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Abstract 

Solid-state lithium batteries (SSLBs) utilizing novel solid electrolytes (SEs) have garnered much 

attention due to their potential to yield safe and high-energy density batteries. Sulfide-based 

argyrodite-class SEs are an attractive option due to their impressive ionic conductivity. Recent 

studies have shown that LiF at the interface between Li and SE enhances electrochemical stability. 

However, synthesis of F-doped argyrodites has remained challenging due to the high temperatures 

used in state-of-the-art solid-state synthesis methods. In this work, for the first time, we report F-

doped Li5+yPS5Fy argyrodites with tunable doping content and dual dopants (F-/Cl- and F-/Br-) that 

were synthesized through a solvent-based approach. Among all compositions, Li6PS5F0.5Cl0.5 

exhibits the highest Li-ion conductivity of 3.5 ×10-4 S cm-1 at room temperature. Furthermore, Li 

symmetric cells using Li6PS5F0.5Cl0.5 show the best cycling performance amongst the tested cells. 

X-ray photoelectron spectroscopy and ab initio molecular dynamics simulations revealed that the 

enhanced interfacial stability of Li6PS5F0.5Cl0.5 SE against Li metal can be attributed to the 

formation of a stable SEI containing conductive species (Li3P), alongside LiCl and LiF. These 

findings open new opportunities to develop high-performance SSLBs using a novel class of F-

doped argyrodite electrolytes. 
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1. Introduction  

 Rechargeable battery technologies that offer high-energy-density, long cycle-life and 

safety are urgently needed to meet the growing energy storage demands for the electrification of 

road transport.1 State-of-the-art lithium ion batteries (LIBs) for electric vehicles (EVs) employ 

flammable liquid electrolytes, which pose significant safety concerns.2,3 This has sparked 

numerous investigations into alternative solutions that offer high safety without compromising on 

energy density.4–8 Among these, a particularly lucrative technology is the solid-state Li metal 

battery (SSLMB), wherein, flammable liquid electrolytes are replaced by solid-state superionic Li-

conductors (called solid electrolytes or SEs). Rapid advancements in high-performance ASSLBs 

requires the development of SEs that exhibit (a) high Li+ ion conductivity at room temperature 

(>10-4 S cm-1),9 and (b) good interfacial stability with both Li-metal anodes and cathodes.4 

Additionally, developing simple, economic, and scalable approaches for SE synthesis is vital to 

bringing ASSLBs to the EV marketplace.10   

 Several sulfides,11,12 oxides,13,14 and polymers15,16 have been proposed as promising SE 

chemistries for use in ASSLBs. Of these, sulfide SEs exhibit high Li+ ion conductivity due to the 

high polarizability of sulfide ions.17 In particular, much attention has been given to lithium 

argyrodites such as Li7PS6 and halide-doped Li6PS5X (X = Cl, Br, I) whose tetrahedral structure 

allows for the high mobility of Li ions within the atomic framework.18–20 Alternatively, other anion 

dopants (i.e. Ge, Sn, Si) have been reported to further increase the ionic conductivity of argyrodite 

structured solid electrolytes.21 For Li6PS5X SEs, Cl/Br doping not only increases the ionic 

conductivity, but also improves the argyrodite’s electrochemical stability against the Li anode due 

to the formation of reductive decomposition products (e.g., Li3P, LiBr/LiCl and Li2S) at the solid 

electrolyte interphase (SEI) layer.4,22–24  
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The presence of LiF in the SEI layer has been reported to stabilize the SE/Li anode 

interface24–30 and has the potential to provide a wider electrochemical window for sulfide SEs.24,31 

Typically, LiF is incorporated into the SEI layer by introducing additional Li salt additives; this 

increases the complexity of processing and lacks precise compositional control. From a synthesis 

standpoint, a more desirable approach would be to directly prepare F-doped argyrodite 

electrolytes. While such efforts have been devoted to doping Li7PS6 with Cl, Br, and I,4,23 research 

on the synthesis of fluoride (F)-doped argyrodites (i.e. Li6PS5F) remains in its infancy. Zhao et al. 

had reported to synthesize Li6PS5Cl0.3F0.7 via solid-state methode,32 and found that the excellent 

cycling stability of symmetric cells were attributable to a high concentration of LiF within the 

argyrodite structure. However, solid-state synthesis methods are both energy and time consuming, 

typically requiring long periods of ball-milling and heat treatments of ≥550 ℃. One way to address 

this issue is to employ a solvent-based synthesis method that  requires much lower temperatures 

(≤200 °C); such liquid-phase methods have been reported to produce high purity argyrodite SEs 

(Li7PS6 and Li6PS5X; X = (Cl, Br, I)).10,12,33 

 Herein, for the first time, we demonstrate the synthesis of F-doped argyrodites Li6PS5Fy 

and hybrid-doped Li6PS5F0.5Cl0.5 and Li6PS5F0.5Br0.5 SEs via a simple, fast, and scalable solvent-

based approach. Effects of F-doping on the crystal structure, phase purity, and conductivity of 

doped lithium argyrodites were studied. In addition, the interfacial reactivity of F-doped 

argyrodites towards Li metal in symmetric cells was investigated using X-ray photoelectron 

spectroscopy (XPS) and ab-initio molecular dynamics (AIMD) simulation. The results show that 

Li6PS5F0.5Cl0.5 holds the highest ionic conductivity of 3.5×10-4 S cm-1 at room temperature and the 

lowest activation energy (0.32 eV). Furthermore, Li6PS5F0.5Cl0.5 also displays the best stability 

against Li anode due to the synergistic effects of two halogen ions (Cl- and F-) at the interface, and 
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the presence of reduced species with good Li+ ion conductivity (namely Li3P). This work provides 

a concrete demonstration of the use of solvent-based synthesis methods to explore new SEs with 

tunable composition, which will contribute to the development of novel SE materials for the 

development of ASSLBs.  

 

2. Experimental 

2.1 Materials Synthesis 

A solvent-based method was employed to synthesize F-doped lithium argyrodites, and the details 

were described in previous reports.10,33 Briefly, the reactants of lithium sulfide (Li2S, Alfa 

Aesar®), lithium fluoride (LiF, Alfa Aesar), and β-Li3PS4 precursor with stoichiometric ratios 

were dissolved in ethanol solvent and stirred for 1 h at RT in glovebox (argon atmosphere, O2 and 

H2O < 1ppm). The solvent was evaporated, and the remaining product was heated and kept for 1h 

at 200 °C under vacuum. Li5+yPS5Fy samples with differing amounts of F doping content were 

prepared by tuning the molar ratios of LiF to Li2S (y = 0.1, 0.2, 0.5, 1.0, and 2.0) following the 

given chemical reaction (Eq. 1). Similarly, dual-doped Li6PS5F0.5X0.5 (X = Cl and Br) samples 

were synthesized by mixing the lithium halides using molar ratios for Li2S:LiF:LiCl (or LiBr) of 

1.0:0.5:0.5, as shown in the chemical reaction at Eq. 2. 

𝑦𝐿𝑖𝐹 + 𝐿𝑖2𝑆 + 𝐿𝑖3𝑃𝑆4 → 𝐿𝑖5+𝑦𝑃𝑆5𝐹𝑦  (Eq.1) 

0.5𝐿𝑖𝐹 + 0.5𝐿𝑖𝑋 + 𝐿𝑖2𝑆 + 𝐿𝑖3𝑃𝑆4 → 𝐿𝑖6𝑃𝑆5𝐹0.5𝑋0.5 (Eq.2) 

2.2 Structural Characterizations 

For Li5+yPS5Fy and Li6PS5F0.5X0.5 powder samples, X-ray diffraction (XRD, Bruker D8 Discover) 

was carried out using nickel-filtered Cu-Kα radiation (λ = 1.5418 Å) for phase identification. To 

calculate phase percentages in the electrolytes, XRD refinement was performed using the GSAS-
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II crystallography data analysis software. Raman spectroscopy (Renishaw in Via Raman/PL 

Microscope) was performed on synthesized samples using a 632.8 nm emission line of a HeNe 

laser. 

2.3 Electrochemical Characterizations 

For electrochemical testing, the powder samples were cold pressed into dense pellets (1/2” 

diameter, ~0.6 mm thick, ~90-92% dense) inside a glovebox under 400 MPa. Electrochemical 

impedance spectroscopy (EIS) measurements were conducted to evaluate the conductive 

properties of cold-pressed samples (with C/Al foil on each side) using a Bio-Logic SP300 

Potentiostat with an amplitude of 100 mV and a frequency range of 1 MHz to 100 mHz. 

Additionally, Arrhenius plots were obtained via the combination of EIS measurement with a 

temperature-controlled chamber from RT to 90 °C. Li|SE|Li symmetric cells were assembled in 

2032-coin cells and tested under different current densities (0.05, 0.1, 0.15 mA cm-2) using a Bio-

Logic VSP. After cycling, the symmetric cells were disassembled for XPS analysis (Thermo VG 

Scientific) to study the interface. All electrolyte preparation and cell assembly/disassembly took 

place inside a glovebox filled with Ar (O2, H2O<1ppm). The electrochemical performance of F-

doped argyrodite electrolytes was tested in full cells of LiFePO4 (LFP)|SE|Li. To prepare the 

cathode, LFP powder, PVDF and Super P with weight ratio of 80:10:10 were mixed in N-

methylpyrrolidone (NMP) to form a homogeneous slurry, which was subsequently coated on an 

aluminum foil. The prepared cathode with an active material loading of ~2 mg cm-2 was dried at 

120 oC. Prior to battery cycling, trace amounts of nonflammable Pyrrolidinium-based (PYR) ionic 

liquid with 1M LiTFSI salt was added on both sides of the SE pellet to reduce the resistance from 

solid/solid contact. Charge and discharge tests were performed over a voltage window of 2.5–4.0 

V using 2032-coin cells after the cells were rested for 8 h.  
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2.4 Ab initio Molecular Dynamics Simulations 

 All the AIMD simulations were performed within the framework of density functional theory 

(DFT) using projected augmented wave method as implemented in Vienna Ab initio Simulation 

Package (VASP).34,35 The exchange correlations were described using the Perdew–Burke–

Ernzerhof (PBE) functionals36 within the generalized gradient approximation (GGA) using the 

pseudopotentials supplied by VASP: Li_sv (valence: 1s2 2s1 2p0), P (valence: 3s2 3p3), S (valence: 

3s2 3p4), Cl (valence: 3s2 3p5), and F (valence: 2s2 2p5). The energy cut off for plane wave basis-

set is set at 500 eV. A Gaussian smearing of 0.05 eV was employed to treat the partial electron 

occupancies for each orbital. The Brillouin zone was sampled at the  point only. An energy 

convergence tolerance of 1 × 10-5 eV was employed for self-consistent field cycles. For geometry 

relaxation, the atomic coordinates and the lattice parameters were optimized such that the force on 

each atom was lower than 0.05 eV/Å.  

The computational supercell consisted of symmetric Li||SE||Li slabs (with dimensions ~10 

Å × 10 Å × 45 Å), in which both Li and SEs were oriented such that their crystallographic [001] 

directions were aligned normal to the interface, similar to previous works.37 Three SEs were 

considered in this study, namely, Li6PS5F0.5Cl0.5, Li6PS5F, and Li6PS5Cl. To prepare the Li|SE|Li 

slab, we employed the following steps: 1) Unit cells of body-centered cubic Li, and SEs were first 

optimized, (2) thereafter, the optimized unit cells were employed to prepare two 3×3×3 Li (001) 

slab and a 1×1×2 Li6PS5X (001) slab; X = Cl, F or F0.5Cl0.5; and (3) these slabs were then stacked 

in the direction of the surface normal to achieve a symmetric Li|SE|Li slab. The as-prepared slab 

model was then optimized. Note the supercell sizes were chosen to ensure that the epitaxial strain 

between Li (001) and Li6PS5X is < 1% along any directions within the plane of the interface. Next, 

we performed AIMD simulations using the optimized slab model to track the evolution of the 
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interface between Li and SEs at the atomic scale. All the AIMD simulations were performed within 

a canonical ensemble (NVT) at 300 K for 20 ps using a timestep of 1 fs. Constant temperature 

conditions were maintained using a Nosé-Hoover thermostat as implemented in VASP. Atomic 

charges for selected snapshots along the AIMD trajectories were calculated using the Bader 

partitioning scheme.38,39 To identify the extent of reduction of P and S atoms, we employed 

threshold values for Bader charges37 based on the Bader charge values in the pristine electrolyte 

(corresponding to un-reduced state), and that in the fully reduced forms (P:Li3P; S:Li2S). For 

details on the thresholds and Bader charge ranges corresponding to different reductive states (full, 

partial, or not) please see Table S3. 

 

3. Results and Discussion 

3.1 Structural and Ion Transport Behavior of Li5+yPS5Fy Electrolytes 

Using a solvent-based synthesis method, Li5+yPS5Fy argyrodites with varying F content (y = 0.1, 

0.2, 0.5, 1.0, and 2.0) were prepared and subjected to XRD for phase identification (Figure 1a). 

All samples show strong characteristic diffraction peaks at 2θ = 25.5º, 30º, and 31.2º, attributing 

to (220), (311), and (222) planes in the argyrodite crystal (cubic F-43m symmetry), respectively. 

At low F content (y = 0.1 and 0.2), the diffraction patterns of Li5+yPS5Fy samples are almost 

identical to the characteristic peaks in Li6PS5Cl,33 suggesting that F atoms fully incorporate into 

argyrodite crystal structure. With increasing F content (y ≥ 0.5), new diffraction peaks at 2θ = 

38.6º and 65.6º (indexed to LiF25,27) start to appear and become stronger. In contrast to the pure 

argyrodite structure observed for Li6PS5Cl,33 the secondary phase of LiF in Li5+yPS5Fy (y ≥ 0.5) 

indicates low F- incorporation levels in samples synthesized from a solvent-based approach with 

low heating temperature (200 °C). Additional LiCl phase was also observed for Li6PS5Cl samples 
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when the Cl/P ratio was above 1.5.33,40 To determine the phase purity and lattice parameters of 

Li5+yPS5Fy (y ≥ 0.5) samples, XRD refinement was undertaken with the results shown in Fig. S1 

and Table S1. When y = 1.0, Li6PS5F is found to have a lattice parameter of a = 9.889 Å, 

accompanied by 9.5 wt% of LiF. In contrast, when the same doping content is used for Li6PS5Cl 

synthesized through solvent-based methods, pure argyrodite structure is observed.33 All Li5+yPS5Fy 

samples show a strong peak at 421-426 cm-1 in their Raman spectra (Figure 1b). This frequency 

range corresponds to the stretching vibration of the P–S bond in PS4
3- (ortho-thiophosphate), as 

reported by previous studies on argyrodite electrolytes (Li7PS6, Li6PS5Br and Li6PS5Cl).22,41 The 

slight shifts in Raman spectra across the different Li5+yPS5Fy samples are related to the substitution 

of S2- anions by F- anions at the S1 (16e) site; PS4
3- tetrahedra arrange into hexagonal cages 

connected via the interstitial anion site in argyrodites.42  

Figure 1c displays the Nyquist plots of Li5+yPS5Fy samples at room temperature. The 

resistance R is used to calculate the Li+ conductivity following the equation of 𝜎 =
𝐿

𝑅𝐴
, where σ is 

ionic conductivity, L is the thickness of the cold-pressed pellet, and A is the cross-sectional area 

of the pellet. Li5+yPS5Fy (y = 0.1, 0.2) samples show poor ionic conductivity of ~10-5 S cm-1 despite 

exhibiting pure argyrodite structure. Since halide anions replace S-2 anions in the crystal structure 

at either the 4a or 4d sites, and the argyrodite’s conductivity is dependent on the unequal sharing 

of these sites to create a disordered pathway for Li+1 ions,44 it is reasonable then to assume that 

LiF will first occupy these sites in such a way as to create an ordered crystal structure that prevents 

lithium intercage diffusion. Significant improvements in ionic conductivity are observed for 

slightly higher doping contents (y ≥ 0.5), which creates the necessary disorder required for Li-ion 

movement. The highest Li-ion conductivity of 2.3 ×10-4 S cm-1 is achieved by Li6PS5F, which 

contains a small amount of LiF. The enhanced conductivity despite the presence of a secondary 
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phase is similar to previous observations in Cl-rich Li6PS5Cl argyrodite.33,40 Nevertheless, 

excessive LiF content reduces Li+ ion conductivity due to the lithium salt’s intrinsically poor 

conductivity (10-9 S cm-1).43 Arrhenius plots in Figure 1d show the temperature dependence of Li+ 

conductivity for Li5+yPS5Fy samples following a linear relationship. The activation energies are 

calculated according to the equation 𝜎 = 𝜎0𝑒
−𝐸𝑎
𝑅𝑇 , and results for different compositions are 

displayed in Fig. S2. Among Li5+yPS5Fy samples, Li6PS5F possesses the lowest activation energy 

of ~0.45 eV, which is slightly higher than the 0.4 eV displayed by liquid synthesized Li6PS5Cl 

argyrodite.33  

 

Figure 1. (a) XRD patterns, (b) Raman spectra, (c) Nyquist plots, and (d) Arrhenius plots of F-

incorporated lithium argyrodites Li5+yPS5Fy (y = 0.1, 0.2, 0.5, 1, 2) that were synthesized from a 

solvent-based method.  
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3.2 Synthesis and Characterization of Hybrid Halide Doped Li6PS5F0.5X0.5 Argyrodites  

In addition to single-halogen doping (i.e., F-), Li6PS5F0.5X0.5 (X = Cl, Br) samples 

containing two halogen dopants were also synthesized using a solvent-based method. Figure 2a 

presents the XRD pattens for Li6PS5F0.5Cl0.5 and Li6PS5F0.5Br0.5 samples, which show 

characteristic peaks at 2θ = 25.5º, 30º, 31.2º, corresponding to the (220), (311), and (222) planes 

in the argyrodite structure. These diffraction peaks are in excellent accordance with that for Li7PS6 

and Li6PS5X (X = Cl, Br, I).33 A small peak at 2θ = 38.6º (indexed to LiF) is still present in 

Li6PS5F0.5X0.5 samples. XRD refinement results show that Li6PS5F0.5Cl0.5 contain 7.9 wt% LiF, 

slightly lower than that in Li6PS5F0.5 (8.5 wt%). This comparison suggests that the second halide 

ion (i.e., Cl- or Br-) is beneficial to the incorporation of F- ions into the argyrodite structure. Raman 

spectra for Li6PS5F0.5X0.5 (X = Cl, Br) (Figure 2b) samples exhibit an obvious peak at 421-423 

cm-1 attributed to the stretching vibration of P–S bond in PS4
3-, which is the primary vibrational 

mode for argyrodite SEs.33 Figure 2c shows the Arrhenius plots of Li6PS5F0.5X0.5 (X = Cl, Br) and 

Li6PS5F from room temperature to 110 °C. Li6PS5F0.5Cl0.5 sample exhibits the lowest activation 

energy of 0.32 eV while also possessing the highest ionic conductivity of 3.5×10-4 S cm-1 at room 

temperature (Figure 2d), followed closely by Li6PS5F0.5Br0.5 at 3.2×10-4 S cm-1. Both 

Li6PS5F0.5Cl0.5 and Li6PS5F0.5Br0.5 have faster ion transport properties than those solvent-

synthesized argyrodites with single dopants, i.e., Li6PS5X (X = Cl, Br),10,33,45 and Li6PS5F (2.3 

×10-4 S cm-1).  

Table S2 displays a large variety of argyrodite SEs synthesized from different methods: 

solid-state, solvent-based, and hybrid.46–51 In general, the solid-state synthesis approach—which 

requires extensive ball-milling high temperature heat treatment (~550 °C)—yields argyrodites 
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with the fastest Li-ion transport.47,52 For the hybrid synthesis method, the starting materials are 

mixed in solvents and finished by the high temperature heat treatment (400-550 °C).48,53 Such heat 

treatment results in higher ionic conductivity of hybrid-synthesized argyrodites than those from 

solvent-based synthesis method after heated at low temperature (≤200 °C).15,50,51 In this work, the 

ionic conductivity of F-doped and dual doped argyrodites SEs falls well within the expected range 

(~10-4 S cm-1) for low-temperature, solvent-based synthesized Li6PS5X (X = Cl, Br) argyrodites. 

Despite relatively lower ionic conductivity, a solvent-based synthesis method with low heating 

temperature and a short reaction time (1-3 hours) is attractive for practical applications in large-

batch synthesis. 

 

Figure 2. (a) XRD patterns, (b) Raman spectra, (c) Arrhenius plots and (d) RT 

conductivity/activation energy of Li6PS5F0.5X0.5 samples (X=Cl, Br), in comparison with Li6PS5F.   
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3.3 Electrochemical Stability in Li Symmetric Cells 

Symmetric cells (Li|SE|Li) were assembled and cycled to evaluate the compatibility of F-doped 

argyrodite SEs (Li6PS5F0.5Cl0.5 and Li6PS5F) towards metallic Li anode. For comparison, Li6PS5Cl 

SE synthesized from solvent-based approach was prepared and confirmed as pure tetragonal phase 

by XRD patterns and Raman spectrum (Fig. S3). Before cycling, the impedance of three symmetric 

cells shows a decreasing trend of 2200 Ω for Li6PS5F, 910 Ω for Li6PS5Cl, and 370 Ω for 

Li6PS5F0.5Cl0.5. Such discrepancies in the total resistance (Rtotal) of the three symmetric cells is 

ascribed primarily to different interfacial resistances (Rint) present in each cell (Fig. S4 and Table 

S3). Figure 3a displays the symmetric cell cycling for three SEs under a low current density of 

0.05 mA cm-2, all of which show smooth voltage profiles with polarization voltage values 

following Li6PS5F0.5Cl0.5 < Li6PS5Cl < Li6PS5F. When the current density is increased to 0.1 mA 

cm-2 (Figure 3b), the Li6PS5F-based cell fails first as there is no observable increase in polarization 

voltage. After cycling for 12 cycles, a sudden voltage drop is observed for the cell with Li6PS5Cl 

SE, which is confirmed to be a short-circuit based on EIS measurement (Fig. S5). In contrast, 

Li6PS5F0.5Cl0.5-based symmetric cell exhibits stable cycling performance under the same current 

density (0.1 mA cm-2). After further increasing the current density to 0.15 mA cm-2, the symmetric 

cell with Li6PS5F0.5Cl0.5 SE shows flat and stable voltage profiles for over 300 cycles (Figure 3c), 

which indicates stable interface formation between Li6PS5F0.5Cl0.5 SE and Li anode in the 

symmetric cells.  

Figure 3d shows the XPS spectra of the electrode/electrolyte interface in the 

Li6PS5F0.5Cl0.5-based symmetric cell after cycling. Beside strong (PS4)3- motifs originating from 

the argyrodite structure, it is observed that the Li6PS5F0.5Cl0.5 SE undergoes reductive 
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decomposition upon contact with Li metal to form a solid electrolyte interphase (SEI) layer. The 

best fits for S 2p, and P 2p peaks reveal that such an SEI layer in the Li6PS5F0.5Cl0.5-based cell 

contains reduced species of P (P2Sx, Li3P) and S (Li2S); the Li 1s peak fitting suggests the co-

presence of LiF and LiCl.4,54,55 For the two other cycled symmetric cells, reductive species such 

as P2Sx, Li2S, and LiF (or LiCl), are observed at the SE/Li interface, but are notably missing the 

Li3P peak at 129.5 eV which is present in the dual-doped SE (Fig. S6). Note that although the 

observation of LiF between Li and Li6PS5F, it may not form as a uniform layer, which is typically 

needed for dendrite suppression. This provides a possible explanation for the cycling failure in the 

cells with Li6PS5F electrolyte while cycling under 0.1 mA/cm2. 
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Figure 3. Voltage profiles of Li|SE|Li symmetric cells cycling with three SEs (Li6PS5F, Li6PS5Cl, 

Li6PS5F0.5Cl0.5) under different current densities: (a) 0.05 mA cm-2 (0.025mAh cm-2); (b) 0.10 mA 

cm-2 (0.05mAh cm-2) (c) 0.15 mA cm-2 (0.075mAh cm-2); charge/discharge for each cycle is 0.5 

hour, and (d) XPS spectra of S 2p, P 2p, and Li 1s peaks from the cycled interface of Li symmetric 

cell using Li6PS5F0.5Cl0.5 SE.  

 

3.4 Understanding Interfacial Reactions Between Li and F-doped argyrodites by Simulations 

To better understand interfacial reactions between Li metal and F-containing argyrodite SEs, we 

employed a combination of DFT calculations and AIMD simulations. The DFT calculation results 

show exothermic interfacial energies for three SE against Li metal, in specific, Li|Li6PS5F: -0.27 J 

m-2 Li|Li6PS5Cl:-0.43 J m-2; Li|Li6PS5F0.5Cl0.5: -0.34 J m-2. This indicates that interfacial reactions 

occur between each argyrodite SE and Li metal, which is consistent with previous first-principles 

works.37,56  

Figure 4 displays AIMD simulations results to elucidate the atomic-scale details of the 

structural evolution at the interface between Li metal and three argyrodite SEs (Li6PS5F0.5Cl0.5 

Li6PS5F, and Li6PS5Cl). Careful analysis of our AIMD trajectories show extensive inter-mixing of 

atoms between Li-electrode and SEs; for instance, ~5-13% of the Li atoms in the electrode migrate 

to the SE, while ~8-12 % of S atoms move into electrode from the electrolyte during 20 ps of 

AIMD simulations (Figure 4(a-f)). Such intermixing of atoms across the Li-electrolyte interface 

is accompanied by (i) progressive increase in interfacial energy, making it more exothermic (Fig. 

S7), (ii) reduction in average Bader charge on P (up to ~1e) and S atoms (up to ~0.25e) (Fig.  S9(a-

b)), and (iii) formation of new Li-P, Li-S and Li-X bonds (Fig. S8(c-e)), consistent with previous 

first principles reports.37,56 Note that these processes occur mainly during the first ~12 ps of the 
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AIMD simulations for all SEs; thereafter, the systems are largely equilibrated (Fig. S7, S8). These 

processes clearly indicate reductive decomposition of the Li6PS5F0.5Cl0.5 SE to form a stable SEI.  

To identify the interfacial reactions and the composition of the SEI, we classified the P and 

S atoms in various representative snapshots (at various timesteps) from AIMD trajectories into (i) 

non-reduced, (ii) partially reduced, (iii) fully reduced states by comparing their calculated Bader 

charges with that in Li3P (fully reduced P) and Li2S (fully-reduced S) and pristine electrolyte (un-

reduced P and S) in Table S4. For all the SEs, we found that (PS4)3- motifs in the SEs decompose 

to form reduced species, namely, (PS3)2-, (PS2)-, PS, Li3P, and Li2S. However, the extent of 

reduction, and the relative fraction of various reaction products depends on the composition of the 

SE. Figure 4(g, h) show the relative fractions of the different reduced states of P and S in the SEI 

formed with the three electrolytes. We found that SEI associated with all three SEs contain Li2S 

(an insulator for Li+ ions, ~10-24 S cm-1). Integrated radial distribution functions (RDF) averaged 

over the last 3 ps of our AIMD trajectories show ~6.6–6.9 fully-reduced S neighbors around Li, 

which is close to coordination number (CN) in bulk Li2S (CN: 8).37 The fraction of fully-reduced 

S atoms (i.e., associated with Li2S) is the least in Li|Li6PS5Cl (Figure 4(h)), consistent with our 

XPS measurements (Fig.S6). More importantly, the anodic Li atoms that lie in the vicinity of 

Li(PS)x species at the interface are largely coordinated with Cl atoms, yielding ~4.5 Li neighbors 

for each Cl atom (Figure S9). These coordinated Li atoms do not react with Li(PS)x species to 

cause further reduction. Consequently, none of the P atoms get fully reduced to Li3P in the 

Li|Li6PS5Cl interface (Figure 4(g)). On the other hand, F atoms in Li|Li6PS5F and 

Li|Li6PS5F0.5Cl0.5 interfaces prefer to associate themselves with lower number of Li neighbors ~4 

(Figure S9). This, in turn, ensures that uncoordinated anodic Li atoms are always available to 

reduce the Li(PS)x species at the interface completely, and eventually form Li3P, which is known 
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to be a good ionic conductor (10-2 S/cm) (Figure 4(g)). Indeed, integrated RDF between Li and 

fully-reduced P in the Li|Li6PS5F and Li|Li6PS5F0.5Cl0.5 interfaces averaged over the last 3 ps of 

AIMD simulations show ~8–9 P neighbors around Li, which is close to CN in Li3P (11).37 Note 

that the fully reduced P atoms in Li|Li6PS5F0.5Cl0.5 are more negatively charged (Bader charge ~ 

−2.76 e) as compared to that in Li|Li6PS5F (Bader charge ~ −2.51 e). Furthermore, the Li-

coordination around fully reduced P in Li|Li6PS5F0.5Cl0.5 (CN: ~9) is closer to Li3P (CN: 11) as 

compared to that in Li|Li6PS5F (CN: ~8). The presence of Li3P in the SEI can explain the enhanced 

reduction in interfacial resistance in Li|Li6PS5F0.5Cl0.5 electrolytes observed in our symmetric cell 

cycling and XPS spectra (Figure 3). Direct visualization of the AIMD trajectories showed that 

partially reduced P atoms constitute (PSx)n- species. Integrated RDF analysis suggests the presence 

of more reduced (PSx)n- species in the SEI associated with Li|Li6PS5Cl (CN: 2.16) as compared to 

Li|Li6PS5F (CN:2.6) and Li|Li6PS5F0.5Cl0.5 (CN:2.6). 
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Figure 4. Ab initio molecular dynamics simulations of Li (001)| SE (001) | Li (001) interfaces at 

300 K. Atomic snapshots (left) and density () distribution (right) of various atoms across the 

interfaces for (a) Li6PS5F, (b) Li6PS5Cl, and (c) Li6PS5F0.5Cl0.5 at the beginning of the AIMD 

simulation (t = 0). The corresponding snapshots and density distribution after 20 ps are shown in 

panels (d-f). Relative fraction of (g) P, and (h) S atoms with different levels of reduction obtained 

from Bader charge analysis. Fully reduced species for P and S atoms are assumed to be Li3P and 

Li2S respectively; while (PS4)3- is taken as the non-reduced species. The atoms of Li, P, S, Cl and 

F are depicted by purple, blue, yellow, green, and cyan spheres. The dotted lines in panels (a-f) 

indicate the position of the anode. 
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3.5 Electrochemical Performance in Solid-state Li Batteries that Using Li6PS5F0.5Cl0.5 SE 

Solid-state Li batteries were assembled using Li6PS5F0.5Cl0.5 as SE, Li metal as the anode, and LFP 

as the active material in composite cathode and were cycled within the electrochemical window of 

2.5-4.0 V. Figure 5a shows the cycling performance of the LFP||Li6PS5F0.5Cl0.5||Li battery under 

0.2 C, which has a specific discharge capacity of 122 mAh g-1 for the first cycle. The specific 

discharge capacity further increases to 130 mAh g-1 after a few cycles, which is attributed to the 

formation of an Li3P-rich and LiF SEI layer; by the 50th cycle, a decent value of 105 mAh g-1 has 

been maintained (Figure 5b). The charge/discharge capacity of LFP|Li6PS5F0.5Cl0.5|Li battery is 

clearly better than that of the cell using Li6PS5Cl (Fig.S10), confirming the positive role of F-

contained SE. In addition, the C-rate cycling performance of LFP|Li6PS5F0.5Cl0.5|Li battery under 

various C-rates (0.2, 0.5, and 0.8 C) is shown in Figure 5c. As expected, an obvious specific 

capacity drop is observed when cycling under higher C-rates, but the battery displays a resumed 

specific capacity at ~120 mAh g-1 after the C-rate is returned to 0.2 C. The great electrochemical 

performance of Li6PS5F0.5Cl0.5 SE in LFP||Li cells can be attributed to both the stabilizing effect 

of F- and Cl- from SE, and the adding LiTFSI at the electrode/SE interfaces. Nonetheless, these 

results demonstrate the excellent potential for F-doped argyrodite SEs to be used in full battery 

applications. 
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Figure 5. (a) Cycling performance of LFP|Li6PS5F0.5Cl0.5|Li cell under a current density of 0.2 C; 

(b) Charge-discharge voltage profiles of LFP||Li cell using Li6PS5F0.5Cl0.5 SE (voltage window 

2.5-4.0V) at 10th, 20th, 30th, 40th and 50th cycles; (c) Rate performance of the cell under various C-

rates (0.2 C, 0.5 C, 0.8 C). 

 

4. Conclusion 

In summary, for the first time, we reported the synthesis of F-doped lithium argyrodites 

(Li5+yPS5Fy) and hybrid-doped argyrodites (Li6PS5F0.5Cl0.5 and Li6PS5F0.5Br0.5) by a solvent-based 

approach with low temperature heat treatment. The F-content and hybrid-doped content (F/Cl and 

F/Br) in argyrodites significantly influences the phase purity and ionic conductive properties. 

Li6PS5F exhibits an impressive conductivity of 2.4 ×10-4 S cm-1 while Li6PS5F0.5Cl0.5 exhibits a 

higher value of 3.5 ×10-4 S cm-1 at room temperature. Moreover, Li6PS5F0.5Cl0.5 SE shows the best 

stability towards Li metal in symmetric cells among the tested halide-doped argyrodites. XPS 

analysis and AIMD simulations reveal that such enhanced stability is attributed to the conductive 

species (Li3P), and to the co-presence of LiCl and LiF. The assembled LFP|Li6PS5F0.5Cl0.5|Li cell 

displays good cycling performance with a specific discharge capacity above 105 mAh g-1 after 50 

cycles. This work demonstrates the synthesis of F-doped lithium argyrodites and investigates the 

interfacial stability of F-doped argyrodites against Li metal, contributing to the development of 

novel solid electrolytes for use in future solid-state Li batteries.  
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Florine (F)-contained argyrodites with tunable doping content and dual dopants (F-/Cl- and F-/Br-) have 

been reported to synthesize via a solvent-based approach. Among them, Li6PS5F0.5Cl0.5 SE exhibits the 

highest ionic conductivity and the best interface stability against Li anode.   

 

 


