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Abstract: Developing high-performance all-solid-state batteries is contingent on finding solid electrolyte materials 

with high ionic conductivity and ductility. Here we report new halide-rich solid solution phases in the argyrodite 

Li6PS5Cl family, Li6-xPS5-xCl1+x, and combine electrochemical impedance spectroscopy, neutron diffraction, and 7Li 

NMR MAS and PFG spectroscopy to show that increasing the Cl-/S2- ratio has a systematic, and remarkable impact 

on Li-ion diffusivity in the lattice. The phase at the limit of the solid solution regime, Li5.5PS4.5Cl1.5, exhibits a cold-

pressed conductivity of 9.4 ± 0.1 mS.cm-1 at 300 K (and 12.0 ± 0.2 mS.cm-1 on sintering) - almost four-fold greater 

than Li6PS5Cl under identical processing conditions and comparable to metastable superionic Li7P3S11. Weakened 

interactions between the mobile Li-ions and surrounding framework anions incurred by substitution of divalent S2- 

for monovalent Cl- play a major role in enhancing Li+-ion diffusivity, along with increased site disorder and a higher 

lithium vacancy population.   
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   Experimental Procedures 

 
Material synthesis and characterization. Lithium sulfide (Li2S, Sigma-Aldrich, 99.98%), phosphorus 

pentasulfide (P2S5, Sigma-Aldrich, 99%), and lithium chloride (LiCl, Sigma-Aldrich, 99%) powders were used as 

starting precursors. The stoichiometric amounts of starting precursors (total weight about one gram) were mixed 

in a mortar for ten minutes in an argon filled glovebox (H2O, O2 <1.5 ppm) and then ball milled with 133 balls in 

a sealed zirconia jar using a high energy planetary ball mill (Fritsch PULVERISETTE 7 Premium). The milling 

speed and duration was 380 rpm and 17h respectively. The powder was then recovered from the jar and re-

mixed in a mortar.  The microcrystalline powder was pelletized at two metric tons in a 10 mm (or 9 mm) die, 

placed in a glassy carbon capped crucible and vacuum-sealed in a quartz tube, and heat treated at 550 ºC for 

5-7 hours leading to the final argyrodite products Li6PS5Cl, Li5.75PS4.75Cl1.25, Li5.625PS4.625Cl1.375, and 

Li5.5PS4.5Cl1.5. The heating and cooling rates were 0.5 ºC/min. All quartz tubes were preheated for two days at 

100 ºC under vacuum to remove traces of water. The X-ray diffraction patterns were obtained over the range of 

10º to 90º using Cu Kα X-ray radiation (PANalytical Empryean). The ground materials were loaded and sealed 

in a 0.3 mm diameter quartz capillary to protect them from ambient air. Patterns were recorded in Debye-

Scherrer geometry. 

 

Neutron powder diffraction and Rietveld analysis. Li5.5PS4.5Cl1.5 was loaded into a vanadium can, sealed 

with a copper gasket and aluminum lid, for time-of-flight (TOF) neutron diffraction. Data was collected at room 

temperature on POWGEN at the Spallation Neutron Source (SNS) at the Oak Ridge National Laboratory (center 

wavelength 1.5Å, d-spacing range 0.50097 - 13.0087Å). The resulting diffraction pattern was refined using 

GSAS II. The Li6PS5Cl structure in the space group 𝐹4̅3𝑚 was used as a starting point for the refinement.[1] 

Refinement constraints that were used were as follows: the atomic coordinates and atomic displacement 

parameters were fixed to be the same for the shared site S1 and Cl1 (and for S2 and Cl2). The sum of 

occupancies were fixed at one for the shared sites (Occ(S1)+Occ(Cl1)=1 and Occ(S2)+Occ(Cl2)=1). The 

occupancies on the 4b and 16e sites were fixed at one. The Li-ion occupancy and atomic displacement 

parameter on the 48h site was fitted without constraints. All parameters were subsequently refined. 

 

Electrochemical impedance spectroscopy. Ionic conductivity was measured by ac impedance spectroscopy. 

Microcrystalline powder samples were cold pressed at 2 tons for 2 minutes in a 10 mm (or 9 mm) diameter die. 

The experimental density of the cold pressed pellets was 87 ± 1% of theoretical. The pellets with varying 

thickness (see Table S2) were placed between two indium foils that served as blocking electrodes in a modified 

cell for EIS measurements.  

Impedance spectroscopy was performed on the cold-pressed pellets at 298 K with a VMP3 

potentiostat/galvanostat (Bio-logic) in the frequency range from 1 MHz to 0.1 Hz. The ionic conductivity was 

calculated by the equation σ = t/RA, where R is the total resistance of the solid electrolyte, t is the sample 

thickness, and A is the area of the solid electrolyte. For all the materials studied at 298 K, the CPE/R (constant 

phase element in parallel to resistor) shifted to frequencies that were too high to measure at room temperature 

with the impedance analyzer; therefore, a semicircle was not observed and only the tail of the Nyquist plot was 

used for the fit i.e. the resistances values were obtained using the intercept of the linear fit of the Warburg curve 
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with the real axis.  For Li5.5PS4.5Cl1.5, EIS measurements were also carried out at 195 K. Characteristic of a soft 

thiophosphate, bulk and grain boundary contributions could not be deconvoluted and the conductivity represents 

the total. The full semicircle in the Nyquist plot was fit with an equivalent circuit composed of one CPE/R 

(constant phase element in parallel to the resistor) in series with a CPE representing the blocking electrodes 

(Figure 3c, inset).  

For measurements of Ea, variable temperature EIS was carried out in cells (under a constant 0.5 ton pressure) 

that were placed in an oven with precise temperature control (Binder, Germany) and an external thermocouple 

for independent temperature measurement. The cell was connected to a MTZ-35 impedance analyzer (Bio-

Logic) controlled by the MT-LAB (Bio-Logic) software, and the impedance was measured from 35 MHz to 0.1 

Hz in five degree increments from 298 K to 338 K, with two hours allowed for equilibration at each temperature. 

The conductivity measurements on Li5.5PS4.5Cl1.5 at 286 K and 195 K were carried out by immersing the sealed 

EIS cell in a cooling bath, and allowing it to equilibrate to temperature.  The fit was performed using the EC-Lab 

software. For all of the materials that were explored in this work, ac impedance measurements were repeated 

to obtain an error estimate.  

 

Electrochemical measurements. 

The electronic conductivity of the halide-rich Li5.5PS4.5Cl1.5 electrolyte was measured according to the DC 

polarization curve using ion blocking electrodes (stainless steel). 

 

The cyclic voltammograms of Li/Li5.5PS4.5Cl1.5/SS and Li/Li6PS5Cl/SS were recorded in a voltage window of 5.0 

to - 0.1 V at a scan rate of 1 mV s-1 at room temperature. The solid electrolyte pellets were pressed at 125 MPa 

to yield thicknesses of 0.158 cm and 0.155 cm for Li5.5PS4.5Cl1.5 and Li6PS5Cl respectively with a diameter of 10 

mm. The stability of the electrolyte against Li metal was investigated by a dissolution-deposition cycle test using 

a symmetric Li/Li5.5PS4.5Cl1.5/Li cell at a current density of 0.25 mA cm-2. 

 

Scanning electron microscopy and energy dispersive X-ray analysis. Elemental mapping of the materials 

was performed with an FEI Quanta Feg 250 ESEM (environmental scanning electron microscope) equipped 

with an energy dispersive X-ray spectroscopy (EDX) detector. EDX measurements were carried out using an 

acceleration voltage of 15 kV, with an acquisition time of 60 s.   

 

7Li pulsed-field gradient NMR spectroscopy. Diffusion measurements by pulsed-field gradient (PFG) NMR 

were conducted for the parent phase and halide-rich phases on a Bruker Avance III 300 MHz (7.0 T) instrument 

using a Diff50 gradient probe and a 5 mm 7Li coil insert. Powder samples were placed, with a depth of 3-4 mm 

of sample, in a thoroughly dried 5 mm Shigemi tube. The /2 excitation pulse was 8.1 s at 40 W. For all 

materials, the 𝑇1 relaxation time was 105-114 ms, measured by inversion recovery, while 𝑇2 relaxation was in 

the range of 9-14 ms. 𝑇2 was measured using the CPMG sequence with a 0.5 ms echo delay. 

 

Diffusion-attenuated spectra were acquired using the bipolar-gradient pulse, stimulated-echo sequence (BPP-

STE), with longitudinal eddy current delay (LED).[2] The bipolar gradients, of opposite phase and on either side 
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of a  pulse, act as a means of electronically canceling eddy currents in the gradient coil whilst still delivering a 

large-magnitude gradient pulse to the sample.[3] Since the experiment is constructed around a stimulated echo, 

it leverages the fact that 𝑇1 is roughly an order of magnitude longer than 𝑇2 in these materials, with the diffusion 

time coinciding with a period of magnetization z-storage. A linear, 16-step gradient ramp was used in each 

experiment, with the maximum gradient ranging up to 2725 G/cm (99% of the probe capacity), depending on 

the diffusivity of the material at the temperature being studied. A SINE.100 shape was used for all gradient 

pulses. Phase-encode times were generally set with 𝛿 = 2 ms and the diffusion times with Δ = 20 ms as a 

baseline relative to the typical 𝑇2 and 𝑇1 relaxation times. However, when the primary strategy of varying the 

gradient strength alone could not generate sufficiently high 𝑏-values, particularly at the lower temperatures 

examined, slightly longer Δ and 𝛿 (prioritized in that order) were taken. In all cases, a target attenuation of <5% 

of the signal intensity for the final step in the ramp relative to the signal intensity in the absence of gradients 

was used as a metric for setting the gradient strength, 𝛿, and Δ. The linearity of the gradient response was 

confirmed by performing the same experiment with the gradient strength halved and 𝛿  commensurately 

increased (i.e. with the 𝑏-values fixed) for several temperatures with the parent-phase, which required the 

largest 𝑏-values. A simple 7Li frequency-encoding MRI sequence was used to confirm that the sample plug in 

the Shigemi tube was centred in the gradient coil. 

 

Fits to the attenuation curves were performed using the T1/T2 module in TopSpin 3.2 and the Stejskal-Tanner 

equation,[4] with the necessary modifications for BPP-STE.[2] with the integrated signal intensity at each gradient 

step taken over the range defined by the FWHM in the non-attenuated spectrum. A recycle delay of 3.5 s, while 

much greater than 5𝑇1 in all cases, was imposed by the duty cycle on the gradient coil. A 1 ms delay was 

inserted on either side of the gradient pulses to accommodate eddy current ringdown not compensated by the 

bipolar gradients, in addition to the 5 ms LED prior to the acquisition. During the z-storage periods, a 2 ms, 143 

G/cm spoiler gradient was applied to de-phase any residual transverse magnetization. With this spoiler gradient, 

the phase cycle can be reduced to 16 steps, which was the number of scans utilized for each step in the gradient 

ramp. Temperature control was maintained with a BCU II unit, and experiments were conducted over a targeted 

range of 268.2 K to 343.2 K. A 𝛿 1H chemical shift thermometer was performed with ethylene glycol (298.2 K to 

343.2 K) and methanol (268.2 K to 298.2 K) in the Shigemi tube with the same temperature control settings as 

for the PFG experiments, using standard Bruker calibration curves, to calibrate the actual temperatures 

experienced by the samples. The chemical shift measurements were also repeated immediately after 

transmitting a PFG sequence to the sample with the RF pulses blanked to assess sample heating by the gradient 

coil. The effect was found to be 0.1 K or less. During the PFG experiments, the temperature was shifted in 5 K 

increments, with 20 minutes allowed for equilibration at each temperature, which was found to yield reproducible 

measurements of the diffusivity. 

 

7Li MAS NMR. Fast magic-angle spinning (MAS) NMR was performed on the materials using a Bruker 850 MHz 

HD spectrometer, with 7Li possessing a Larmor resonance frequency of 330 MHz in the 20 T field of this 

instrument. Samples were packed in 1.9 mm rotors spinning at 30 kHz. The /2 excitation pulse was 3.5 s at 

110 W. Referencing was nominally achieved relative to a static sample of 1 M LiCl (aq) in a sealed capillary 
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tube. However, the 850HD is a pumped magnet, and the resulting longitudinal field drift is discernible for the 

narrow lineshapes of these diamagnetic 7Li materials. The compounds invariably contain a trace impurity, which 

was directly confirmed as LiCl by performing MAS on a sample of the pure compound on the basis of its chemical 

shift (-1.18 ppm) and 𝑇1 (approximately 60 s). This signal was therefore used as a fortuitous internal reference 

to directly compare the shifts between the various ion conductor samples and counteract the magnet drift in the 

absence of a lock. Figure S7 demonstrates that, at 300 MHz and static conditions, these materials are well 

within the motional narrowing regime for all temperatures studied, and exhibit no significant quadrupole coupling, 

in the form of either resolved satellite transitions or shifting of the isotropic resonance. Hence, the shift trend 

observed in Figure 5 (under high-field, MAS conditions) is too large to be generated by a 2nd-order quadrupole-

induced isotropic shift (especially because the quadrupole-induced isotropic shift is inversely proportional to the 

Larmor frequency). 

 

 

Haven Ratio Calculations. The Haven ratio, 𝐻𝑅, is defined by IUPAC (M. Kizilyalli et al., Definitions of Terms 

for Diffusion in the Solid State, Pure Appl. Chem., 71, 1307 (1999) (note HR is not the same as the correlation 

factor): 

as 𝐻𝑅 = 𝐷∗/𝐷𝜎, where 𝐷∗ is the self-diffusivity of the mobile ions measured via PFG, and 𝐷𝜎 is the so-called 

conductivity diffusivity, defined by rescaling the ionic conductivity measured by EIS, 𝜎, into diffusivity units: 

𝐷𝜎 = (𝑘𝐵𝑇/𝑐𝑞2)𝜎 

Here, 𝑘𝐵 is the Boltzmann constant, 𝑇 is the temperature, 𝑐 is the concentration of charge-carriers in units of 

particle number per unit volume, and 𝑞 is the charge of the carriers.  Determining the appropriate number of 

charge-carriers per unit volume in argyrodite is not straightforward.  While strictly speaking, all Li-ions within the 

unit cell are mobile (i.e., 24; namely 6 per stoichiometric formula * Z (4)), the hops which are widely considered 

to dictate the long-range transport (the 48h-48h inter-cage jumps) are strictly those between the 4 cages, 

irrespective of the rapid intra-cage circulation. To reflect this, our approach to setting the number of carriers for 

𝑐 is therefore to multiply the average cage occupation – i.e. the Li stoichiometry – by four cages/unit cell and 

1/6 potential carriers/ions in the cage to give a value of 4 Li carriers/unit cell. This represents a lower limit to c, 

as the Li cations adjacent to the intercage hops in the Frank-Kasper polyhedra will be involved in mobility by 

virtue of displacement.  

In order to match the diffusivities at the shift-thermometer-calibrated PFG temperatures to the oven 

temperatures used for the conductivity measurements, the former were quadratically interpolated to the oven 

temperatures. Owing to the fact that 𝐻𝑅 is known to be relatively temperature-insensitive,[5] the values appearing 

in Figure 5b are averages taken over the entire temperature range. The raw data, along with the averages and 

associated standard errors, are plotted in Figure S6, with x = 0.375 exhibiting the temperature-independence 

most clearly. 
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Table S1. EDX analysis of the Li6-xPS5-xCl1+x (x = 0, 0.25, 0.5). Two measurements per sample are 
represented. The sulfur content was not quantified due to minor hydrolysis that occurs during the sample 
transfer into the SEM chamber. 

Targetted Measurement Observed 
Cl/P ratio 

Average 
ratio 

Element Atomic 
percent 

Weight 
percent 

Li6PS5Cl 

M1 1.04 

0.99 

P-K 16.85 16.07 

Cl-K 17.45 19.05 

M2 0.94 
P-K 17.49 16.70 

Cl-K 16.42 17.95 

Li5.75PS4.75Cl1.25 

M1 1.26 

1.25 

P-K 14.7 13.98 

Cl-K 18.5 20.12 

M2 1.24 
P-K 15.8 14.99 

Cl-K 19.6 21.37 

Li5.5PS4.5Cl1.5 

M1 1.50 

1.51 

P-K 14.7 13.95 

Cl-K 22 23.84 

M2 1.52 
P-K 13.9 13.16 

Cl-K 21.2 23.05 

 

 

 

 

 

 

 

 

Figure S1. EDS mapping of the heat-treated Li5.5PS4.5Cl1.5 sample, which indicates a 
homogenous distribution of P, S and Cl at the micron scale. 
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Figure S2. XRD patterns of Li6-xPS5-xCl1+x (x = 0, 0.25, 0.375 and 0.55) showing the identified 
impurities. Calculated positions of the Bragg reflections are represented by the vertical tick 
marks in green. 
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Table S2. Room temperature resistance values for Li6-xPS5-xCl1+x (pellets of 1.0 cm diameter) 
obtained from the fit of the real-axis impedance intercept in the Nyquist plot, illustrating the 
sampling used to derive the standard deviation in the reported conductivities. Nyquist plots for 
series A are represented in Figure 3b. 

Sample series 
 

x=0 x=0.25 x=0.375 x=0.5 

A 
Thickness (mm) 0.630 0.660 - 0.738 

R (Ω) 31.3 20 - 10 

 Total  2.6 4.2 - 9.4 

      

B 
Thickness (mm) 0.68 1.03 0.647 1.01 

R (Ω) 36.2 33 14.9 13.9 

 Total  2.4 4.0 5.5 9.3 

      

C 
Thickness (mm) 1.03 0.665 0.846 1.00 

R (Ω) 51.3 19.1 18.4 13.4 

 Total  2.6 4.4 5.9 9.5 

      

D 
Thickness (mm) - - 0.700 0.896 

R (Ω) - - 16.3 12.2 

 Total  - - 5.5 9.4 

      

average  2.5 4.2 5.6 9.4 

Standard deviation√
Σ (𝑥−x̅)2

𝑛
 

 
0.1 0.2 0.2 0.1 

 

 
 

Table S3. Fitted EIS parameters for Li5.5PS4.5Cl1.5 at 195 K (relectrode  = 0.45 cm).  

 

 

 

 

 

 

Equivalent 
circuit= 

                R1/Q1+Q2 
 

R1 5233 ohm 

Q1 1.487e-9 F.s(a - 1) 

a1 0.8825 

Q2 29.26e-6 F.s(a - 1) 

a2 0.5937 
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Figure S3. Direct current (DC) polarisation data for electronic conductivity determination for 
Li5.5PS4.5Cl1.5. The DC polarisation curve was fitted with a decay function, and the steady 
current value at the end of the curve was extrapolated. The electronic conductivity of 3×10-9 
S.cm-1 was calculated by using Ohm's law. 

Figure S4. Temperature dependence of the ionic conductivity for  x = 0.25 and x = 0.375. 
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Figure S6. Haven ratios versus temperature, for all four phases examined in the study, demonstrating 
the relative temperature insensitivity. The flat lines are the average values, and dashed lines indicate the 
standard error interval. 

Figure S5. Example fit of a PFG signal attenuation curve with variable gradient strength for 
Li5.5PS4.5Cl1.5 at 300 K. A diffusion coefficient of 1.01 x 10-11 m2/s was extracted by fitting the measured 
signal attenuation (blue dots) to the BP=STE modified Stejskal-Tanner equation.[3] 
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Figure S8. Stripping/plating of Li in a symmetric Li/Li5.5PS4.5Cl1.5/Li cell (0.7 mm thick electrolyte) at 
current density of 0.25 mA cm-2 with capacity cut-off of 1 mAh cm-2. 
 

Figure S7. Variable-temperature stack plot of static 7Li spectra for the parent phase at 300 MHz, 
demonstrating the absence of significant quadrupole coupling, in terms of the absence of satellite 
transitions, broadening of the central transition, and a shift in its position over the entire temperature 
range, which points to a change in the shielding properties as the primary source of the shift trend in 
Figure 5. 
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Figure S10. a) Cyclic voltammogram of a Li/SE/stainless steel cell using Li6PS5Cl or Li5.5PS4.5Cl1.5 
as a solid electrolyte layer with scan rate of 1 mV s-1. The first (solid) and second (dashed) scans 
are shown. 

 

a b 

Figure S9. a) Cyclic voltammogram using a Li/Li5.5PS4.5Cl1.5/stainless steel cell with a scan rate of 1 
mV s-1 in the voltage window of  5.0 - 0.1 V. b) Comparison of cyclic voltammogram using 
Li/Li5.5PS4.5Cl1.5/stainless steel (red line) and Li/Li6PS5Cl/stainless steel (blue line) cells with a scan 
rate of 1 mV s-1 in the voltage window of  5.0 - 0.1 V. 
 

Li5.5PS4.5Cl1.5 Li6PS5Cl 

a b 


