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Abstract 

To enhance Li+ transport in all-solid-state batteries (ASSBs), harnessing localized nanoscale 

disorder can be instrumental, especially in sulfide-based solid electrolytes (SEs). In this 

investigation, we delve into the transformation of the model SE, Li3PS4, via the introduction of 

LiBr. 31P NMR unveils the emergence of a glassy PS4
3- network interspersed with Br-. 6Li NMR 

corroborates swift Li+ migration between PS4
3- and Br-, with increased Li+ mobility indicated by 

NMR relaxation measurements. A more than four-fold enhancement in ionic conductivity is 

observed upon LiBr incorporation into Li3PS4. Moreover, a notable decrease in activation energy 

underscores the pivotal role of Br- incorporation within the anionic lattice, effectively reducing 

the energy barrier for ion conduction and transitioning Li+ transport dimensionality from 2D to 

3D. The compatibility of Li3PS4 with Li metal is improved through LiBr incorporation, alongside 

an increase in critical current density from 0.34 mA cm-2 to 0.50 mA cm-2, while preserving the 

electrochemical stability window. ASSB cells with 3Li3PS4:LiBr as the SE and TiS2 as the active 

electrode material showcase robust high-rate and long-term cycling performance. These findings 

collectively indicate the potential of lithium halide incorporation as a promising avenue to enhance 

the ionic conductivity and stability of SEs. 

 

1. Introduction  

Rechargeable lithium-ion batteries (LIBs) represent a revolutionary technological advancement, 

attributed to their characteristics such as high energy and power density, long cycle life, and 

versatility.[1] LIBs have found widespread use in various applications from consumer electronics 

to electric vehicles to renewable energy storage, and enabled the development of new technologies. 

However, the use of flammable organic solvents in the current generation of LIBs often leads to 

safety hazards resulting from dendrite formation and thermal runaway.[2] In addition, these liquid 

electrolytes are not typically compatible with Li-metal anodes. [3] To mitigate safety hazards and 

increase energy densities, high-performance all-solid-state batteries (ASSBs) hold a promising 

future in energy storage by overcoming the current challenges of LIBs.[3,4] The advancement of 

ASSBs is intricately linked to the progress in developing solid electrolytes (SEs). The use of SEs 

allows for the possible use of a metallic lithium anode,[5,6] wide temperature operational range,[7–

11] and enhanced safety.[12–14] The following properties are favorable in the development of 

superionic conductors as electrolytes in ASSLBs: (1) ionic conductivity > 1 mS cm-1 with low 
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activation energy, (2) compatibility with electrodes over a wide electrochemical window, (3) low 

electronic conductivity, (4) chemical, mechanical, and thermal stability, (5) facile processing, (6) 

scalability, and (7) sustainability.[15]  

Various types of SEs are being developed, such as inorganic, polymer, and inorganic-

polymer composite electrolytes.[16] Inorganic lithium SEs can be categorized into sulfide, oxide, 

and halide SEs, each with advantages and disadvantages. Sulfide SEs hold great promise due to 

their ionic conductivity being comparable to that of liquid electrolytes (≥10 mS cm-1).[17] However, 

their suitability is compromised by insufficient stability when paired with Li metal anodes and 

current commercial cathodes. Glass-ceramic composite electrolytes are gaining interest due to 

their high ionic conductivity, facile synthesis, and improved mechanical properties.[9] Among the 

glass-ceramic SEs, b-Li3PS4 has attracted special attention due to its stability against Li. However, 

it exhibits low ionic conductivity on the order of 10-4 S cm-1.[18,19,20] Recent improvements in the 

conductivity of Li3PS4 have been achieved via the introduction of local disorder on the atomic- 

[17,21,22] as well as nano-scale by producing Li3PS4-composite SEs.[9,10,23,24]  

Recent studies have shown that halogen anion incorporation into thiophosphate electrolytes 

can significantly increase Li+ conductivity and improve chemical stability (i.e., combine the 

intrinsic advantages of halides with sulfides).[17,25–27] For example, reports on Li3PS4 with 30 mol% 

LiI have shown an increase in ionic conductivity along with an increase in critical current density 

(CCD).[24,26,28] Furthermore, long-term mechanochemical milling of Li3PS4 with LiBr followed by 

ampule sintering was reported to increase the conductivity and air stability of Li3PS4.[29] 

In this project, Li3PS4 and Li3PS4-LiBr composite solid electrolytes (SEs) are prepared via 

the solid-state mechanochemical milling (high energy ball milling) method. The local structural 

environments of SEs are characterized using solid-state NMR and variable-temperature EIS. With 

the incorporation of LiBr in Li3PS4, a significant increase in ionic conductivity, critical current 

density (CCD), and compatibility against Li metal is obtained with no significant change in the 

electrochemical stability window. Galvanostatic cycling of solid-state half-cells using TiS2 as the 

cathode active material (CAM) delivers improved cyclability of cells with LiBr-modified Li3PS4 

compared to pristine Li3PS4. This work provides an in-depth fundamental understanding of 

changes in the local structures and Li+ dynamics upon LiBr incorporation into Li3PS4 and 

demonstrates its viability in ASSBs.   
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2. Results and Discussion 

2.1. Structure 

The synthesis process of Li3PS4-LiBr is shown in the schematic diagram Figure S1 and uses a 

solid-state synthesis method (see methods). Li3PS4 SEs were prepared with various hours (2.5 h -

10 h) of ball milling time followed by pellet sintering at 210 ℃ for 2 h. Li3PS4-LiBr SEs were then 

prepared by ball-milling the corresponding Li3PS4 with LiBr in 3:1 molar ratio for 2.5 h. Li3PS4 

can crystallize in the g-phase, which has relatively low Li+ conductivity, or into the b-phase 

(Figure 1b), which has higher Li+ conductivity.[9]  The phase transition to b-phase is reported at a 

temperature higher than 190 ℃ for Li3PS4, which is further aided by high-energy ball milling, 

which mimics quenching.[9,30] The ionic conductivity of the b-phase is enhanced in comparison to 

the g-phase by the emergence of octahedral sites for Li-ions migration due to the variation of the 

S2- position into the zig-zag arrangement from the ordered arrangement in the g-phase.[30] The 

synthesized pristine compound, β-Li3PS4, exhibits the Pnma space group and is comprised of 

(PS4
)3- tetrahedral units with three different lithium sites, Li1, Li2, and Li3 (Figure 1a), 

corresponding to the 8d, 4b, and 4c Wyckoff positions, respectively. Bulk structure 

characterization of the samples was performed with powder X-ray diffraction (PXRD) and is 

shown in Figure 1b. Li3PS4-BM-7.5h and 3(Li3PS4-BM-7.5h):LiBr are chosen as model systems 

for the reasons described below and denoted as Li3PS4 and 3Li3PS4:LiBr hereafter, respectively. 

The PXRD pattern of the Li3PS4 confirms the presence of a low crystalline (glassy) b-Li3PS4 

phase.[31] Whereas the PXRD pattern of composite samples is observed to be amorphous without 

any significant diffraction intensity, except the residual LiBr phase. The broad peak around 12° in 

the XRD of 3Li3PS4:LiBr, is likely from the non-crystalline electrolyte phase, consistent with the 

broad resonance observed from 31P NMR (Figure 2).  Scanning electron microscopy was utilized 

to examine the morphology of 3Li3PS4:LiBr and Li3PS4 and evaluate the impact of the second-

stage ball milling step on grain size. Figure S2 shows that 3Li3PS4:LiBr and Li3PS4 exhibit a 

similar size distribution ranging from 0.5 µm to 2 µm. Moreover, because of the glass-ceramic 

nature of these thiophosphate SEs, solid-state NMR is necessary for accurate structural 

characterization due to its ability to probe the short- to medium-range structures.[32]  
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Figure 1. (a) Crystal structure of b-Li3PS4 (ICSD #180319).  (b) PXRD patterns of Li3PS4, LiBr, 

and 3Li3PS4:LiBr. The XRD patterns of β-Li3PS4 (ICSD #180319) and g-Li3PS4 (ICSD #180318) 

are shown as a reference. Broad Kapton film background at approximately 20°.  

   

To examine the effect of LiBr incorporation on local structural environments, 6Li, and 31P 

MAS NMR experiments are performed.[32] As shown in Figure 2a, the 6Li signal of Li3PS4 resides 

at 0.9 ppm. A shoulder around 1.1 ppm is observed, accounting for 18% of the total Li amount and 

likely from g-phase (quantification shown in Table S1). After the introduction of LiBr into the 

Li3PS4 structural framework, the 6Li signals shift to 0.5 ppm, indicating further changes to the Li 

environments. Solid LiBr has a 6Li NMR shift of ~-1.9 ppm; Li+ ions rapidly shuffling between 

(PS4)3- and Br- during transport will have an apparent shift between 0.9 ppm and -1.9 ppm if the 

shuffling rate is much higher than the NMR time scale. The exact value depends on the relative 

ratio of (PS4)3-  and Br- and the residential time of Li+ on them. Meanwhile, both Li3PS4-LiBr SEs 

with varying ball milling (BM) times of Li3PS4, namely, 3(Li3PS4-BM-7.5):LiBr and 3(Li3PS4-

BM-2.5):LiBr, exhibit a narrower line shape than that of Li3PS4, indicating increased Li+ motion 

in the 3Li3PS4-LiBr SEs.[33] The signal of the 3(Li3PS4-BM-2.5):LiBr sample shows a small peak 

around 1.4 ppm, attributed to the non-conductive Li4P2S6.[34] However, this peak is not present in 

the 7.5 h sample, implying a longer ball milling time for the preparation of the Li3PS4 can remove 

Li4P2S6.   
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Figure 2. (a) 6Li and (b) 31P MAS NMR spectra of Li3PS4, 3(Li3PS4-BM-2.5h):LiBr, and 3(Li3PS4-

BM-7.5h):LiBr. 

 

 

Table 1. 7Li spin-lattice relaxation time (T1) of Li3PS4, 3(Li3PS4-BM-7.5h):LiBr, and 3(Li3PS4-

BM-2.5h):LiBr. 

Sample 7Li T1 

[s] 

Li3PS4 1.93 

3(Li3PS4-BM-7.5h):LiBr 1.72 

3(Li3PS4-BM-2.5h):LiBr 1.99 

 

The incorporation of LiBr significantly changes the nature of the (PS4)3- framework as 

seen from the 31P NMR (Figure 2b). Compared with Li3PS4, the 31P resonances of Li3PS4-LiBr 

SEs become significantly broader and shift to lower ppm, which reflects the reduction of the 

crystallinity, echoing the results from powder X-ray diffractions and the introduction of Br-. 

Li3PS4 begins with a major b-(PS4)3- phase at 86 ppm and a minor g-(PS4)3- signal at around 88 

ppm,[35] while in 3(Li3PS4-BM-7.5h):LiBr and 3(Li3PS4-BM-2.5h):LiBr samples, the major 

resonance is from the glassy (PS4)3--Br- unit around 84 ppm.[36] In addition, two minor resonances 
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at 95 ppm and 106 ppm are observed in 3(Li3PS4-BM-2.5h):LiBr, attributed to (P2S7)4- and 

(P2S6)4-. Li4P2S6 is a common and low-conducting impurity; the 3(Li3PS4-BM-7.5h):LiBr shows 

no sign of Li4P2S6.[25] 7Li spin-lattice relaxation time (T1) is a sensitive probe to Li+ dynamics. 

Table 1 shows that 3(Li3PS4-BM-7.5h):LiBr has a shorter T1 than Li3PS4, which indicates faster 

Li-ion motion.[37,38] The slightly longer T1 of 3(Li3PS4-BM-2.5h):LiBr is an average value of the 

conductive phase and non-conductive impurities as revealed in both 7Li and 31P NMR spectra.  

Further characterization of the P-S bond nature is carried out using Raman spectroscopy. 

Raman spectroscopy is a short-range structural tool that can be used for determining thiophosphate 

polyhedrons and a useful complement to solid-state NMR which can probe both short- and 

intermediate-range structures. The Raman shift of the (PS4)3- peak for all samples is observed at 

around 423 cm-1.36 The presence of (P2S7)4- impurities and low conducting (P2S6)4- impurities is 

observed for the sample with low overall ionic conductivity (Figure 3).[39] Whereas the sample 

ball-milled for 7.5 h exhibits no signs of the impurity peaks.[39] This is consistent with 31P NMR 

results. The reduction of impurity is likely responsible for the increase in conductivity for the 

longer ball-milled electrolyte, 3(Li3PS4-BM-7.5h):LiBr. 

 

   

Figure 3. Raman spectra of Li3PS4, 3(Li3PS4-BM-7.5h):LiBr, and 3Li3PS4-BM-2.5h:LiBr.  

 

2.2. Fast-ion Conduction in Li3PS4 with LiBr Incorporation   
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The electronic conductivity of Li3PS4-BM-7.5h and the corresponding 3Li3PS4:LiBr was measured 

by using the DC polarization method as shown in Figure S3. Very low electronic conductivities 

of 1.65 x 10-9 S cm-1 for Li3PS4 and 1.04 x 10-9 S cm-1 for 3Li3PS4:LiBr is measured at 25 ℃. To 

investigate the effect of the introduction of LiBr on Li+ transport, variable-temperature EIS 

measurements of the SEs are performed, and the representative 25 ℃ Nyquist plots are shown in 

Figure S4. 

 

 

Figure 4. (a), (b) Conductivity isotherms and the Jonscher power law fitting for the isotherm at -

20 oC, for Li3PS4 and 3Li3PS4:LiBr, respectively. (c) Nyquist plot at -20 ℃ with equivalent circuit 
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fitting (inset) for Li3PS4 (d) Nyquist plot at -20 ℃ with equivalent circuit fitting (inset) for 

3Li3PS4:LiBr. 

 

Variable-temperature EIS measurements were performed from -20 0C to 70 0C. From the 

conductivity isotherms, only one frequency-independent direct current (DC) plateau is observed 

(Figure 4a,b) which suggests the macroscopic Li+ conduction involves the bulk process.[40] To 

further confirm this, the equivalent circuit was fitted with the (RQ)Q type for the Nyquist plots at 

-20 oC (Figure 4c,d) and only one semicircle is detected, as expected, which confirms the 

macroscopic Li+ conduction only involves the bulk process. The conductivity was calculated from 

the equivalent circuit model fits using the following equation, 

σDC = 
!

"	$	%
                    (1) 

where L and A are the thickness of the pellet and surface area of the blocking electrode 

respectively, and R is the value of resistance extracted from the equivalent circuit fitting. For the 

Li2S-P2S5 system, increasing the ball milling time increases the conductivity to 0.29 mS cm-1 for 

the sample milled for 10 h, compared with 0.16 mS cm-1 for the sample milled for 2.5 h. This 

increase in conductivity with longer ball milling time is likely associated with the higher reaction 

time between Li2S and P2S5 resulting in a b-Li3PS4 phase without impurity.[41] With the 

incorporation of LiBr, a more than four-fold increase in conductivity is observed. The highest 

conductivity of 1.06 mS cm-1 is observed for the composite electrolyte with 7.5 h of ball-milling 

for the Li2S-P2S5 system. These values align well with the trend from 7Li T1 discussed above 

(Table 1). Figure 5a shows the room temperature ionic conductivity vs. the 3Li2S:P2S5 (first stage) 

ball milling time and Figure 5b shows the Arrhenius plot of the 7.5 hours milled Li3PS4 and 

corresponding 3Li3PS4:LiBr SEs extracted from fitted Nyquist plots at variable temperatures. The 

Arrhenius-type conductivity Equation (2) was used. The Arrhenius-type conductivity equation 

can be written as  

σ&'𝑇 = σ(	𝑒𝑥𝑝
)* /, -																							(2)    

where sDC is the DC ionic conductivity, T is the temperature in K, s0 is the Arrhenius perfector, 

Ea,DC is the activation energy, and kB is the Boltzmann constant.[42]  From the Arrhenius relation 

(Equation 2), the conductivity depends on thermal energy, resulting in increased ionic 

conductivity with temperature. Arrhenius plots for all the prepared samples are shown in Figure 

S5 and Arrhenius prefactor (shown in Figure S6). EIS analysis of all samples is listed in Table 
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S2. The Ea,DC is calculated using the slope of the Arrhenius plots. The Ea,DC of the b-Li3PS4 sample 

milled for 7.5 h is 0.38 eV, and it decreases to 0.34 eV upon optimal LiBr incorporation as shown 

in Figure 5a,b.  The significant drop in activation energy with the incorporation of LiBr could be 

due to the increase in local disorder brought by the LiBr incorporation in the Li3PS4 system.[43] 

Local disorder via anion introduction distorts Li+ site energies and creates a distribution of lithium 

site energies that allows for facile Li+ transfer from site to site due to increased site energy overlap 

between neighboring Li-ions.[44] Another potential reason for the increase in ionic conductivity 

can be a change in the dimensionality of Li+ transport from 2D to 3D, as has been predicted 

computationally upon optimal local disorder in Li3PS4
[45] as well as experimentally.[46] To 

experimentally determine this, we further analyze the conductivity isotherms (Figure 4a,b) 

determined from VT-EIS and fit with the Jonscher power law, σ' = σDC + Awn, where s' is the AC 

conductivity, sDC is the DC ionic conductivity, A is the alternating current coefficient, and n is the 

power law exponent.[46–48] n is an empirical indicator of the effective dimensions of ion conducting 

pathways for Li+ transport. A value of n > 0.7 indicates 3D conduction within the SE.[49] The fitted 

n values are listed in Table 2. The value of n for Li3PS4 is 0.63, which indicates a 2D ion conductor 

and aligns well with that from the previous reports.[49,50] Furthermore, a n value of 0.82 for 

3Li3PS4:LiBr indicates 3D conduction. Therefore, with the incorporation of LiBr into Li3PS4, the 

increase in ionic conductivity and decrease in activation energy is due to the local disorder that is 

introduced which leads to a "frustrated energy landscape" and prevents Li-ions from being 

energetically trapped.[44,51,52] 
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Figure 5. (a) Effect of high-energy ball milling of 3Li2S:P2S5 on the iconic conductivity and 

activation energy barriers of the final products: Li3PS4 and 3Li3PS4:LiBr (All the composite 

3Li3PS4:LiBr were hand milled followed by high energy ball milled for 2.5 hours). (b) Arrhenius 

plots of ionic conductivity vs. temperature (1000/T (K-1)) and the extracted activation energies (Ea) 

for ion transport in Li3PS4 and 3Li3PS4:LiBr synthesized with the optimal ball-milling time. 

 

Table 2. EIS analysis of Li3PS4 and 3Li3PS4:LiBr 

Sample σDC, 25 ℃  

[mS cm-1] 

Ea  

[eV] 

Log (σ0) 

[S cm-1 K] 

n 

Li3PS4 0.23 0.38 5.20 0.63 

3Li3PS4:LiBr 1.06 0.34 5.22 0.82 

 

2.3. Electrochemical Performance of Li3PS4 and 3Li3PS4:LiBr  

With the observation of improved ionic conductivity for the SE upon LiBr incorporation, it is 

important to examine the performance of the SE in battery cells.[53] To understand the stability of 

the prepared SEs with Li metal, we performed symmetric cycling and critical current density 

(CCD) measurements on Li3PS4 and Li3PS4:LiBr SEs. The CCD against lithium metal is the 

minimum current density below which stable charge-discharge of ASSBs is possible.54 The CCD 
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of solid lithium-ion conductors indicates at which current density the cell shorting takes place due 

to lithium metal penetration or severe surface reaction. A high CCD of the SE is required for high-

rate performance ASSBs and it is associated with the power density of the battery.[55] The CCD is 

measured with Li/SE/Li symmetric cells as shown in Figure 6a,b. For the Li/Li3PS4/Li symmetric 

cell the CCD is 0.34 mA cm-2, and the CCD increases to 0.50 mA cm-2 for Li/3Li3PS4:LiBr/Li. 

The improvement in CCD for 3Li3PS4:LiBr  is most likely due to the improved interfacial stability 

of the electrolyte with Li metal, increase in ionic conductivity, and decrease in electronic 

conductivity as shown in Figure S3.[53] The improved CCD indicates that 3Li3PS4:LiBr will 

facilitate better fast charging of ASSBs in comparison to pristine Li3PS4. 

Long-term symmetric cycling is performed at 0.1 mA cm-2 for Li/SE/Li cells (Figure 6c). 

The Li/Li3PS4/Li symmetric cell fails after ~6 days of cycling at room temperature however 

Li/3Li3PS4:LiBr/Li doesn’t fail for over 125 days. The smaller increase in voltage over time for 

the Li/3Li3PS4:LiBr/Li symmetric cell compared with the Li/Li3PS4/Li cell (Figure 6c) indicates 

enhanced interfacial stability and improved compatibility of 3Li3PS4:LiBr with Li-metal.   
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Figure 6. Electrochemical performance of 3Li3PS4:-LiBr as solid electrolytes in Li/SE/Li 

symmetric cells at 22 oC, compared with Li3PS4. (a) critical current density measurement of Li3PS4 

(b) critical current density measurement of 3Li3PS4:-LiBr, (c) long-term cycling performance of  

Li3PS4 and Li3PS4:LiBr at 0.1 mA cm-2.  

Accessing the electrochemical stability window of the prepared high-conductive 

electrolytes and the pristine lithium thiophosphate is important for evaluating the electrochemical 

performance of the SE.[56] The electrochemical potential window is the potential range in which 

the electrolytes and their components are not reactive and shows inertness towards the oxidation 

and reduction process.[57] In other words, the potential window is the voltage range where no Li+ 

is lost by the SE.[58] The traditional cyclic voltammetry (CV) measurement with stainless steel as 

the blocking electrode does not reflect the real voltage window of SEs and usually overestimates 

the potential window;[56,59] accordingly the Li3PS4 and 3Li3PS4:LiBr CV cells were assembled 
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using Li-In as the anode, SE separator, and a 3SE:C (mass ratio) composite cathode, which is often 

used in literature of SEs.[60–64] Carbon is used here as an electronic conductive medium in a 

composite cathode which allows a more accurate measurement of degradation current due to its 

higher surface area and sensitive detection of degradation current.[56,60–62,65]  

 The stability window of Li3PS4 SEs was estimated computationally and found to be from 

1.11 V - 1.77 V vs. Li-In.[45,66] Figure 7a shows the comparison of the cyclic voltammogram of 

Li3PS4 and 3Li3PS4:LiBr for the first two cycles. During the initial cycle, an onset of cathodic peak 

around ~1.8 V vs Li-In is indicative of the probable formation of Sx
2- from Sx (such as the 

generation of Li2S). This may be attributed to the existence of unreacted sulfur within the 

electrolyte.[43,62,67]  Commencing from the second cycle onward, the sulfur reduction peak is no 

longer evident, as depicted in Figure S7. (PS4)3- oxidation (starting at ~2.2 V vs Li-In) is 

prominent in the first anodic sweep and it decreases significantly for subsequent cycles (see Figure 

S7), which can be attributed to the formation of passivation layers.[56] The CV demonstrates the 

preservation of the stability window, evidenced by the same redox and oxidation voltage onset of 

the peaks for both anodic and cathodic sweep. 3Li3PS4:LiBr shows a smaller oxidation and 

reduction current than pristine Li3PS4, indicating reduced oxidation and reduction reactions for 

3Li3PS4:LiBr, thus improved electrochemical stability. 
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Figure 7. (a) Cyclic voltammograms of Cycles 1 and 2 for Li3PS4 and 3Li3PS4:LiBr carbon-

containing cells using a scan rate of 0.2 mV s-1. See Supplemental Data (Figure S7) for 

voltammograms of  Cycles 1 – 3. (b) Room-temperature capacity vs. cycle number. (c) Selected 

voltage profiles of Cycles 1 – 5 of the Li-In/3Li3PS4:LiBr/3(3Li3PS4:LiBr):C cell. (d) Selected 

voltage profiles of Cycles 1 – 5 for Li-In/Li3PS4/3Li3PS4:C cell. The current density used is 0.064 

mA cm-2.  

Since the bulk SE is not at equilibrium during CV due to the fast scan rates used, in addition 

to low interfacial contact with the stainless steel current collector,[63] we performed  galvanostatic 

cycling of the carbon composite cells to further examine the stability[62] and evaluate the intrinsic 

redox nature of sulfide SEs. The Li3PS4 and 3Li3PS4:LiBr carbon composite cells (identical to the 
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one used for CV) were cycled galvanostatically and the corresponding capacities over 30 cycles 

are shown in Figure 7b with the voltage profile shown in Figure 7c,d. From the galvanostatic 

cycling results, we can observe the noticeable capacity gain for both cells at ~1.8V for the 1st 

discharge due to the possible sulfur redox reaction (Figure 7c,d) also observed in the CV in Figure 

7a. The voltage profile also aligns with the CV for the subsequent cycles; no capacity gain is 

observed at ~1.8 V, which could be because the sulfur impurities are likely consumed due to redox 

reactions indicating that no reversible capacity is generated from the elemental sulfur → Li2S. The 

significant capacity gain at ~1.0 V vs. Li-In after the first cycle can be attributed to the partially 

reversible SE lithiation/reduction[45] which is also observed in the CV measurement. The cathodic 

peak at ~0.6 V vs. Li-In can be assigned to the reduction (lithiation) of reversible redox product, 

P, to Li3P.[43,45,61] On the other hand the first peak in the anodic scan appears at approximately 0.5 

V vs. Li-In which can be assigned to the oxidation of reduced phosphorous species.[43] The 

significant peak, located around ~2 V vs. Li-In, is attributed to the oxidation process of 

decomposed components.[57] 

 This potentially indicates the reaction between Li2S and LixP, leading to the creation of 

lithium thiophosphate glasses (including thiophosphate polyhedrons), a phenomenon observed in 

other thiophosphate SEs.[43,56,60] This reaction is highly reversible and shows a stable cycling 

performance as shown in Figure 7c,d.[56] A comparison of the differential capacity (Figure S8) 

shows a similar redox behavior for both Li3PS4 and 3Li3PS4:LiBr SEs. The obtained stability 

window is ~1.0 V to 2.2 V vs. Li-In for both Li3PS4 and Li3PS4-LiBr, which is larger than the 

computationally predicted limit (1.11 V - 1.77 V vs. Li-In).[45]  

 Notable capacity is generated from SE redox and the redox products based on galvanostatic 

cycling of the 3SE:C composite cathode cell; this is beneficial if it occurs in the voltage window 

for ASSB operation and is reversible.[60,61,68] The galvanostatic cycling of the Li3PS4 carbon-

composite cell shows a higher first discharge capacity of 203 mAh gSE
-1 than the 3Li3PS4:LiBr cell 

(165 mAh gSE
-1). However, the first charge capacity of the 3Li3PS4:LiBr carbon-composite cell is 

observed to be higher than that of the Li3PS4 carbon-composite cell. This could be because of the 

increase in ionic conductivity upon LiBr incorporation in Li3PS4 giving rise to a greater amount of 

the capacity-generating redox reactions that occur due to the improved reaction kinetics. Notably, 

for the initial cycle, PS4
3- oxidation at high voltage contributes to additional capacity upon charge 

due to the formation of a passivation layer. This in turns decreases the subsequent charge capacities 
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resulting from the stable passivation layer. For the 2nd cycle, 3Li3PS4:LiBr shows an increase in 

discharge capacity to 223 mAh gSE
-1. The capacity increase could be caused by the redox activity 

of decomposed products created during the first cycle.[60] During the 2nd charge, the capacity 

plateaus assigned to PS4
3- oxidation decreases for both Li3PS4 and 3 Li3PS4:LiBr cells from the 

passivation interphase formed, and the capacity decreases to  171 mAh gSE
-1 and 220 mAh gSE

-1  

from 248 mAh gSE
-1 and 288 mAh gSE

-1 respectively. For both cells, part of the measured capacity 

below 1 V vs. Li-In is partially attributed to Li intercalation into the Super P (~ 25 mAh g-1).[69]  

Figure 7b shows that Li3PS4 carbon-composite cells have almost half the capacity generated than 

3Li3PS4:LiBr carbon-composite cells after 30 cycles.    

To further investigate the electrochemical performance of the 3Li3PS4:LiBr electrolyte in 

ASSBs, half-cells containing Li3PS4 and 3Li3PS4:LiBr electrolytes were prepared using TiS2 as 

the cathode active material (CAM) and Li-In alloy as the anode. From the Nyquist plots of half-

cells at 22 ℃ and the equivalent circuit model shown in Figure S9, the bulk resistance of the SE 

and the CAM/SE resistance can be extracted (Table S3).[70] The CAM/SE resistance is of high 

importance as it can be indicative of chemical compatibility between the SE (Li3PS4 or 

Li3PS4:LiBr) and TiS2, especially when compared between 2Li3PS4:TiS2 and 2(3Li3PS4:LiBr):TiS2 

containing half-cells. Accordingly, the CAM/SE resistance for 2Li3PS4:TiS2 and 

2(3Li3PS4:LiBr):TiS2 containing half-cells is 100 Ω and 191 Ω, respectively - indicating that upon 

Br introduction the chemical compatibility of Li3PS4 with TiS2 does not change significantly. The 

galvanostatic cycling was performed at various charge/discharge rates from 0.1 C to 1 C (Figure 

8a).  A Li-In anode is used due to greater stability against SEs and less likely to creep through 

micropores to cause short circuits.[71] The rate performance of the electrolyte at various charge-

discharge rates (0.1 C ~ 0.14 mA cm-2, 0.2 C ~ 0.28 mA cm-2, 0.5 C ~ 0.70 mA cm-2, and 1 C ~ 

1.40 mA cm-2) for 5 cycles followed by 35 cycles at 0.1 C using 239 mAh g-1 as the theoretical 

capacity for TiS2. The associated voltage profiles are shown in Figure 8b,c. The Li3PS4 cell shows 

a high initial capacity of around 280 mAh g-1 for the 2nd cycle but exhibits 0 mAh g-1 capacity at 

1 C (Figure 8a,c). While the 3Li3PS4:LiBr cell is more stable and has a capacity of approximately 

117 mAh g-1 for 1 C and the capacity fading is much lower compared to the Li3PS4 cell (Figure 

8). The measured 1st cycle capacity for both half-cells is higher than the theoretical capacity of 

TiS2 (239 mAh g-1) which is likely due to the reversible SE redox,[72] as observed in the same 

voltage range of the cycled SE carbon composite cells, in addition to the unknown redox phases 
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from reactions of the SE and TiS2.[73] Electronic conductivity measurements of the catholyte show 

the same trend as the pristine SEs, with the 3Li3PS4:LiBr containing catholyte having a smaller 

value than the Li3PS4 containing catholyte (Figure S10a) while retaining the PXRD peaks of TiS2 

(Figure S10b). The enhanced rate performance for the Li-In/3Li3PS4:LiBr /2SE:TiS2 cell can be 

attributed to a convergence of the enhanced ionic conductivity,  better stability of 3Li3PS4:LiBr vs 

Li metal, improved utilization of cathode active materials,[74]  and better redox reversibility of 

3Li3PS4:LiBr than that of Li3PS4 (Figure 8b,c and Figure S11).  

  

 

Figure 8. Rate performance cycling of Li-In/3Li3PS4:LiBr/2SE:TiS2 and Li-In/Li3PS4/2SE:TiS2 

ASSB half-cells at charge discharge rates: C/10, C/5, C/2, and C/1. (a) Capacity vs. cycle number. 

(b) and (c) Voltage profiles of the 2nd cycle at each C-rate for the ASSBs using 3Li3PS4:LiBr, and 

Li3PS4, respectively. 

 

3. Conclusion  

With the incorporation of LiBr into b-Li3PS4, more than a four-fold increase in conductivity 

(0.23 mS cm-1 to 1.06 mS cm-1) is achieved resulting from the increased Li+ mobility, decreased 

activation energy barrier, and expanded dimensionality of Li+ transport paths from 2D to 3D. The 

comprehensive structural characterization using XRD (long-range), NMR (intermediate-/short-

range), and Raman (short-range) unveils the loss of long-range structural order in 3Li3PS4:LiBr 

and the partition of Br- within the PS4
3- anion lattice. Fast Li+ hoping between Br- and (PS4)3- is 

implied by a single narrow Li NMR resonance. Furthermore, 3Li3PS4:LiBr demonstrates 

significantly improved critical current density and stability against Li metal. CV measurements 

show similar reversible redox characteristics for Li3PS4 and 3Li3PS4:LiBr, thus no significant 

change in the electrochemical stability window. 3Li3PS4:LiBr promotes improved rate 
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performance of ASSBs, retaining a specific capacity of 117 mAh g-1 at 1 C for Li-

In/3Li3PS4:LiBr/2SE:TiS2, while the ASSB cell using Li3PS4 gives 0 mAh g-1.  Galvanostatic cell 

cycling reveals enhanced cyclability and electrochemical performance for long-term batteries 

using 3Li3PS4:LiBr, compared with Li3PS4 electrolyte. Enhanced ion transport via anion 

diversification can be applied to other Li3PS4-LiX (X=Cl, I) systems.[17,51,75,76] A diversified anion 

sublattice prevents Li+ trapping, yielding increased ion mobility. In addition, the introduced local 

disorder often leads to a frustrated energy landscape, producing lower energy barriers for ion 

migration.  

 

4.  Experimental Section/Methods  

4.1. Materials Synthesis  

The Li3PS4-LiBr (3Li3PS4:LiBr) composite SE was prepared via the high-energy ball milling 

method. The schematic of the synthesis process is shown in Figure S1. The high-energy ball 

milling technique is leveraged for producing metastable materials that cannot be produced using 

the thermal equilibrium process.[77] The two-stage ball milling was employed to synthesize the 

composite SE. A stoichiometric amount of Li2S (99.98%, Sigma-Aldrich), and P2S5 (99%, Sigma-

Aldrich) were mixed using mortar and pestle inside an argon-filled glovebox (Vacuum 

Technology). The solid mixture was then transferred into a zirconia milling jar and two zirconia 

balls (1 cm diameter) were added followed by vacuum sealing. The first stage of ball milling was 

carried out for various hours using an SPEX 8000M high-energy miller. The prepared sample was 

then transferred to a sealed quartz tube inside an MBRAUN glovebox. The precursor powder was 

heated from room temperature to 210 ℃ at the ramping rate of 1℃ min-1. The sintering 

temperature was chosen as 210 ℃ because the b-Li3PS4 phase forms at a temperature greater than 

190 ℃.41 The sample was heated for 2 hours at 210 ℃ to synthesize the target b-Li3PS4.  

To incorporate LiBr, as-prepared Li3PS4 was then mixed with LiBr at a 3:1 molar ratio in 

the glovebox using an agate mortar and pestle for 10 mins to form a homogenous mixture. The 

mixture was then transferred into a zirconia milling jar with two zirconia balls of 1 cm diameter. 

The second stage high-energy ball milling was carried out for 2.5 h to produce 3Li3PS4:LiBr 

composite SEs. A 6-mm stainless-steel mold was then used to press 50 mg of powder sample at 

300 MPa for 10s to obtain a pellet of ~1 mm thickness.  

4.2. Materials Characterization   
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The sample for powder X-ray diffraction (PXRD) was prepared on a zero-background 

sample holder inside the glovebox to avoid the exposure of powder to oxygen and moisture. The 

powder was transferred to a sample holder, which was covered with Kapton film and sealed using 

vacuum grease. PXRD was carried out using Rigaku XtaLAB Synergy-S diffractometer with 

HyPix-6000He Hybrid Photon Counting detector using Cu Ka (l = 1.5406 Å) radiation. The 

PXRD of samples was performed at a scanning speed of 1.16 °/min within the 2q range of 10-50°.  

Scanning electron microscope (SEM) images were obtained using a JEOL JSM-IT800 

electron microscope (FE-SEM). Approximately 20 mg of sample powder was pressed in a 6 mm 

diameter stainless-steel mold at 300 MPa inside an argon-filled glovebox. The obtained pellet was 

thenplaced on the carbon tape in a vacuum-sealed sample holder. The sample holder was 

transferred into the exchange chamber of the JEOL JSM-IT800 and evacuated to ensure no air 

contamination on the pellets. An accelerating voltage of 5 kV was used and the SEM images were 

taken at the magnification of x 5.00 k for the acquisition time of 1 minute each.  

Solid-state NMR experiments were carried out with an 11.75-T magnet and a 2.5-mm Bruker HXY 

probe. The samples were packed in 2.5-mm zirconia rotors and spun at the speed of 25 kHz. The 

6Li and 7Li NMR spectra were obtained with single-pulse experiments with a flipping angle of 90 

degrees. The 6Li and 7Li shifts were referenced to solid LiCl at -1.1 ppm. 7Li T1  was measured by 

using an inversion recovery pulse sequence. 31P NMR spectra were collected using spin-echo 

experiments, and the 31P shifts were referenced to 85% H3PO4 at 0 ppm. Raman spectra were 

collected using a Horiba JY LabRam HR Evolution Raman Spectrograph with a 633 nm excitation 

laser with a grating size of 1800 gr mm-1. 

4.3. Impedance measurements 

The prepared pellet samples for both Li3PS4 and 3Li3PS4:LiBr series were sandwiched 

between two indium foils as blocking electrodes and assembled into an in-house built 6mm dia 

cylindrical cell. Electrochemical impedance spectroscopy (EIS) was performed using a Gamry 

Reference 600+ in the frequency range of 0.1 Hz to 5 MHz. The bulk resistance was extracted 

from the Nyquist plot on EIS using an equivalent circuit model and the conductivity was calculated 

using Equation 1. Variable temperature EIS (VT-EIS) measurement was performed using a 

Biologic-SP300 in the CSZ microclimate chamber for heating and the activation energy was 

calculated using the Arrhenius-type equation.42 

4.4. DC polarization 
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To measure the electronic conductivity, the DC polarization method was used.43 In-house 

built split cells (diameter = 10 mm) using PEEK insulating cylinder and stainless-steel plungers as 

current collectors and ion-blocking electrodes were used.  

4.5. Symmetric cycling 

In-house-built PEEK split cells with stainless-steel plungers as current collectors were 

utilized for both critical current density (CCD) and extended symmetric cycling. 120 mg of SE 

was pressed at 300 MPa, placed between 0.1 mm thick Li foil (1/4 inch diameter), and cycled at 5 

MPa stack pressure.78 Cycling involved 30-minute currents in alternating directions with 5-minute 

breaks. In CCD tests, used current density increased by 0.02 mA cm-2 per cycle until cell shorting.   

4.6. ASSB Assembly 

The same PEEK split cells as described in the earlier section were employed for the 

assembly of ASSB half-cells. For cyclic voltammetry (CV) and galvanostatic cycling employing 

carbon-composite half-cells, initially, 100 mg of SE was pressed in the split cells at 300 MPa for 

10 s. Subsequently, approximately 12 mg of the manually mixed 3SE:Carbon black (carbon is 

Super P) composite was uniformly spread onto one surface of the pellet and pressed at 300 MPa 

for 10 s. On the other side of the pellet, a piece of In foil measuring 5/16 inch diameter and 0.1 

mm thickness, weighing ~32 mg was placed onto the pellet followed by Li foil with a diameter of 

3/16 inch diameter and weighing approximately 1 mg. The cell was sealed using vacuum grease 

and then cycled under ~30 MPa stack pressure at 22 ℃. For CV measurements, a scan rate of 0.2 

mV s-1 was used within a voltage range of 0 – 4 V vs. Li-In. A current density of 0.064 mA cm-2 

was employed for the cells to cycle galvanostatically within the voltage window  0 – 4 V vs Li-In.  

For TiS2:2SE half-cells, TiS2 (Sigma, 99.9 %) was first dried at 200 ℃ for 12 hours to get rid of 

any adsorbed H2O followed by planetary milling for 5 h at 300 RPM to decrease particle size.79 

Subsequently, the composite cathode was then manually mixed with Li3PS4 or 3Li3PS4:LiBr in a 

1:2 (TiS2:SE) mass ratio using a mortar and pestle for 10 minutes. First, 100 mg of SE was pressed 

at 300 MPa for 10 seconds. Then, around 12 mg of catholyte was evenly distributed on one side 

of the pellet, corresponding to an aerial loading of approximately 1.25 mAh cm-2, and pressed at 

300 MPa for 10 seconds. On the opposite side of the pellet, a piece of indium foil (with a diameter 

of 5/16 inches) weighing roughly 32 mg was placed followed by Li foil (with a diameter of 3/16 

inches) weighing about 1 mg. After sealing with vacuum grease, cells were cycled under ~30 MPa 

stack pressure at 22 ℃ between 1 – 2.5 V vs. Li-In. 
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Upon mechanochemical milling b-Li3PS3 with LiBr to introduce local disorder on the nanoscale, 

the ionic conductivity increases more than four-fold with a decrease in Ea. 
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Figure S1. Schematic of two-stage ball milling for the synthesis of 3Li3PS4:LiBr composite solid 

electrolyte.  

 

Figure S2. Scanning electron microscope images of (a) 3Li3PS4:LiBr and (b) Li3PS4 SEs. Both 

3Li3PS4:LiBr and Li3PS4 have a similar grain/particle size distribution ranging from 0.5 μm to 2 

μm.  
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Figure S3. DC polarization measurement and the calculated electronic conductivity of LPS and 

3LPS:LiBr SEs. There is a decrease in the electronic conductivity of LPS with LiBr incorporation.  

 

Figure S4.  Room temperature Nyquist plots of (a) Li3PS4, (b) Li3PS4:LiBr, and their respective 

magnified view (insets). 
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Figure S5. (a) Arrhenius-type plot of Li3PS4 and 3Li3PS4:LiBr SEs, and (b) a representative 

temperature-dependent EIS Nyquist plots of 3Li3PS4:1LiBr  electrolyte milled for 7.5 hours. 

 

 

 

Figure S6. Comparison of conductivity of SEs with 3Li2S:P2S5 ball milling time vs the Arrhenius 

perfector (For all the 3Li3PS4:LiBr electrolytes the second-stage ball milling time of 2.5 h was 

used).  
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Figure S7. First three sweeps of cyclic voltammogram of (a) LPS (b) 3Li3PS4:1LiBr  SE. (c) and 

(d) shows the comparison of the 2nd and 3rd cycle of the cyclic voltammogram of both the SEs, 

respectively. 
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Figure S8. The comparison of the differential capacity of SE carbon-composite cells for the first 

and second cycles of galvanostatic cycling. Starting from the second cycle of both Li3PS4 and 

3Li3PS4:LiBr cells, the electrochemical window spans from ~1.0 V to ~2.2 V vs. Li-In. The 

preservation of the electrochemical window is evident even with the incorporation of LiBr into 

Li3PS4.  

 

 

Figure S9. Nyquist plots of half-cells containing Li3PS4 and 3Li3PS4:LiBr as solid electrolytes, 

TiS2 as CAM, and Li-In as anode. The inset shows the corresponding equivalent circuit for both 

the cells. The first semicircle at high-frequency is attributed to bulk SE response, the second 



36 

 

semicircle at middle-frequency range is attributed to the CAM/SE interface response, and the low-

frequency tail is attributed to the Li+ diffusion into the electrodes.[34,70]  

 

 

 

Figure S10. (a) DC polarization and (b) PXRD pattern of the hand-milled catholyte and 

comparison with TiS2 and b-Li3PS4. The electronic conductivity of 2Li3PS4:TiS2 is observed to 

be 3.45 x 10-1 S/cm whereas the electronic conductivity of 2(3Li3PS4:LiBr):TiS2 catholyte is 

observed to be 1.96 x 10-1 S/cm. The 2Li3PS4:TiS2 catholyte after hand milling shows the presence 

of both LPS and TiS2 phases. However, The 2(3Li3PS4:LiBr):TiS2 catholyte after hand milling 

shows the presence of TiS2 phase from XRD, which is because the 3Li3PS4:LiBr electrolyte is 

observed to be glassy amorphous from Figure 1 in the main text. 
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Figure S11. Differential capacity plots of selected cycles of (a) 3Li3PS4:LiBr, and (b) Li3PS4 SEs 

at a charge-discharge rate of 0.1C. (c) and (d) shows the differential capacity plots of 3Li3PS4:LiBr 

and Li3PS4 SEs at various charge-discharge rates. For both SEs the redox peak for Ti3+/4+
 is 

observed. 
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Table S3. 6Li and  31P quantitative analysis of each component in the percentage of the total (%). 

See the main text for the full discussion   

 

 

 

 

 

 

 

 

 

 

 

 

Table S2. Summary of EIS analysis on Li3PS4 and 3Li3PS4:LiBr including ionic conductivity, 

activation energy, and Arrhenius prefactor. For all the 3Li3PS4:LiBr electrolytes the second-stage 

ball-milling time of 2.5 h was used.   

Sample 3Li2S:P2S5 (first-stage) 

ball-milling  Time 

[h] 

sDC, 25 oC 

[mS/cm] 

Ea[eV] Log s0 

[S cm-1 K] 

Li3PS4 2.5 0.16 0.39 5.11 

5.0 0.19 0.38 5.07 

7.5 0.23 0.38 5.20 

10.0 0.29 0.38 5.37 

3Li3PS4:LiBr 2.5 0.74 0.36 5.35 

5.0 0.83 0.35 5.28 

7.5 1.06 0.34 5.23 

Sample 6Li (%) 31P (%) 

3Li3PS4:LiBr Other 

phases 

PS4
-3 P2S7

-4 P2S6
-4 

Li3PS4-BM-10h 81.4 18.6 100 0 0 

3Li3PS4-BM-

2.5h:LiBr 

83.8 12.6 87.9 6.2 5.9 

3Li3PS4-BM-

7.5h:LiBr 

100 0 96.5 1.5 2 
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10.0 0.92 0.34 5.21 

Table S3. Summary of Nyquist plot analysis on Li-In/Li3PS4/2Li3PS4:TiS2 and Li-

In/3Li3PS4:LiBr/2(3Li3PS4:LiBr):TiS2 half cells  

Sample RBulk 

[Ω] 

CPEBulk 

[Ω -1 s] 

RCAM/SE  

[Ω] 

CPECAM/SE 

[Ω -1 s] 

CPEel 

[Ω -1 s] 

Li3PS4 810 1.7 x 10-9 100 3.3 x 10-4 8.0 x 10-4 

3Li3PS4:LiBr 173 5.2 x 10-4 192 3.8 x 10-10 4.5 x  10-3 

 

 


