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ABSTRACT: The high Li-ion conductivity of the argyrodite LicPS;Cl
makes it a promising solid electrolyte candidate for all-solid-state Li-ion

(¢ < O Optimal
batteries. For future application, it is essential to identify facile synthesis ball milled Synthesis
procedures and to relate the synthesis conditions to the solid electrolyte m—
material performance. Here, a simple optimized synthesis route is e -
investigated that avoids intensive ball milling by direct annealing of the Toa "\_. Ball Milling ' 3
mixed precursors at 550 °C for 10 h, resulting in argyrodite LigPS;Cl with a P ._Method o5 ) AT
high Li-ion conductivity of up to 4.96 X 107> S cm™" at 26.2 °C. Both the @ . . w08 % 59
temperature-dependent alternating current impedance conductivities and 2 “w om{ @ Ng 8
solid-state. NMR spin—lattice relaxation rates demonstrate that the 5 “m ol
LigPSsClI prepared under these conditions results in a higher conductivity 2 : y to o os om
and Li-ion mobility compared to materials prepared by the traditional 5 ]

mechanical milling route. The origin of the improved conductivity appears 1000

to be a combination of the optimal local ClI structure and its homogeneous

distribution in the material. All-solid-state cells consisting of an 80Li,S—20Lil cathode, the optimized LisPSsCl electrolyte, and
an In anode showed a relatively good electrochemical performance with an initial discharge capacity of 662.6 mAh g~' when a
current density of 0.13 mA cm™ was used, corresponding to a C-rate of approximately C/20. On direct comparison with a
solid-state battery using a solid electrolyte prepared by the mechanical milling route, the battery made with the new material
exhibits a higher initial discharge capacity and Coulombic efficiency at a higher current density with better cycling stability.
Nevertheless, the cycling stability is limited by the electrolyte stability, which is a major concern for these types of solid-state
batteries.

KEYWORDS: sulfide solid electrolyte, argyrodite, structure, conductivity, solid-state batteries

B INTRODUCTION

The advent of the highly conductive sulfide-based solid
electrolytes has put all-solid-state batteries back into the
spotlight."~” These materials possess room temperature
conductivities comparable to that of liquid electrolytes making
them prime candidates for use in all-solid-state batteries. Such
battery systems are attractive due to the inherently higher
battery safety they provide.” '’ An important family of the
sulfide-based solid electrolytes is the Li-argyrodite LizPS;X (X
= Cl, Br, and I) providing Li-ion conductivities of up to 107> S
cm™! at room temperature.'”'> The high conductivity and the
low-cost of the starting materials make the Li-argyrodite a
viable candidate for application in all-solid-state batteries.
Currently, the most commonly used method to prepare Li-

milling durations required. Additionally, with this synthesis
route, it is difficult to obtain homogenous materials
reproducibly because of the high-speed milling process
involved."® An alternative wet chemical synthesis route based
on a dissolution—precipitation process via ethanol solution was
successfully proposed by Yubuchi et al,'® resulting in a
homogenous LisPS;Cl electrolyte. However, the ionic
conductivity of the LigPS;Cl electrolyte prepared with this
route was 107* S cm™! at room temperature, significantly lower
than that synthesized by the milling method.'®'” Deiseroth et
al. and more recently Kraft et al. both used direct heating of the
precursor mixtures to obtain the lithium argyrodites Li,PSX
(X = Cl, Br, and I),H’l8 which is a more time and energy
conserving route, also suitable for larger-scale synthesis of

argyrodites is high-energy mechanical milling for long
durations (Li,S, P,S, and LiCl/Br/I at >500 rpm for >10 h)
followed by annealing (550 °C for LizPS;Cl and 300 °C for
LigPSsBr)."”'* However, this route is less efficient being time
and energy intensive due to the high rotation speeds and long

-4 ACS Publications  © 2018 American Chemical Society

these materials. The synthesis route may influence the detailed
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structural properties that are responsible for the Li-ion
conductivity. The highest room temperature Li-ion conductiv-
ities reported for LigPS;Cl and LigPSBr have values up to 1073
S ecm™.'>"? It has been shown that the halogen distribution
over the sulfur sub-lattice has a critical influence on the Li-ion
conductivity.'”> Molecular dynamics (MD) simulations have
suggested that the distribution of the halogen over 4a and 4c
sulfur sites determines the jump frequency of all three kinds of
Li-ion jumps in the Li-argyrodite, i.e., doublet, intra-cage, and
inter-cage, maximizing the slowest jump frequency at 75%
occupancy of the halogen on the 4c sites. Furthermore, it has
been suggested that a homogeneous distribution of the halogen
in the material is important, as this homogeneously distributes
halogen charge compensating vacancies through the lattice."”
Kraft et al.'® have demonstrated that the softness of the lattice,
a consequence of the polarizability of the halogen atoms,
simultaneously leads to a lower activation energy,”’ and lower
attempt frequency for diffusion, such that there typically exists
an optimal balance to achieve the highest Li-ion conductivity.
Therefore, developing and optimizing synthesis conditions
should go hand in hand with detailed structural considerations,
so as to achieve materials with optimal Li-ion conductivity.
Here, the argyrodite Lic,PSCl, prepared using direct
synthesis'"'® is investigated in detail and compared with
LigPS;Cl prepared using the conventional mechanical milling
method.">”' The present solid-state method (referred to as the
SSM route) entails the simple mixing of the precursors
followed by annealing. The annealing temperature was varied
to achieve optimal synthesis conditions, resulting in higher Li-
ion conductivities for LigPS;Cl compared to that of the
material prepared by the conventional mechanical milling
route followed by annealing (ball milling annealing (BMA)
route). A detailed correlation between the structure and
conductivity is established via X-ray diffraction (XRD),
neutron diffraction (ND), temperature-dependent alternating
current (AC) impedance spectroscopy, and "Li spin—lattice
relaxation (SLR) NMR. Finally, all-solid-state batteries using
the optimized LigPS;Cl solid electrolyte in combination with
an 80Li,S—20Lil cathode were assembled and characterized.

B METHODS

Reagent-grade Li,S (99.98%, Sigma-Aldrich), P,S; (99%, Sigma-
Aldrich), and LiCl (99.0%, Sigma-Aldrich) crystalline powders were
used as starting materials. The required amounts of starting materials
were sealed in a tungsten carbide (WC)-coated (inner) stainless-steel
jar with 10 WC balls (8 g/ball) in an argon-filled glovebox (H,0, O,
< 0.3 ppm) because of the reactivity of the sample with oxygen and
moisture. The total weight of the starting mixture was approximately
3.0 g. The mixture was first ball-milled with a speed of 110 rpm for 1 h
to ensure the homogeneity of the obtained raw mixture, after which it
was sealed in a quartz tube and annealed at various temperatures
(300, 350, 400, 500, 550, and 600 °C) for 10 h to investigate the
optimum synthesis temperature to achieve phase-pure LiPS;Cl with
high lithium ion conductivity. The sample obtained from the above
route will be referred to as SSM-LizPS;Cl. While the sample prepared
by the mechanical milling process was named as BM-LisPS;Cl and the
sample obtained from the mechanical milling followed by a heat
treatment route was named as BMA-Li;PS;Cl, where more details on
the ball-milled route materials can be found in previous work.'>*'
Powder XRD patterns were collected over a 26 range of 10—100°
to identify the crystalline phases of different materials using Cu Ko X-
rays (4 = 1.5406 A at 45 kV and 40 mA) on an X'Pert Pro X-ray
diffractometer (PANalytical). To prevent the reaction with moisture
and oxygen, the powders were sealed in an air-tight XRD sample
holder in an argon-filled glovebox. Neutron diffraction data were

collected on the new neutron powder diffractometer PEARL of the
TU Delft. The data were collected at room temperature using the
(533) reflection of the germanium monochromator (4 = 1.665 A).
The sample was loaded under argon in a 6 mm diameter air-tight
vanadium sample can. The sample was measured for 18 h from 10.4
to 160° 26. The data treatment consisted of a detection efficiency
correction for each of the 1408 detector pixels and a subtraction of
the background, caused by the instrument and the sample can. The X-
ray and neutron diffraction data were refined simultaneously using the
Rietveld method implemented in General Structure Analysis System
(GSAS).**** The morphological characterization of the material was
performed with a scanning electron microscope (SEM, Hitachi S-
4800 II FESEM). For the transmission electron microscopy (TEM)
measurements, a suspension of LisPS;Cl in hexane was prepared
which was dropcast onto a standard gold TEM grid with a holey
carbon film, inside an argon-filled glovebox. To prevent the contact
with air or moisture, the TEM grid with the sample was loaded into a
custom-made vacuum transfer TEM holder. TEM measurements were
performed on an FEI-Tecnai operating at 200 kV.

The ionic conductivity of the LigPS;Cl electrolyte material was
determined by AC impedance spectroscopy. Samples for the
measurement were prepared by pressing 300 mg of LisPS;Cl powder
into a pellet with a 10 mm diameter under a pressure of 8 tons for 1
min. Stainless-steel disks were attached to both faces of the pellet. AC
impedance measurements were performed using an Autolab
(PGSTAT302N) in the frequency range of 1 Hz to 1 MHz with an
applied voltage of 0.01 V.

Solid-state NMR measurements were performed on a Chem-
agnetics 400 Infinity spectrometer (B, = 9.4 T), operating at a "Li
resonance frequency of 155.506 MHz. The 7/2 pulse length was
determined to be 3.1 ps with an radio frequency field strength of 75
kHz. Chemical shifts were referenced with respect to a 0.1 M LiCl
solution. The air sensitive Li;PS;Cl samples were sealed in custom-
made Teflon tubes in an argon-filled glovebox (H,0, O, < 0.3 ppm).
Variable temperature measurements were performed using a S mm
static goniometer probe. Spectra were acquired in the temperature
range of —100 to +180 °C. T, relaxation times were determined at
various temperatures using a saturation recovery experiment.

Laboratory-scale solid-state Li,S/SSM-LicPS;Cl/In and 80Li,S—
20LiI/SSM-LigPS;Cl/In batteries were prepared. For the Li,S/SSM-
LigPS;Cl/In solid-state cell, the cathode mixture was prepared as
follows: commercial Li,S was milled with a rotation speed of 500 rpm
for 4 h, and then subsequently mixed with SSM-LisPS;Cl, super P
(TIMCAL), and carbon nanofiber (CNF) with a weight ratio of
5:4:0.5:0.5 using a rotation speed of 510 rpm for 10 h to obtain the
final cathode mixture. For the 80Li,S—20Lil/SSM-LicPS;Cl/In solid-
state cell, the cathode mixture was prepared as follows: commercial
Li,S was first mixed with Lil with the designated ratio (mol %) and
milled with a rotation speed of 110 rpm for 1 h, and then
subsequently milled with SSM-Li;PS;Cl, super P (TIMCAL), and
carbon nanofiber (CNF) with a weight ratio of 5:4:0.5:0.5 using a
rotation speed of 510 rpm for 10 h to obtain the final cathode
mixture. A two-layer pellet, 10 mm in diameter, consisting of ~7.64 to
9.55 mg cm™? of the above-described cathode mixture and 140 mg of
SSM-LigPS;Cl solid electrolyte, was obtained by pressing the
electrode and electrolyte powders together by applying 6 tons of
pressure. A disc of In foil was subsequently attached to the other side.
Finally, the full solid-state battery pellet was pressed with 2 tons of
pressure for 30 s. The assembled cell was charged and discharged by
applying a current density of 0.13 mA cm™ between 0 and 3.0 V vs In
to evaluate its electrochemical performance. The obtained capacity
was normalized by the weight of Li,S and Li,S—Lil in the cathode,
respectively.

To demonstrate the position of the Li-ions and the Li-ion diffusion
pathways in LigPS;Cl a density functional theory (DFT) MD
simulation is performed similar to previous research.'” The DFT
MD simulations are performed using the Vienna ab initio simulation
package (VASP) within the GGA approximation and utilizing the
PAW-PBE basis set with a cutoff energy of 280 eV. The simulations
use one unit cell with periodic boundary conditions. The structure is
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Figure 1. Rietveld refinement of XRD data for the pristine precursor mixture annealed at various temperatures: (a) 300 °C, (b) 350 °C, (c) 400 °C,

(d) 500 °C, (e) 550 °C, and (f) 600 °C.

first relaxed with a 4 x 4 x 4 k-point mesh after which the number of k-
points is reduced to 1 x 1 x 1. Simulations are performed in the NVT
ensemble for 100 ps with 2 fs time steps, the temperature is scaled
every 1000 time steps.

B RESULTS AND DISCUSSION

To prepare a homogeneous mixture, the precursor materials
(Li,S, P,S, and LiCl) were mixed and ball-milled at a low
rotation speed of 110 rpm for 1 h. The obtained mixture was
then sealed in several quartz tubes, each of which was annealed
at a different temperature, from 300 to 600 °C for 10 h each to
determine the optimum annealing temperature. The XRD

33298

patterns of the samples obtained after annealing are shown
in Figure 1. For the sample annealed at 300 °C, the reflections
originating from the Li,S and LiCl precursors can still be
observed. As the annealing temperature is increased, the
reflections from Li,S and LiCl decrease and from the cubic
F43m LigPS;Cl phase increase. For annealing temperatures of
500 and 550 °C, the pure LisPS;Cl phase is obtained,
representing the cubic F43m structure as shown in Figure 2a.
However, for the sample prepared with an annealing
temperature of 600 °C, the reflections associated with Li,S
and LiCl appear again. Rietveld refinement of the XRD
patterns as implemented in GSAS,”” was performed including

DOI: 10.1021/acsami.8b07476
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Figure 2. (a) Unit cell of argyrodite LisPSCl in the F43m space group. Blue spheres represent Li atoms, orange represents phosphorous, yellow
represents sulfur, and green represents chloride atoms. (b) Li-ion density of LigPS;Cl at 500 K during a DFT-based MD simulation demonstrates
the diffusion pathway. The red surfaces correspond to higher Li-ion densities and blue surfaces to lower densities. The x, y, and z coordinates are
given in fractional coordinates. (c) The jump statistic plot between different Li sites resulting from the DFT-based MD simulation shown in (b).
The blue spheres indicate the 48h Li sites in the F43m group. The orange lines indicate jumps between the lattice sites. Thicker lines indicate
higher jump rates. Neutron diffraction patterns including their Rietveld refinement for the pristine SSM-LisPS;Cl material prepared by annealing at
various synthesis temperatures: (d) S00 °C, (e) 550 °C, and (f) 600 °C.

the precursor phases and the cubic LiPS;Cl (space group
F43m). To investigate the morphology and the distribution of
sulfur for the LisPS;Cl synthesized by the solid-state method,
SEM and TEM were performed on the SSM-LisPS;Cl
annealed at 550 °C. The SEM and TEM images are shown
in Figure S1. The energy-dispersive X-ray spectroscopy
mapping result shows a homogenous distribution of S in the
obtained SSM-LizPSClL

To demonstrate the lithium sites and diffusion pathways in
LigPS;Cl, density functional theory (DFT) molecular dynamics
(MD) simulations were performed similar to previous
research,'” the results of which are shown in Figure 2b,c.
The cage like diffusion connecting the 48h sites is clearly
recognized where the inter-cage diffusion was previously
reported to limit the macroscopic diffusion.'” To gain detailed
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insight into the impact of the synthesis on the argyrodite
structure, additional neutron diffraction (ND) was performed
on the samples obtained after annealing at 500, 550, and 600
°C, respectively, which are shown in Figure 2d—f. The neutron
diffraction patterns were simultaneously refined with the XRD
patterns measured for the same samples (Figure 1d—f). ND is
in particular important for determining the Li-ion positions
and the Cl/S distribution over the 4a and 4c sites which has
been shown to be a key parameter for the ionic
conductivity.' ' **!

During the refinement, shown in Figures 1 and 2, the sum of
the S and Cl occupancy on the 4a (0,0,0) and 4c (1/4,1/4,1/
4) positions has been restricted to unity, whereas the
occupancy of Li is not restricted. The mean square
displacement (Uiso) of the atoms on the 4a and 4c positions

DOI: 10.1021/acsami.8b07476
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Figure 3. (a) Phase fractions from XRD refinement of SSM-LigPS;Cl annealed at various temperatures (300, 350, 400, 500, 550, and 600 °C). (b)
The crystallite size and lattice parameters, all resulting from simultaneous refinement of the XRD and ND patterns of SSM-LizPS;Cl obtained after
various annealing temperatures and of the conventionally prepared BMA-Li;PS;Cl material (by mechanical milling followed by annealing). (c)
Inter-cage, intra-cage, and doublet relative jump distance of Li-ions of SSM-LizgPS;Cl annealed at various temperatures. (d) the distribution of Cl on

the 4c and 4a sites and the total Cl composition.

were coupled during the refinement, and the atomic displace-
ment factor of the lithium ions was set as anisotropic. The
results of the Rietveld refinement of the LiPS;Cl samples
prepared by annealing (400—600 °C) as well as the material
prepared by the conventional mechanical milling method are
summarized in the Supporting Information Tables S1—SS. The
resulting phase contributions after  annealing at differ-
ent temperatures are shown in Figure 3a, demonstrating that
the purest phase of LigPS;Cl can be obtained by annealing the
precursor mixture at 500 or 550 °C. The lattice parameters of
LigPS;Cl in the samples annealed at 400—600 °C have similar
values as shown in Figure 3b, comparable to previously
reported values." Increasing the annealing temperature to 550
°C leads to a clear decrease in the background of the XRD
patterns (seen in Figure 1), indicating that the amorphous
fraction decreases and the crystalline fraction increases. In
addition, the linewidth of the reflections is the smallest at 550
°C. This indicates that the largest average crystallite size is
obtained after annealing at this temperature (Figure 3b),
assuming that all line broadening is due to size broadening.
The minimal amounts of precursor phases and the amorphous
fraction and the maximum average crystallite size in the sample

33300

annealed at 550 °C all indicate that the most crystalline phase
pure material is obtained under these conditions.

In the LisPS;Cl argyrodite, three types of Li-ion jump
distances can be distinguished, all required to provide
macroscopic diffusion. These are jumps between the paired
48h sites (the doublet jump), between the different 48h pairs,
which interconnected form a cage of Li-ion diffusion around
the 4c sites (the intra-cage jump). The third type of jump
connects the cages and is therefore referred to as the inter-cage
jump.'® The distances for these three types of jumps, obtained
from the Rietveld refinement, are shown in Figure 3c and the
Cl distribution over the 4a and 4c sites is shown in Figure 3d.
The data for the BMA-LigPS;Cl argyrodite sample prepared by
the conventional mechanical milling route have been included
for comparison. The jump distances have been shown to
depend on the lattice parameters, where Kraft et al.'®
demonstrated that going from I, Br, to CIl, leads to smaller
differences in the three jump distances. This is a result of the
decreasing lattice parameters as a function of decreasing
halogen ion radius. For LigPS;Cl the three jump distances were
reported to differ at most by 0.7 A."® Interestingly, the present
results show a clear evolution in the Li*—Li* jump distances as

DOI: 10.1021/acsami.8b07476
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from 30 to 100 °C. (b) "Li spin—lattice relaxation times of BMA-LizPS;Cl and SSM-LizPS;Cl. (c) Arrhenius plots of the ionic conductivity of
pellets made from Li,S, 80Li,S—20Lil, and the mixture of LisPS;Cl and 80Li,S—20Lil. The ratio of the mixtures and the pressure used to make the
pellet corresponds to that of the assembled solid-state battery.
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a function of annealing temperature, despite the similar lattice
parameters as seen in Figure 3b,c. For the SSM-LisPS;Cl
annealed at 550 °C, the jump distances differ by values of not
more than 0.1 A, lower than the 0.7 A reported by Kraft et al."®
The CI distribution over the 4a and 4c sites, the phase purity
and crystallinity display significant variation as a function of
annealing temperature, as shown in Figure 3. Rao et al'?
showed that the Cl occupancy on the 4c sites increases to 50%
for an annealing temperature of 400 °C, where the Cl and S
mixing over the 4a and 4c sites is presumably a result of the
similar S and Cl ionic radii (1.81 pm for Cl~ and 1.84 pm for
$*7). Increasing the annealing temperature to above 400 °C
increases the Cl occupancy on the 4c site, indicating a slight
preference for Cl to occupy this site.'* At present, a similar
trend is observed i.e., an increased Cl occupancy on the 4c site
up to annealing temperatures of 500 °C. However, at an
annealing temperature of 550 °C, the Cl occupancy on the 4c
sites is slightly lower than for the sample annealed at 500 °C,
and significantly higher for the sample annealed at 600 °C as
seen in Figure 3d. It is worth noting that at 550 °C the total
amount of Cl is closest to the target LigPSsCl composition.
This most likely relates to the lowest fraction of precursor
phases left at 550 °C and the highest crystallinity, as shown in
Figure 3a,b, leading to the most phase-pure material closest to
the target composition. It should be noted that the sample
annealed at 500 °C also shows a higher lithium ion
conductivity than samples annealed at lower temperatures,
which is attributed to the lower amount of impurity phases in
the sample as shown in Figure 3a and the larger average
crystallite size depicted in Figure 3b.

To correlate the structural properties to the Li-ion
conductivity, AC impedance measurements of SSM-LicPS;Cl
materials annealed at different temperatures were performed in
a temperature range of 25—120 °C. The room temperature
lithium ion conductivity as a function of annealing temperature
is shown in Figure 4a and the temperature-dependent
conductivities for the samples prepared at different annealing
temperatures are shown in Figure 4b. The samples annealed at
temperatures exceeding 300 °C displayed a much higher Li-ion
conductivity. When the pristine mixture was annealed at 300
°C, precursor phases with a much lower lithium ion
conductivity, such as Li,S and LiCl were present in the
annealed sample, impeding lithium ion conduction. The
maximum value of the conductivity was found at 550 °C,
which was also significantly higher than that determined for the
BMA-LicPS;Cl material as discussed below. The activation
energies of the Li-ion conductivities of samples obtained after
annealing at different temperatures, derived from temperature-
dependent impedance spectroscopy and shown in Figure 4b,
are 0.36 eV for 300 °C, 0.32 eV for 350 °C, 0.35 eV for 400
°C, 0.35 eV for 500 °C, 0.33 eV for 550 °C, and 0.34 eV for
600 °C, respectively. Rao et al."* showed that to reach a room
temperature conductivity of 1 mS cm™ and a low activation
energy of 0.16 eV for LisPS;Cl, the samples synthesized by
mechanical milling followed by the annealing route had to be
heat-treated to at least 250 °C. The present direct solid-state
synthesis route by direct annealing at 550 °C, results in a
higher lithium ion conductivity (4.96 mS cm™ at 26.2 °C).
However, one should be cautious while comparing impedance
spectroscopy results as differences based on the pellet
morphology and contacts of the electrodes with the pellet
may be found.

For direct comparison between the annealing and
mechanical milling preparation routes, impedance spectrosco-
py was performed from 30 to 100 °C for both the BMA-
LigPS;Cl and SSM-LizPS;Cl annealed at 550 °C, the results of
which are shown in Figure Sa and the spectra at selected
temperatures are shown in Figure S2. At 32 °C, the
conductivity of SSM-LigPS;Cl is 5.99 X 10~ S cm™, which
is higher than the 3.25 X 107> S cm™' obtained for BMA-
LigPS;Cl. Also, at 100 °C, the conductivity of SSM-LisPS;Cl is
higher at 0.061(1) S cm™" compared to the 0.036(1) S cm™
obtained for BMA-LigPS;Cl. The temperature dependence of
the conductivity for both BMA-LizPS;Cl and SSM-LisPS,Cl
materials obeys an Arrhenius equation, 6 = A exp(—E,/RT). As
displayed in Figure Sa, the activation energy for the
conductivity deduced from the Arrhenius behavior is smaller
for the SSM-LiPS;Cl at 0.33(8) than 0.35(2) eV obtained for
BMA-Li4PS;Cl, indicating more facile Li-ion diffusion in the
former.

While the conductivity obtained from the impedance data
potentially includes contributions from other charge carriers
and from interfaces, solid-state “Li NMR selectively probes Li-
ion motion on short diffusion length scales, reflecting the
intrinsic Li-ion mobility.”*** To compare the intrinsic Li-ion
mobility, temperature-dependent "Li spin—lattice relaxation
rate (1/T;) measurements were performed for both BMA-
LigPS;Cl and SSM-LigPS;Cl, the results of which are shown in
Figure Sb. The temperature dependence of the "Li spin—lattice
relaxation (SLR) rates in the laboratory frame can be used to
quantify the Li-ion jump frequency and the corresponding
energy barrier. This is based on the assumption that the
variation in spin—lattice relaxation is only induced by Li-ion
mobility in the Li-containing material.”**” The hopping
frequency is given by 1/7, where 7 is the average residence
time between the subsequent jumps. When the hopping
frequency is in the order of the Larmor frequency (w,), 1/T;
reaches a maximum as a function of temperature, indicating the
maximum transfer of energy toward the Li-ion nuclear spin. In
the laboratory frame, an absolute lithium jump rate can be
deduced from the maximum condition 7-@, &~ 1 which is valid
at the maximum relaxation rate.”® From Figure Sb, it is
observed that the maximum SLR rate is reached at 333 K for
SSM-LicPSsCl and at 345 K for BMA-LigPS;Cl. This
corresponds to the same lithium jump frequency (9.80 X 10°
s7!) calculated based on the above-described maximum 1/T,
relaxation condition. SSM-LigPS;Cl displays the same lithium
jump frequency at a lower temperature when compared to
BMA-LisPS;Cl, indicating that the SSM route results in a faster
intrinsic Li-ion mobility, at least in the low-temperature regime
(<100 °C), consistent with the temperature-dependent
impedance results. Assuming Arrhenius behavior for the Li-
ion residence time, 7 = 7, exp(—E,/(ksT)), the slope of the
high and low-temperature regimes of the SLR rates are related
to the activation energy for different Li-ion motional processes,
yielding activation energies of 0.16 and 0.19 eV for SSM-
LigPS;Cl and 0.09 and 0.29 eV for BMA-LicPS;Cl, for the local
Li-ion (not contributing to macroscopic diffusion) and long-
range (multiple jumps) Li-ion diffusion, respectively. The long-
range activation energies of both BMA-Li,PS;Cl and SSM-
LigPSsCl are smaller compared to that of the temperature-
dependent impedance results. Most likely, this is because the
activation energy deduced from the impedance includes both
bulk and grain boundary contributions, while that obtained
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Figure 6. First four (dis)charge curves and the cycling performances of all-solid-state batteries 80Li,S—20Lil/LisPS;Cl/In (a, b) and Li,S/
LigPS;Cl/In, based on the SSM-LizPS;Cl material annealed at 550 °C, (c, d) measured at a current density of 0.128 mA cm™* applied between 0

and 3.0 V vs In (0.62—3.62 V vs Li"/Li).

with “Li SLR NMR reflects only the contribution from the bulk
Li-ion mobility.

The structural analysis as shown in Figure 3 and previous
research'®'>'®'? on argyrodites indicates that many aspects
play a role in determining the Li-ion conductivity. As
demonstrated by Kraft et al,'® the smaller halogen radius
going from I to Br to Cl decreases the lattice parameters, which
results in a smaller inter-cage jump distance. This results in a
decreased lattice softness, effectively promoting the ionic
mobility, competing with the decreasing polarizability, going
from I to Br to Cl, that has been generally associated with
decreasing the ionic mobility."® Molecular dynamics simu-
lations based on DFT of the argyrodite LigPS;X (X = Cl, Br)
structure demonstrated that detailed distribution of the
halogen dopant over the 4a and 4c sites also has profound
influence on the Li-ion mobility through the distribution of
halogen charge compensating vacancies and jump frequen-
cies."” The simulations suggest that the intra-cage jumps are
promoted by Cl on the 4c sites, whereas the inter-cage
diffusion is promoted by Cl on the 4a sites.'” Because
macroscopic diffusion requires both inter-cage and intra-cage
diffusion, a homogeneous distribution of the halogen over the
4a and 4c sites is required for high Li-ion mobility."”'? Figure
3c indicates that the annealing temperature affects the Li*—Li*
jump distances, which cannot be explained by the nearly
constant lattice parameters. However, the changing Cl
distribution over the 4a and 4c positions as a function of

33303

annealing temperatures (see Figure 3d) suggests that this may
also influence the Li*—Li" jump distances. Indeed, when Cl
replaces S on the 4c site, in the center of the Li-ion cage, the
average Li-ion position is located further from the center of the
cage,” most likely due to the smaller Coulombic attractive
force. As a consequence, the Li cage becomes larger, which in
combination with constant lattice parameters increases the
doublet and intra-cage jump distances and reduces the inter-
cage jump distance to similar values. Therefore, we suggest that
the Cl distribution also influences the lattice softness,
consequently influencing the jump frequencies, bringing
together the mechanistic insights of Kraft et al.'® and de
Klerk et al.'"® The observation that the present material has
very similar Li*—Li* jump distances indicates that the
preparation conditions result in the optimal S/Cl local
environment for a high Li-ion mobility. For the overall
conductivity, an additional factor is the structural homogeneity
of the material. Not surprisingly, if the optimal local CI
environment for Li-mobility is more homogeneously achieved
throughout the solid electrolyte material, this will result in
more mobile Li-ions and hence in a higher overall conductivity.
As previously reported, the mechanical milling preparation
method for LisPS¢Br resulted in an inhomogeneous distribu-
tion over the 4a and 4c crystallographic sites, which was
suggested to result in an inhomogeneous Li-ion mobility
throughout the material."”” At present the SSM-LisPSCl
material annealed at 550 °C shows the highest conductivity,
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and structurally it has the highest crystallinity at and the closest
to target composition. This suggests that this material also has
the largest degree of homogeneity. Therefore, we propose that
Li'—Li* jump distances that strongly determine the jump
frequencies are determined by the Cl distribution over 4a and
4c sites. In addition, the homogeneous distribution of the
dopant environments in the argyrodite structures is critical in
achieving optimal Li-ion conductivity. At present, this is
demonstrated by variation of the preparation conditions, at the
same time providing the almost optimal preparation of the
argyrodite LigPS;Cl material.

To test the solid electrolyte material that displays the largest
conductivity, the SSM-LizPS;Cl annealed at 550 °C, solid-state
batteries were prepared and electrochemically evaluated.
Previous research® has shown that the ionic conductivity of
the Li,S cathode mixture can be improved by adding 20%
(molar ratio) of Lil. This was shown to enhance the room
temperature electrochemical performance of an all-solid-state
cell prepared by combining an 80Li,S—20Lil cathode with a
75Li,S—25P,S; solid electrolyte.”” In a similar manner, we
prepared all-solid-state batteries by combining pristine nano-
Li,S and 80Li,S—20Lil cathodes with the SSM-LicPS,Cl
(annealed at S50 °C) solid electrolyte. Figure 6 shows the
first four (dis)charge curves and the cycling performance of
these two all-solid-state batteries, i.e., Li,S/LigPS;Cl/In and
80Li,S—20Lil/LicPS;Cl/In. Both solid-state batteries were
galvanostatically cycled with the same (dis)charge current
density of 0.128 mA cm™* between 0 and 3.0 V vs Indium to
evaluate the electrochemical performance. The capacities are
normalized to the mass of the nano-Li,S and the 80Li,S—20Lil
active material. The initial charge and discharge capacities of
Li,S/LigPS;Cl/In solid-state cell are 534.7 and 418.7 mAh g,
yielding a Coulombic efficiency of 78.3%. For the 80Li,S—
20LiI/LigPSsCl/In all-solid-state battery, the corresponding
initial charge and discharge capacity are 828.0 and 662.6 mAh
g ' and the initial Coulombic efficiency is 80.0%, significantly
better than that of the Li,S/Li,PS;Cl/In solid-state cell. As
shown in Figure 6d, after 21 cycles, the Li,S/LisPSsCl/In
solid-state cell retains a capacity below 100.0 mAh g~'. By
introducing Lil in the Li,S—LigPSsCl cathode mixture, the
cycling performance of the all-solid-state 80Li,S—20Lil/
Li,PS;Cl/In battery is significantly improved as shown in
Figure 6b. As shown in Figure 6b,d, the changes in Coulombic
efficiency for both all-solid-state batteries suggest that side
reactions occur during the cycling of both cells, which may be
associated with the decomposition of the solid electrolyte in
both the cathode mixture and the solid electrolyte layer.”
Previous research has reported that the decomposition of the
solid electrolyte leads to the formation of products at the
interface which can be expected to retard the Li* mobility and
lead to a large interfacial charge transfer resistance during
cycling.’*™** XPS data has shown that LigPS;Cl has an
electrochemical redox activity in the positive electrode, which
can be partially oxidized into LiCl, P,S;, and polysulfides Li,S,
upon charge.”" The introduction of Lil in the cathode mixture
may work as a protective layer separating particles of the Li,S
active material and the solid electrolyte, reducing the redox
reaction, potentially explaining the better cycling performance
of the 80Li,S—20Lil/LizPS;Cl/In all-solid-state battery.

To evaluate the electrochemical stability of SSM-LigPS¢Cl
(550 °C) against the lithium metal, a galvanostatic cycling test
was performed. Lithium was plated and stripped in a Li/
LigPS;Cl/Li symmetric cell at room temperature with a

constant current density of 0.1 mA cm™?, the result of which

is shown in Figure S3. The voltage increases slowly upon
cycling, indicating an unstable interface and an increased
interfacial resistance between SSM-LizsPS;Cl and the Li-metal.
Previous work has shown that Indium foil is a suitable anode
material for the LigPS;X (X = CI, Br)-based all-solid-state
battery.'>*' Cyclic voltammograms of both Li,S/SSM-
LigPS;Cl/In and 80Li,S—20Lil/SSM-LicPS;Cl/In all-solid-
state cells were investigated by applying different voltage
windows from 0 to 3.0 to 4.28 V vs In, as shown in Figure S4.
The intensity of the cathodic and anodic peaks can be
attributed to the charge and discharge capacities, and the
difference between these peaks is a rough indication of cycling
efficiency. It can be observed from Figure S4 that the 80Li,S—
20Lil/SSM-LigPS;Cl/In all-solid-state cell displays a better
cycling efficiency compared to the Li,S/SSM-LisPSsCl/In cell,
although cyclic voltammetry is not accurate in determining the
detailed electrochemical stability. Moreover, compared to our
previously reported results combining BMA-LizsPS;Cl and Li,S
in a cathodic mixture,”* both Li,S/SSM-LisPS;Cl/In and
80Li,S—20Lil/SSM-LigPSsCl/In solid-state cells show larger
initial discharge capacities with a higher initial cycle coulombic
efficiency. It should be noted that the present capacities were
attained by cycling at a higher (dis)charge current density i.e.,
0.128 mA cm™? compared to the 0.064 mA cm™> used
previously. There are two possible reasons for the better
electrochemical performance of the present solid-state cell.
First, due to the improved room temperature Li-ion
conductivity of SSM-Li,PS;Cl prepared by the present
synthesis route, which is supported by both the temperature-
dependent AC impedance and “Li spin—lattice relaxation
NMR measurements described in the previous section. Second,
introducing Lil will enhance the Li-ion conductivity of the
cathode material,”® as shown in Figure Sc. After the
introduction of 20% (mol) of Lil, the lithium ion conductivity
of the cathode is improved and its activation energy is
decreased. Moreover, the rate capability of both Li,S/SSM-
LigPS;Cl/In and 80Li,S—20Lil/SSM-LicPS;Cl/In all-solid-
state batteries under various charge/discharge current densities
(0.25, 0.63, and 2.5 mA cm™?) were performed and are shown
in Figure SS. Although the rate performances of both all-solid-
state batteries were poor, the latter showed higher discharge
capacities than that of the former under various current
densities, confirming that the electrochemical performance was
improved by the introduction of Lil in the cathode mixture. To
find the origin of this improvement, electrochemical
impedance spectroscopy (EIS) before and after the rate
capability measurements were performed to determine the
change in resistance. EIS results in Figure S6 show that by
introducing the Lil in the cathode mixture, both the resistances
of the solid electrolyte and of the interfacial contact increases
more slowly. However, the result reported here (Figure 6b,d)
is not as good as that reported by Han et al.”® They prepared a
homogeneous Li,S—C—LisPS;Cl nanocomposite electrode via
a wet chemical method and achieved a large reversible capacity
of 830 mAh g~' at 0.18 mA cm ™ for 60 cycles. This gives us a
hint that to improve the electrochemical performance of
lithium argyrodite-based all-solid-state batteries fabrication of
better interfacial contacts is essential.**™

B CONCLUSIONS

Argyrodite LigPS;Cl with an ionic conductivity of up to 4.96 X
107° S cm™ at 26.2 °C was synthesized by a simple direct
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solid-state method; avoiding the complexity of the conven-
tional high-energy milling route. SSM-Liz,PS;Cl prepared with
this route results in a higher Li-ion mobility compared to
BMA-LigPSsCl prepared by the traditional milling route, as
demonstrated, both by temperature-dependent AC impedance
and spin—lattice relaxation "Li NMR measurements. Annealing
at 550 °C results in the most phase-pure and crystalline solid
electrolyte material. The resulting material is suggested to have
the most homogeneous Cl distribution and optimal local Cl
structure, which is necessary to achieve the optimal Li-ion
conductivity by maximizing the Li-ion mobility as well as the
number of mobile Li-ions. Combined with an improved Li,S
cathode, 80Li,S—20Lil, and an In anode, the prepared
LigPS;Cl shows promising electrochemical performance,
delivering an initial discharge capacity of 662.6 mAh g™
under the current density of 0.128 mA cm™> and retaining
330.0 mAh g~ ! after 40 cycles. Although high ionic mobility in
a solid electrolyte is a key factor for solid-state batteries,
electrolyte degradation and contact loss are major challenges
that need to be addressed to achieve stable cycling.
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