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Synopsis

A novel lithium chloro-thiophosphate Li1sP4S16Cls was found in Li2S-P2Ss-LiCl phase diagram
and synthesized. Synchrotron X-ray Diffraction and Neutron Diffraction techniques were used to
clarify the crystal structure. The lithium dynamics was studied by electrochemical impedance

spectroscopy, solid state NMR technique and theoretical calculation.



Abstract

Tremendous efforts have been devoted to the design of solid Li* electrolytes and development of
all-solid-state batteries. Compared with conventional Li-ion batteries which use flammable liquid
organic electrolytes, all-solid-state batteries show significant advantages in safety. In this work a
novel lithium chloro-thiophosphate compound Li1sP4S16Cls is discovered. The crystal structure
and electrochemical properties are investigated. LiisP4S16Cls can be synthesized as pure phase
via a facile solid-state reaction by heating ball-milled mixture of Li.S, P>Ss and LiCl at 360 °C.
The crystal structure of LiisP4S16Cl3 was refined against neutron and synchrotron X-ray powder
diffraction data, revealing that it crystallizes in space group 143d. The Li* transport in
Li1sP4S16Cls was also investigated by multiple solid state NMR methods, including variable-
temperature NMR lineshape analysis, NMR relaxometry, and pulsed field-gradient NMR.
Li1sP4S16Cls shows good thermodynamic stability and can be synthesized at relatively low
temperature. Though it exhibits a low ionic conductivity at room temperature, it can sever as a

new motif crystal structure for the design and development of new solid state electrolytes.



Introduction

All-solid-state Li-ion batteries (ALSOLIBS) are considered an emerging battery technology for
next generation electrochemical energy storage. Currently used commercial Li-ion batteries
(LIBs) contain flammable organic electrolytes, which may cause fire or explosion in harsh or
abusive environments. Compared with commercial LIBs, ALSOLIBs with non-flammable solid
electrolyte (SEs) not only have much better safety properties, but also potentially have higher

energy density, if Li-metal anode can be enabled.

As the key component of ALSOLIB, the SE must meet the requirements in multiple categories of
properties, including high ionic conductivity at ambient temperature, good chemical and
electrochemical stability and good mechanical durability, etc. Commonly, SEs with room
temperature (r.t.) ionic conductivity higher than10“ S cm™ are preferred®®. To date,
predominantly two groups of SEs have attracted much attentions: sulfide-based and oxide-based
electrolytes. Oxide electrolytes, such as compounds with perovskite, NASICON or garnet
structures, exhibit r.t. ionic conductivity from 10° to 102 S cm™"°. However, large grain
boundary (GB) resistance was often observed because of the poor electrical contact among the
particles. High temperature sintering may help to mitigate the GB resistance, which significantly
increases the complexity and cost of the manufacturing process'®'? and may result in unwanted
side reactions with the cathode materials****. In contrast, sulfide SEs are soft and ductile. Good
electrical contact among the particles and thus low GB resistance can be relatively easily
achieved by facile cold-pressing®®. A number of lithium sulfides with high r.t. ionic
conductivities reaching or even exceeding 102 S cm™ have been reported!®8, including Li3PSa-
LisGeS, solid solutions with LISICON structure®®, LigPSsX (X=ClI, Br, 1) with argyrodite

structure?®23, LizP3S11 glass ceramics?4, and Li1oGeP2S12 (LGPS)?, etc. Some of these SEs,



such as LGPS, exhibit very high r. t. ionic conductivity of 102 S cm™, which exceeds that of
liquid electrolytes?®, demonstrating the great potential of sulfide SEs. However, most of these
known sulfide SEs require sophisticated processing (such as long time, high speed ball-milling
and precise control of starting materials) and high temperature (>500°C) synthesis to achieve the
expected high conductivities'”. SEs with not only high r.t. conductivity, but also facile and low
cost synthesis, are still very much desired. From crystal structure point of view, all these known
sulfide SEs only present a few limited types of crystal structures. Most of current designs and
developments of SEs are focused on the elementary modifications based on these known
structure types, which can be limited sometimes. Addition of new crystal structure motifs is also
desired. Compared with the relatively extensively explored Li-P-S ternary phase diagram, the
quaternary phase diagrams of Li-P-S-X (X=halogen elements) are much less explored, which
provides high potential to find new prototypes of Li-ion conducting crystal structures. For
example, LisPS4l was recently reported and its ionic conductivity is 1.2x10* S/cm®. One group
of Li-P-S-X compounds, the argyrodites LisPSsX (X=Cl, Br, 1), recently attracted a lot of
attentions owing to their high conductivities®™ 2+ 2’26, demonstrating high potential of these
quaternary compounds. Besides the argyrodites, no other Li-P-S-X quaternary compounds have
been reported and a large area in the phase diagram remains unexplored. Recent computational
works predicted that LiisP4S16Cl32%% can be thermodynamically stable. But no synthesis
condition and crystal structure information was disclosed to date. Here we successfully
synthesized a new compound Li1sP4S16Cls with a new crystal structure distinguished from all
known sulfide SEs. The structural characterizations and ionic conduction behaviors of the

compound are elaborated below.



Methods
Materials synthesis

LiisP4S16Cls was synthesized via a ball-milling and subsequent calcination process. The starting
materials Li2S (99.98%, Sigma-Aldrich), P2Ss (99%, Sigma-Aldrich) and LiCl (>99%, Sigma-
Aldrich) were weighed in desired molar ratio and mixed in a high energy planetary ball mill (PM
200, Retsch) with using a zirconia jar. 10 zirconia balls of 10 mm diameter were put in each jar.
The starting materials are ball-milled for 20 h at a rotation speed of 370 rpm. The ball-milled
mixture was then pressed into pellets of %2 inch in diameter and sealed in a quartz tube. The
pellets were heated at 360 °C for 20 h and cooled down inside the furnace. The pellets were
ground into powder in an agate mortar and kept in an Ar gas filled glove box for the following
characterizations. All materials were handled under Argon atmosphere during the synthesis,

characterization and electrochemical testing processes.

Characterizations

The X-ray diffraction (XRD) data of the powder samples was first collected by using a D8
Advance X-ray Diffractometer (Bruker AXS) with molybdenum radiation (Akq = 0.7093 A). In
situ XRD data of the synthesis process was also collected with using a heat chamber
(HTK1200N, Anton Paar) mounted on the diffractometer as follows. The powder of ball-milled
mixture of starting materials was filled in quartz capillary in the glove box and sealed. The tube
was used for in situ XRD data collection and heated from room temperature to 440 °C.. XRD
data were collected in a step size of 20 °C while the temperature was kept constant during each

XRD scan.



Synchrotron XRD and pair distribution function (PDF) data were collected at beam line 17-BM-
B at the Advanced Photon Source (APS) at Argonne National Laboratory (ANL), with a
wavelength of 0.24116 A. High quality powder neutron diffraction (ND) data were collected on
beam line POWGEN at the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory
(ORNL) using the frame with a center wavelength of 0.8 A. Rietveld refinement against the
XRD and ND data was performed with using GSAS 1l and TOPAS (version 6) software3!-2,
The conversion from time-of-flight to d-spacing was done using a 2nd order polynomial function
(TOF = d0 + dfc*d + dfa*d?) calibrated from a NIST Si 640e standard sample. During the
refinement, dO and dfc were fixed to the values refined from Si standard while dfa was allowed
to vary to account for the sample displacement. The crystal structure model obtained from the
Rietveld refinement was used as the starting model for the analysis of PDF data. The X-ray PDF
data was processed with using PDFgetX3%. The total scattering structure factor S(Q) data were
Fourier transformed to the PDF with a maximum Q-range (Qmax) of 19 A. The collected data
were corrected for background and sample absorption. PDFgui and TOPAS (version 6) were
used for the PDF data analysis®? 34,

Scanning Electron Microscopy (SEM) images were taken by using a Hitachi SU8010 scanning
electron microscope. The sample was transferred from the glove box in well-sealed container to
minimize the air exposure.

®Li and 3'P magic-angle spinning (MAS) NMR spectroscopy was performed with a Bruker
Avance 500 MHz spectrometer. The magnetic field of 11.7 T corresponds to Larmor frequencies
of 73.6 for ®Li and 202.5 MHz for 3'P. The samples were rotated in 2.5 mm zirconia rotors at a

spinning speed of 20 kHz. All spectra were acquired with a Hahn-echo pulse sequence *. The



chemical shifts were referenced to an aqueous 1M °LiCl solution for ®Li and to H3PO4 (85%) for

Ip,

Temperature-dependent measurements of static “Li NMR line shapes and "Li spin—lattice
relaxation times were performed with a Bruker 200 MHz spectrometer at a magnetic field of 4.7
T, on samples sealed in 10 mm glass vials. These spectra were acquired with a quadrupolar-echo
sequence, a /2 pulse length of about 3 ps, and a recycle delay of 20 s. ’Li T1 measurements
were performed with a saturation-recovery pulse sequence®-3’. 7Li pulsed field-gradient (PFG)
NMR measurements were acquired with a stimulated-echo sequence including bipolar gradients,
on a Bruker Avance 300 MHz spectrometer operated with a Diff50 probe that provides pulsed

field gradients up to 30 T/m 3,

Ab initio molecular dynamic simulations

Density functional theory (DFT) calculations were conducted with using the Vienna Ab initio
Simulation package (VASP)* within the projector augmented-wave approach with Perdew-
Burke-Ernzerhof (PBE)*° generalized-gradient approximation (GGA). Ab initio molecular
dynamic (AIMD) simulations were performed to investigate Li diffusion. A 7-centered k-point
in the non-spin-polarized DFT calculations were used. The time step was 2 fs. NVT ensemble
using Nosé-Hoover thermostat*! was used. The total time of AIMD simulations were in the range
of 100 ps to 600 ps. The ionic conductivity and the error bars were calculated and estimated

following previously established methods*.

Electrochemical measurements



lonic conductivity was determined by electrochemical impedance spectroscopy (EIS) method by
an electrochemical impedance analyzer (VMP3, Bio-Logic) and a custom-built electrochemical
cell. Typically, ~130 mg Li1sP4S16Cl3 powder was pressed into a pellet with a diameter of %2
inch at a pressure of 100 bars. Two stainless steel rods were used as the current collectors. EIS
data were collected in the temperature range of 30 °C to 90 °C at frequencies between 1MHz and

1Hz and with AC amplitude of 500 mV.



Results and discussion
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Fig. 1. Li-P-S-CI quaternary phase diagram plotted in Li>S-P2Ss-LiCl ternary manner.

The quaternary Li-P-S-Cl phase diagram can be plotted in an equivalent Li>S-P2Ss-LiCl ternary
phase diagram with better clarity, as shown in Fig. 1. The argyrodite LigPSsCl is the only known
phase in the middle of the phase diagram but it is very unlikely that it is the only phase. In this
phase diagram, Li2S, LiCl, P2Ss and Li3sPS4 are considered thermodynamically stable, while
Li7P3S11*, LizPSe* and LisPSsCI*® were predicted to be metastable in static DFT calculations
at OK. Previous studies showed that the formation energy of Li1sP4S16Cl3 is 8 meV/atom,
indicating Li1sP4S16Cls is just slightly metastable in the relevant Li-P-S-Cl phase diagram?®
similar to LizP3S11%, LizPSe* and LisPSsCI*. The formation energy of LiisP4S16Cls from the
precursor phases, Li2S, P>Ss and LiCl is -3.203 eV/atom, indicating it is energetically favorable
formation during synthesis. Therefore, we conducted a systematical exploration on selected
regions of the phase diagram with the help of in situ XRD for synthesis. The lithium-rich region
on the top right area of the phase diagram was first explored and one new phase was quickly
identified. In situ XRD on the solid state synthesis of starting materials with various materials
ratios were performed. Fig. 2 shows the in situ XRD patterns collected from the starting

materials with ratio of Li»S: P»Ss: LiCl = 3:1:1.5. The sample was heated from room
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temperature to 450 °C. The diffraction pattern at 50 °C shows the amorphous characteristics of
the ball-milled mixture and diffraction peaks with relative low intensity, which can be indexed
using minor phases Li»S and LiCl. As the temperature increases, the intensity of these peaks
increases, indicating the increase of crystallinity of Li>S and LiCl. Once the temperature reaches
150 °C, the reflections associated with the Li»S phase start to diminish, which is accompanied by

the appearance of reflections
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Fig. 2. In situ XRD patterns of ball-milled starting materials Li2S, P2Ss, and LiCl with a molar
ratio of 3:1:1.5, heated from 50 to 440 °C.
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belonging to the B-LisPS4 phase. At 300 °C, a new set of reflections emerge, which cannot be
indexed to commonly known lithium thiophosphate compound. Meanwhile, the intensity of

reflections associated with B-LisPS4 and LiCl phases start to decrease, implying that a new phase
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Fig. 3. (a) Rietveld refinement of the long range structure of Li1sP4S16Cl3 against synchrotron
X-ray diffraction data (\=0.24116 A). (b) Least square refinement of the intermediate range
structure of LiisP4S16Cl3 with using synchrotron X-ray PDF data.

12



forms from the reaction between B-LisPS4 and LiCl. The mixture is fully converted into the new
phase at 340 °C, where no more reflections from B-Li3sPS4 and LiCl can be seen. The new phase
is stable up to 400 °C and decomposes to B-LisPS4 and LiCl at 420 °C. B-Li3PS4 turns into a-

Li3PS4 above 440 °C.

Since no other phases were seen at 360 °C, it can be assumed that all starting materials were
converted into this new phase. Therefore, the ratio of the elements in this new phase is Li :P: S:

Cl =15: 4: 16 :3, and the formation reaction can be written as follows:

4Li3PS4 + 3LiCl — Li15P4S16Cl5 (1)
3 T T T T T T T T T T T
. Ry, =221% |
Vo T x=2.38
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Fig. 4. Rietveld refinement of Li1sP4S16Cl3 against time-of-flight neutron diffraction data
(POWGEN). The experiment data are shown in black dots, calculated data in red curve and
difference curve in olive. The Bragg reflections are shown in blue markers. There is one

unidentified peak around 3 A, indicating the co-existence of impurity phase(s).
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Li1sP4S16Cls is a new composition that has not been reported on its detailed crystal structure.
However, its silver analogue AgisP4S16Clz does exist and its XRD pattern very much resembles
the pattern observed in Fig. 2. Given the similarity in charge and ionic radius of Ag™ and Li", the
similar XRD patterns strongly imply that the actual elementary composition of the new phase is
likely LiisP4S16Cls. To verify this assumption, high resolution powder synchrotron XRD data
was collected and Rietveld refinement of the structure was performed using the space group of
Ag15P4S16Cl3 as the starting model, but with all Ag atoms replaced by Li atoms. Fig. 3 shows
the refinement result using the 143d space group. A high quality fitting with a Rwp value of
8.26% was achieved, confirming that this new compound indeed has similar structure as the
Ag15P4S16Cl3. This has been further confirmed by the good quality refinement of the
intermediate range structure using X-ray PDF (Rw=18.6%). The minor discrepancy in the low r-

range may result from a small amount of amorphous phase, as reported before 4647,

Fig. 5. Refined crystal structure of LiisP4S16Cls using neutron powder diffraction data.
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The Li positions were further confirmed with using Fourier difference map analysis of both
neutron and synchrotron X-ray powder diffraction data, as shown in Figure S1 in the
supplementary information. It clearly indicates the two plausible Li sites, which matches well
those Li positions obtained from Rietveld refinements.

The final Rietveld refinement of the crystal structure of Li1sP4S16Cl3 against neutron diffraction
data is shown in Fig. 4. The refined cell parameter a of 14.3052(3) A is smaller than that of
Ag15P4S16Cl3 (a=14.838 A) “8, in accordance with that Li* has smaller ionic radii (0.59 A , four
coordinated) relative to Ag* (1.00 A, four coordinated)*. The crystallographic information
extracted from neutron diffraction data is listed in Table 1. The crystal structure drawn based on
the refinement result is shown in Fig. 5. The structure is built by three kinds of tetrahedra: PS4,
LiS4 and Li(SsCl). All tetrahedra are connected via common corners. Every S or Cl atom is
corner shared by 4 tetrahedra. Li atoms occupy two different tetrahedral sites:Li(1) occupies the
12a site and is bonded to four S? ions; while Li(2) occupies the 48e site and is bonded to three

S? and one CI-.

Fig. 6. SEM images of LiisP4S16Cls
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SEM images of as synthesized Li1sP4S16Cls are shown in Fig. 6. The primary particles with a
dimension ranging from 1 to 5 um are of cubic/cuboid shapes, in accordance with its space group
symmetry. The primary particles are agglomerated to form secondary particles of a few tens
micrometers, which is likely due to the fact that the sample was cooled down from a molten

phase.

Table 1. Refined structure of Li1sP4S16Cl3 using neutron diffraction data.

S.G.1-43d a=14.3052(3) A

Site  Wyck. X y z Occ. Biso (A%
Li(l) 12a 000000 025000 037500 1  1.85(7)

Li(2) 48e  0.1420(3) 0.2145(3) 0.5825(4) 1  1.85(7)
S(1) 16c  0.0320(2) 0.0320(2) 0.0320(2) 1  1.09(4)
S(2) 48  0.1080(2) 0.3433(2) 0.4713(2) 1  1.09(4)
Cl(1) 12b  0.00000 0.25000 0.87500 1  1.71(4)

P(1) 16c  0.1997(1) 0.1997(1) 0.1997(1) 1  0.90(4)

The local structure around the Li and the P ions was investigated by °Li and 3!P MAS NMR
spectroscopy, respectively. The spectra are shown in Fig. 7. The 8Li NMR spectrum (Fig. 7a)
reveals two well-resolved narrow peaks. The stronger one at 1.0 ppm can be assigned to the Li(2)
site at 48e position, and the weaker peak is assigned to the Li(1) site at 12a position. The 3P
spectrum (Fig. 7b) shows two well-resolved peaks at 88.8 ppm and 85.7 ppm. Both can be

assigned to isolated [PS4]* tetrahedra in the crystal structure*®, in agreement with the crystal
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structure derived from X-ray/neutron diffraction. The fact that two very similar environments are
visible in the *'P NMR spectrum although only one site was determined by X-ray/neutron
diffraction could hint at small amount of amorphous phase existing. We ascribe the peak at 88.8
ppm to [PS4]* from crystalline Li1sP4S16Cls and peak at 85.7 ppm to amorphous phase, based
on the observation that the intensity of peak at 85.7 ppm decreases as heating time is extended

and the crystallinity increases.

3
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Fig. 7. °Li and 3P MAS NMR spectra of LiisP4S16Cls.

The conductivity of LiisP4S16Cls was measured by electrochemical impedance spectroscopy
(EIS). The relative density of the pellet is about 80%, under a uniaxial pressure of 10 MPa. Bulk
and grain boundary contributions to the total resistance cannot be deconvoluted (Fig. S2). Fig. 8
shows the temperature dependence of the conductivity of LiisP4S16Cl3s. Li1sP4S16Cl3 exhibited a
low ionic conductivity of 1.0x107 S/cm at 30 °C, which is similar to B-LizPS4 (9x107 S/cm) and
v- LizPS4 (3%107 S/cm) 3. When increasing the temperature to 90 °C, the ionic conductivity
reached 3.4x10° S/cm. The calculated activation energy is 0.57 eV, which is different from p-
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LisPS4 (0.16 eV) and y- LisPS4 (0.22 eV). This value is also much higher than those of typical
lithium ion conductors such as LizP3S11, LigPSsCl and Li1oGeP2S12 24250,

Ab initio molecular dynamics (AIMD) was also used to calculate the theoretical ionic
conductivity of this compound. The calculated ionic conductivity is around 104 S/cm, which is
much lower than the experimental results. The conductivity of the sample being much higher
than the calculated theoretical value may be caused by the existence of small amount of
amorphous impurity phase and defects in the Li1sP4S16Cls material. The amorphous impurity
phase may be more conductive than LiisP4S16Cls, which increase the overall measured
conductivity. The other reason is that the formation of the impurity could results in slight off-
stoichiometry in LiisP4S16Cls, and mobile defects, such as Li vacancies or interstitial Li ions,
may exist in LiisP4S16Cls material, which increases the conductivity. In the AIMD computation,

a perfect bulk-phase crystal LiisP4S16Cl3 with no pre-existing defects were used, which may

5.8 Li,.P,S,.Cl,

7.0 .

-7.2 - T T v T v T T T T T T T v
2.7 2.8 29 3.0 3.1 3.2 3.3

1000 T'(K™")

Fig. 8. Arrhenius plot of LiisP4S16Clz. The activation energy is 0.57 eV.
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result in a limited carrier concentration for ion conduction. These differences in experiments and
computation may have resulted in the differences in conductivity values. The results of the
theoretical calculation suggest that lithium ions at both Li(1) and Li(2) sites are involved in the
diffusion pathway. The Mean-squared Displacement-time (MSD-t) relationship (Fig. S3) and Li
trajectories within 2ps at 1150 K (Fig. 9) indicated that the lithium diffusion path in

Li1sP4S16Cl3 is three-dimensional.

Fig 9. Li trajectories within 2 ps at 1150 K, as obtained from AIMD simulation.

In addition to its ability to investigate local structures element-specifically, solid state NMR is
also a powerful tool to probe the dynamics of mobile ions in solids on different time and length

scales®”. Fig. 10a shows the temperature dependence of static ’Li NMR spectra of Li1sP4S16Cls.
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Fig. 10. (a) static ‘Li NMR spectra at temperatures between 303 K and 663 K. b) FWHM vs
temperature for the broad component in the static “Li NMR spectra. ¢) ‘Li NMR spin-lattice

relaxation rates T1™ vs inverse temperature.

At low temperatures, the spectra consist of three different contributions, all centered around 0
ppm: (i) a broad contribution in the range from +25 ppm to -25 ppm represents the satellite
transitions of the “Li nuclei (nuclear spin | = 3/2), (ii) a narrower signal between +3 ppm and -3
ppm represents the central transition, and (iii) a very narrow component with a width of about0.5

ppm represents Li ions that are already mobile at these low temperatures. When the temperature
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is increased, the broader contributions show a clear so-called motional narrowing. This reflects
the temporal averaging of the local environments around the Li ions due the increasingly fast
motions of these ions. At 663 K, only a single contribution is visible in the static ‘Li NMR
spectrum. The width of the broader component is plotted in Fig. 10b vs temperature. The curve
shows no clear plateau at low temperatures and thus reveals that the motional averaging already
started well below room temperature. The motion of the Li ions was additionally probed on very
short time scales (few nanoseconds) by measuring ‘Li NMR relaxation rates T1™* as a function of
(inverse) temperature (Fig. 10c). A clear maximum, as it was observed for LisPS4 or
Li1oSnP2S12, could not be observed for LiisP4S16Cls. The relaxation rate rather shows a
monotonic increase with increasing temperature and a shoulder at 523 K. The data can be
described by a superposition of a diffusion-induced maximum®”°! and a power law contribution
(dashed lines in Fig. 10c), which is a commonly used approach to describe such data®>. The latter
one might represent another jump process with a maximum at temperatures too high to be
reached in these experiments. The fact that a clear maximum in the overall data is not visible can

be ascribed to the quite slow diffusion and thus to a smaller diffusion-induced contribution.

This behavior reveals a quite complex diffusion mechanism involving different jump processes
between different Li sites. The diffusion-induced maximum reveals an average hopping rate of
the Li ions of about 5x10% s at 523 K and an activation barrier for these jumps of (0.53 + 0.06)
eV. From the jump rate, a Li ion conductivity of about 10 S/cm can be extrapolated for 298 K.

These values are in good agreement with the EIS results.

Pulsed field gradient (PFG) NMR experiments were performed to study the long-range transport

of Li ions, on the time scale of about one second. The echo damping is shown in Fig. 11a for
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three different temperatures. As expected, a stronger echo damping is observed with increasing

temperature due to faster Li diffusion. The echo damping as a function of gradient field strength

(@)
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Fig. 11. 'Li PFG NMR results on Li1sP4S16Cls. a) the echo intensity vs gradient field strength

for three different temperatures (gradient duration & = 3 ms, diffusion time A = 300 ms). b) the

derived diffusion coefficients vs inverse temperature.

g can be well described with a Gaussian function according to the Sejskal-Tanner equation®

(solid lines in Fig. 11a). The derived diffusion coefficients are displayed in Fig. 11b vs inverse

temperature. They show an Arrhenius-type behavior with an activation energy of (0.22 + 0.04)

eV. At 298 K, a diffusion coefficient of 10 m?/s can be estimated. Assuming an uncorrelated,

three-dimensional motion of all Li ions and using the number density of all Li ions (2x102 m?),

this would correspond to a Li ion conductivity of 1.3x10™ S/cm, as derived from the Nernst-

Einstein equation. This value is higher than the total conductivity measured with impedance
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spectroscopy, and also the activation energy derived from PFG NMR is much lower than the
0.57 eV measured with EIS. This might hint at a stronger influence of grain boundaries on the
impedance data than on the PFG results that are probing the transport on a time scale of 0.3 s,
and thus on a length scale of 0.1 um. Overall, the NMR results reveal a complex motion of the Li
ions involving different types of jump processes, as expected from the crystal structure. The
relatively slow dynamics of the Li ions is probably caused by the fully occupied Li(1) and Li(2)
sites and the quite dense crystal structure. This provides multiple possibilities for future materials

optimization, e.g. via cation and anion doping.

Conclusion

LiisP4S16Cl3s, a new crystalline thiophosphate was successfully synthesized for the first time. It
is a novel quaternary compound in the Li-P-S-ClI system, in addition to argyrodite LisPSsCl. The
crystal structure of LiisP4S16Cls was identified and confirmed by synchrotron XRD and neutron
diffraction. Although the room temperature conductivity of this material is low, which may not
have practical use in devices that requires high ionic conductivities such as solid state batteries,
evidences in both computational predictions and our ongoing follow-up experiments have shown
that the conductivity can be drastically improved by cation or anion doping/replacement in this
crystal structure, which shows the value of identification of new compound as the motif structure
for solid state ionic conductors. The very low formation temperature (<350 °C) and good
thermodynamic stability also imply that it can be a good basic structure for design. In fact, we
have tried the synthesis of LiisP4S16Brs and LiisP4Siels. LiisP4S16Br3 can also be successfully

obtained at a lower temperature, implying abundant possibilities of future materials design,
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similar to what has been done with argyrodites, which may lead to new ionic conductors with

higher conductivity or better stability.

Supporting Information

Crystal structure and and Li* diffusion properties of Li1sP4S16Cl3
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Figure S1. Difference Fourier maps used to identify Li sites generated from synchrotron X-ray diffraction
data (left, where white regions indicate positive difference peaks associated with the Li electron density)
and time-of-flight neutron diffraction data (right, where white regions indicate negative peaks associated
with the Li coherent nuclear scattering length density). The residual positions from both X-ray diffraction
and neutron diffraction matches well with the refined positions from Rietveld refinement.

Table S1. Refined structure of Li;sP4S1sCls using synchrotron diffraction data (. = 0.24116 A).
S.G.1-43d a=14.3066(4) A

Site  Wyck. x y z Occ. Bis (A?)
Li(1) 12a 0.00000 0.25000 0.37500 1 3.65(48)

Li(2) 48e  0.1427(13) 0.2082(15) 0.5921(19) 1  3.65(48)
S(1) 16c  0.0322(2) 0.0322(2) 0.03222) 1  1.35(7)
S(2) 48  0.1086(2) 0.3428(3) 0.4721(2) 1  1.35(7)
Cl(1) 12b  0.00000 025000 087500 1  2.23(17)

P(1) 16c  0.1996(2) 0.1996(2) 0.1996(2) 1  1.18(13)
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Fig. S2. Nyquist plot of Li1sP4S16Cl3 at 30 °C.
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Fig. S3. The Mean-squared Displacement-time (MSD-t) relationship
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