filled with argon gas. 

4.2. Material characterization 

The sample morphologies were analyzed utilizing a Hitachi SU-70 
field-emission SEM. Additionally, the FIB-SEM morphologies were ac-
quired using the Thermo Scientific Scios 2 DualBeam system. XPS 
analysis was performed using a Kratos Axis 165 spectrometer equipped 
with a monochromatic Al Kα X-ray radiation source. 

4.3. Cell measurement 

120 mg of Li6PS5Cl powder was cold-pressed at 360 MPa to create a 
sheet. The powder was placed in a PTFE tank, the diameter of which was 
10 mm. The thickness of the LPSCl sheet was approximately 1 mm. In 
order to achieve intimate contact among Li foil and Li6PS5Cl electrolyte, 
Li foils with a 10 mm diameter were affixed to both faces of the elec-
trolyte sheet. For the cells in liquid electrolyte systems, the Li-Ag/LiF 
anodes were placed at both sides of the separator. The Cellgard 2000 
separator was used as the separator. The electrolyte was formulated by 
combining ethylene carbonate (EC) and dimethyl carbonate (DMC) in a 
1:1 vol ratio, with a concentration of 1.0 M LiPF6. The detailed assemble 
process of all-solid-state lithium cells is shown in the Supplementary 
materials. The electrochemical tests are shown in Supplementary 
materials. 

4.4. Calculation 

Detailed calculations are provided in the Supplementary materials. 
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