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Liquid-phase synthesis is a useful technique for preparing argyrodite sulfide-based solid electrolytes, and
the synthesis conditions such as heat treatment strongly affect the conductivity. Because the
understanding of structural changes reveals crucial information about their properties, it is necessary to

evaluate this change during heat treatment to determine the factors that affect the conductivity. In this

study, X-ray diffraction measurements and transmission electron microscope observations reveal the
effects of heat treatment on the crystallinities and ionic conductivities in the synthesis process of
argyrodite electrolytes with tetrahydrofuran and ethanol. The amorphous material is in the main phase
when heated at low temperatures below 200 °C and exhibits relatively low conductivities of ca. 2 x
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10~* S cm™! despite precipitation of the argyrodite crystals. As the heat treatment temperature increases,

the ratio of argyrodite crystals increases, involving nucleation and grain growth, leading to high
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1. Introduction

Solid electrolytes are indispensable for achieving high energy
densities, high power densities, and long lifetimes in all-solid-
state batteries. Recently, sulfide-based solid electrolytes with
high ionic conductivities and favorable mechanical properties
have been focused on as a practicable material. Up until now,
Li;0GeP,S;,,"? Li;P3S;4,>* argyrodite,”® and NazPS, (ref. 9 and
10) sulfide-based solid electrolytes with conductivities of 107> to
107> S em™ " have been developed, realizing near-future appli-
cations of all-solid-state batteries.

A liquid-phase process for preparing the sulfide-based solid
electrolytes is a necessary technique to replace conventional
solid-phase and vapor-phase methods. Based on the initial report
on B-LizPS, synthesized using tetrahydrofuran (THF),"* there
have been several investigations of the liquid-phase syntheses of
various solid electrolytes such as B-Li3PS,,"*™* Li,P3S;;,""®
Li;P,Sgl,'** LigPS;X (X = Cl, Br, I, BH,),>%° and NazMS, (M = P,
Sb).>** In particular, we have focused on the liquid-phase
synthesis of argyrodite electrolytes via solutions because of
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conductivities of over 1073 S cm™2. It is critical to control the ratio of the amorphous and crystal phases
to achieve high conductivities in the synthesis of argyrodite electrolytes via liquid-phase processing.

their high applicability. By using bi-solvents of THF and ethanol
(EtOH), argyrodite electrolytes were synthesized through a simple
solution process. The electrolyte showed a high lithium-ion
conductivity of 3.1 mS em™" at 25 °C.? In addition, coating the
electrode active material particles with electrolytes and infil-
trating the electrolytes into the porous electrode sheets using the
precursor solutions were useful for obtaining dense composite
electrodes with wide electrode-electrolyte contact areas,
achieving high-performing all-solid-state cells.*?***3% These
results are sufficient for demonstrating the advantages of the
liquid-phase techniques for all-solid-state cells. To obtain
a deeper understanding of liquid-phase synthesis, the reaction
mechanisms in the solution and the structural changes after
removing the solvents must be clarified. Although we have
revealed that it is important for the precursor solutions to be
basic and not contain P-S-P bonds in the synthesis process of
argyrodite electrolytes,? it is also necessary to clarify the effect of
heat treatment on their ionic conductivities.

Herein, we investigated the relationship among the heat
treatment temperatures, crystallinities, and ionic conductivities
of LigPSsBr argyrodite electrolytes synthesized via solutions
using X-ray diffraction (XRD) measurement and transmission
electron microscope (TEM) observation. Because lower heat
treatment temperatures caused an amorphous component to
have higher volume ratios than the argyrodite crystal, the elec-
trolytes exhibited relatively low conductivities. The volume
ratios of argyrodite crystals increased with nucleation and grain
growth, accompanied by solid-state reactions, as the heat
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treatment temperatures increased, resulting in high conduc-
tivities of 107> S em ™" or more. The ratio of the amorphous and
crystal components was found to vary significantly in the liquid-
phase-synthesized electrolyte with the variation the heat treat-
ment temperature, which greatly affected the conductivity.

2. Results and discussion

2.1 Ionic conductivity measurement

Conductivities of the argyrodite electrolytes were evaluated by
electrochemical impedance measurements. Argyrodite electro-
lytes were synthesized in the same manner as reported previ-
ously.” Fig. 1(a) and (b) show Arrhenius plots and the
conductivities at 25 °C of the electrolytes heated at various
temperatures, respectively. Green compacts pressed at 720 MPa
were used for the measurements. Fig. S11 shows the Nyquist
plots of the electrolytes prepared by heating at 150 °C and
400 °C. One semicircle was observed for each electrolyte even at
the low temperature region, and thus the contribution of the
grain and grain boundary is not distinguished. The electrolytes
heated at 150 °C and 200 °C exhibit almost the same conduc-
tivities of ca. 2 x 107* S em™*, which is close to those of Li,S-
P,S; glasses.>**” As the heat treatment temperatures increase,
the conductivities dramatically increase. The electrolytes
exhibit conductivities of 1 mS cm™" or more when heated at
400 °C and higher. The electrolyte heat-treated at 550 °C
exhibits a maximum conductivity of 1.9 mS em™" at 25 °C,
comparable to that of LigPS;Br prepared by the solid-phase
method. The activation energies gradually decrease with the
increase in heat treatment temperature up to 500 °C (Table 1).
To obtain a deeper understanding of the changes in conduc-
tivities and activation energies with heating temperature, the
argyrodite electrolytes were evaluated using XRD measurements
and TEM observations.

2.2 X-ray diffraction measurement

The constituents of the electrolytes were elucidated by XRD
measurements. Fig. 2(a) presents XRD patterns of the argyrodite
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Table 1 Conductivities and activation energies of the argyrodite
electrolytes. Green compacts pressed at 720 MPa were used

HT temperature/°C 150 200 300 400 500 550
Conductivity at 25 °C/mS em™' 0.19 020 0.53 1.49 1.23 1.94
Activation energy/k] mol™* 42.3  40.3 383 312 27.7 349

electrolytes prepared by drying and heating at various temper-
atures. In the electrolyte dried at 80 °C, unknown diffraction
peaks are observed, as well as diffraction peaks attributed to the
argyrodite and LiBr crystals. Similar peaks are also detected
when the argyrodite electrolytes are dissolved into and precip-
itated from an EtOH solvent (Fig. S2t), suggesting that the
product is a precursor consisting of argyrodite crystals and
EtOH molecules. The electrolytes heated at 150 °C and 200 °C
mainly consist of argyrodite crystals with a small amount of LiBr
crystals, indicating that the precursor decomposed and
completely removed the solvent. When heating the electrolytes
over 300 °C, the Li,S crystal precipitates in addition to the
argyrodite crystal and LiBr crystal. Heat treatment at 400 °C
leads to a lower intensity of diffraction peaks of the LiBr crystal
and Li,S crystal. The XRD measurements provided the following
four qualitative results. The increase in heat treatment
temperatures resulted in (1) the decrease in intensities of the
halo patterns originating from the amorphous material, (2)
sharper diffraction peaks of the argyrodite crystal, (3) the
change in the peak intensities corresponding to 111 and 200
reflection indices, and (4) fewer impurities such as Li,S crystals
and LiBr crystals. To obtain quantitative results, Rietveld anal-
ysis was performed.

Crystallographic phase identification was performed using
powder XRD measurement and Rietveld analysis.*®* It can be
confirmed that all the electrolytes heated at temperatures
ranging from 150 °C to 550 °C possess argyrodite structures
(cubic, F43m, (216)) from the powder XRD patterns and Rietveld
refinement analysis (Fig. S31). The structural parameters are
listed in Tables S2-S7.t Fig. 2(b) presents the crystal structure
and bond-valence-sum (BVS) map isosurfaces (v.u. £0.25) of the
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Fig.1 Conductivities of the argyrodite electrolytes prepared by the liquid-phase technique. (a) Arrhenius plots and (b) the conductivities at 25 °C
of the argyrodite electrolytes. Green compacts pressed at 720 MPa were used.
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Fig. 2 Structural analysis of the argyrodite electrolytes using XRD measurement. (a) XRD patterns of the argyrodite electrolytes. (b) Crystal
structure and three-dimensional bond-valence-sum map isosurfaces of LigPSsBr heated at 400 °C with the outlined unit cell. The Li, P, S, and Br
sites are represented by gray, orange, purple, and green balls, respectively. Yellow isosurfaces have been obtained from the bond valence
technique (v.u. +£0.25). (c) Weight ratios of the constituents in the argyrodite electrolytes. (d) Lattice constants and (e) the crystallite sizes of

LigPSsBr crystals.

Table2 Weightratios of the constituents in the argyrodite electrolytes
calculated from a WPPF technique

HT temperature/°C 150 200 300 400 500 550
LigPS;Br crystal 30.3 35.4 49.7 65.2 63.0 64.5
LiBr crystal 4.3 4.6 7.2 1.5 1.1 2.3
Li,S crystal 0 0 6.0 2.8 1.3 2.5
Amorphous matrix 65.4 43.1 371 30.5 34.6 20.7

LigPSsBr crystal heated at 400 °C, which had a high conductivity
of 1 mS cm ™' or more. The S*>~ and Br~ anions form a face-
centered cubic sub-lattice (Wyckoff positions 4a and 4d) and
PS> tetrahedra (P on Wyckoff position 4b). The $> and Br~
anions randomly occupy the 4a and 4d sites because of their
similar ionic radii. The Li" ion site technique indicates that
a cage-like conduction pathway of lithium ions formed in three
dimensions, leading to high conductivities of the LigPSsBr
crystals.

Based on the structural parameters obtained from the Riet-
veld analysis, the constituents in the electrolytes were evaluated
using a whole powder pattern fitting (WPPF) technique with the

This journal is © The Royal Society of Chemistry 2019

Al, O3 crystal, which is a typical reference material. Mixtures of
the electrolyte and Al,O; crystal in a weight ratio of 50 : 50 were
prepared by calculating the amount ratios of the amorphous
phase in the electrolytes. XRD patterns and Rietveld refinement
analysis results of the mixture are also presented in Fig. S4 and
S5,} respectively. Fig. 2(c) and Table 2 present the weight ratios
of the argyrodite crystal, LiBr crystal, Li,S crystal, and amor-
phous material in the electrolytes heated at various tempera-
tures. Interestingly, the argyrodite crystal and LiBr crystal only
account for 30.3 and 4.3 wt% in the electrolyte heated at 150 °C,
respectively, indicating that the electrolyte primarily contained
Li-P-S-Br amorphous components. It is known that gas
generation, which is derived from the attached solvents, forms
the sulfide-based materials in the amorphous state during the
thermal decomposition of the precursor in the synthesis using
organic solvents.">* Similar phenomena are considered to have
occurred by decomposing the argyrodite precursor solvated by
THF and/or EtOH. The heat treatments over 300 °C precipitated
the LiBr crystal and Li,S crystal as impurities. However, the heat
treatments over 400 °C decrease the number of impurities and
increase the weight ratio of the argyrodite crystal to ca. 65 wt%.

RSC Adv., 2019, 9, 14465-14471 | 14467
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Fig. 3 Microstructure observation of the argyrodite electrolytes using
TEM observation. (a) BF images with ED patterns and (b) superposed
DF images of the argyrodite electrolytes heated at 150 °C and 400 °C.

In addition, the lattice constants of the argyrodite crystals
gradually increase as the heat treatment temperatures are
raised (Fig. 2(d)). Considering that the radius of Br~ ions (1.96
A) is larger than that of S*~ ions (1.84 A), these results suggest
that the LiBr crystal was incorporated into the argyrodite crystal
by the solid-state reaction. Interestingly, the amorphous phase
remain at proportions of more than 30 wt% in every electrolyte
heated at every temperature.

Fig. 2(e) presents the average crystallite sizes calculated from
the diffraction peaks of the 220, 311, and 222 reflection indices
of the argyrodite crystals. The heat treatments below 300 °C
promote nucleation of the argyrodite crystals. As the heat
treatments increase above 400 °C, the crystallite sizes increase
with the grain growth.
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2.3 Transmission electron microscope observation

To obtain a deeper understanding and mutual validation using
XRD measurements, the volume ratio of the crystals was directly
evaluated using ex situ TEM observations. The electrolytes
heated at 150 °C and 400 °C were used. Fig. 3(a) shows bright
field (BF) images with electron diffraction (ED) patterns ob-
tained from the observation areas marked by green circles.
Strong diffraction spots are observed in the ED patterns of the
electrolytes. By constructing the intensity profiles from the ED
patterns,~** the main crystalline phase was identified as the
argyrodite crystal, which is consistent with the results of the
XRD measurements (Fig. S61). Fig. S71 shows dark field (DF)
images of the electrolytes heated at 150 °C and 400 °C. Note that
the bright-contrast regions are different in each DF image.
Fig. 3(b) presents the images taken by superposing all the DF
images.***” The bright—-contrast regions corresponding to the
diffraction spots are visualized, enabling the spatial distribu-
tion of the crystallite to be clearly observed. The crystallite size
precipitated in the electrolyte heated at 400 °C is larger than
that heated at 150 °C. Moreover, it can be identified that large
crystallites are connected to each other and the number of grain
boundaries decreases in the electrolyte heated at 400 °C. From
the superimposed DF images, the volume ratio of the crystal-
lized region was calculated. The ESIT shows the detailed
calculation procedure. The volume ratios of the crystals are ca.
32 and 62 vol% in the electrolytes heated at 150 °C and 400 °C,
respectively. These values are in good agreement with those
obtained from the XRD measurement.

2.4 Effect of heat treatment

Fig. 4 summarizes the effect of heat treatment at various
temperatures on the argyrodite electrolytes synthesized by the
liquid-phase technique. When drying the solution at room
temperature, a precursor consisting of argyrodite and EtOH is
formed. Subsequent heat treatments below 200 °C lead to the
formation of amorphous components in the electrolytes.
Therefore, the electrolytes exhibit relatively low conductivities
of ca. 2 x 10°* S em ™! at 25 °C despite the precipitation of the
argyrodite crystals. As the heat treatment temperatures increase
from 200 °C to 400 °C, the ratios of argyrodite crystals increase
to ca. 65 wt% because of the crystallization involving the solid-

200°C 300°C 400 °C 500 °C 550 °C

Fig. 4 Effect of heat treatment on the formation mechanism and ionic conductivities of the argyrodite electrolytes prepared via liquid-phase

processing.
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state reactions. The electrolytes heated at over 400 °C exhibit
conductivities of over 107> S em™". In other words, the argyr-
odite electrolytes with high conductivities were prepared by the
two-step process of the liquid-state reaction, forming the
precursor that mainly includes the amorphous matrix and the
subsequent solid-state reaction between the precursor and
residual components. Moreover, the conductivities gradually
improve by heat treatments at higher temperatures because of
the growing crystallite sizes. Interestingly, the argyrodite elec-
trodes exhibit high conductivities of 107> S cm™" although the
amorphous components remain at ratios of more than 30 wt%
in all the electrolytes heated at any temperature. These results
indicate that the increase in the proportions of argyrodite
crystals in the electrolytes by controlling the nucleation and
grain growth processes is important for increasing the ionic
conductivities of the electrolytes synthesized via liquid-phase
processing. The compositional analyses will be done for Riet-
veld refinement to determine more accurate structure.

3. Conclusions

In conclusion, we revealed the effects of heat treatment on the
ionic conductivities of argyrodite sulfide-based solid electro-
lytes synthesized via liquid-phase processing. With simple XRD
measurements and TEM observations, it was possible to
quantify the fractions of not only the argyrodite crystal but also
the amorphous matrix in the electrolytes. The amorphous
matrix strongly affected the ionic conductivity. In particular,
when heated at low temperatures below 200 °C, where various
techniques such as coating and infiltrating can be applied to all-
solid-state batteries, the volume ratio of the amorphous phase
was large, suppressing the ionic conduction of the argyrodite
electrolyte. Enhancing the crystallinity by optimizing the
synthetic conditions such as selecting solvents with less steric
hindrances and controlling the heat treatment process is very
critical for achieving higher conductivities of the argyrodite
electrolytes synthesized by the liquid-phase technique.

4. Experimental section
4.1 Material synthesis

Argyrodite LicPSsBr solid electrolytes were synthesized by
a multi-step liquid-phase technique based on our previous
report.”® Li,S (Mitsuwa Chemical Co. Ltd., 99.9%), P,Ss (Aldrich,
99%), and LiBr (Aldrich, 99.9%) were used as the starting
materials. The synthesis was conducted via the following four
steps: (1) Li,S and P,S5 with a stoichiometry of 3 to 1 were mixed
in super-dehydrated tetrahydrofuran without a stabilizer (THF,
Wako). The mixture was stirred overnight. A THF suspension
containing the LizPS,-3THF precursor was thus obtained. (2)
Li,S and LiBr (1:1 molar ratio) were dissolved in super-
dehydrated ethanol (EtOH, Wako, 99.5%). (3) The THF
suspension and EtOH solution were mixed to obtain a pale
green THF-EtOH precursor solution of LigPS;Br. The final
molar ratio of Li,S, P,S5, and LiBr was 5 : 1 : 2 in the stoichio-
metric proportion of LigPSsBr. The concentration of LigPSsBr in
the THF-EtOH precursor solution was 4.5 wt%. (4) The

This journal is © The Royal Society of Chemistry 2019
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precursor solution was dried at 80 °C and 150 °C under vacuum
for 3 h to generate a solid powder. Further heat treatments at
200 °C, 300 °C, 400 °C, 500 °C, and 550 °C under Ar gas flow
were performed.

To identify the precursor of LigPSsBr, LigPSsBr prepared by
a mechanochemical (MC) technique® was dissolved into and
precipitated from the EtOH solvent. The MC treatment was
carried out using a planetary ball mill (Pulverisette 7, Fritsch)
with a zirconia pot (45 mL in volume) and 15 zirconia balls
(10 mm in diameter) at ambient temperature. The rotational
speed was set at 600 rpm and the milling time was 45 h. The
obtained LigPSsBr was dissolved into EtOH. After that, solid
powder was obtained by drying at room temperature under a dry
Ar atmosphere.

4.2 Ionic conductivity measurement

Ionic conductivities of the electrolytes were measured by elec-
trochemical impedance spectroscopy. The data were collected
in the range from 10 Hz to 1 MHz using an impedance analyzer
(1260, Solartron Analytical), with an applied AC voltage of 10-
25 mV. To determine the ionic conductivities, green compacts
were prepared by pressing at 720 MPa at room temperature. Au
current collectors were used. The pellet was sealed in a lami-
nate-type pouch cell to prevent exposure of the electrolytes to
air. The temperature dependences of the conductivities were
measured from the low-temperature region of about —30 °C.
The temperatures were controlled with an EtOH-cooled bath
and constant-temperature bath. The cells were held at the
specified temperature for 2 h to allow the system to reach
thermal equilibrium. Lithium-ion migration activation energies
were calculated from the slopes of the Arrhenius plots:

g = gy exp(—E,/RT)

where ¢ is the ionic conductivity, T is the absolute temperature,
g, is the pre-exponential factor for ionic conduction, E, is the
activation energy for ionic conduction, and R is the gas
constant.

4.3 X-ray diffraction measurement and Rietveld analysis

Crystallographic phase identification was performed using an
X-ray diffractometer (SmartLab, Rigaku) with Cu-Ko radiation.
Diffraction data were collected in steps of 0.02° over a 26 range
of 5-80° at a scan rate of 4° min~'. XRD measurements were
conducted using an airtight container with a beryllium window
to prevent exposure of the electrolytes to air. The computer
program RIETAN-FP*® was used for the Rietveld analysis. Visu-
alization of the crystal model was carried out using the VESTA
software.*® The lithium-ion migration pathway in the crystal
structure was analyzed by bond-valance-sum calculation using
the computer program PyAbstantia and RIETAN-FP.*

For evaluating the constituents in the electrolytes, whole
powder pattern fitting (WPPF) analysis was conducted using the
computer program PDXL2 (Rigaku Co.).* An Al,O; crystal was
used as a reference material. The analysis was conducted via the
following four steps: (1) structural parameters of the electrolytes

RSC Adv., 2019, 9, 14465-14471 | 14469
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and Al,O; crystal were obtained from Rietveld analysis. (2)
Mixtures of the electrolyte and Al,O; crystal at a weight ratio of
50 : 50 were prepared and XRD patterns were then obtained. (3)
Weight ratios of the Al,O; crystal and each crystal were calcu-
lated by the WPPF technique. Note that the structural parame-
ters of the electrolytes and Al,O; crystal were fixed. (4) Weight
ratios of the amorphous crystal were calculated according to the
following formula.

(Wargyrodite + Wi + WLilS)

|2 amorphous — "alumina —

4.4 Transmission electron microscope observation

The microstructure observation and volume ratio calculation of
the crystals were performed using a TEM system (JEM-2100,
JEOL) with an accelerating voltage of 200 kV. The sample was
mounted on an amorphous carbon film supported by a Cu grid,
which was attached to a double-tilt vacuum TEM holder (model
648, Gatan) in a dry Ar glove box. The pressure in the TEM
equipment was ca. 1.0 x 10~° Pa. Bright field (BF) images, dark
field (DF) images, and electron diffraction (ED) patterns were
obtained. The ED patterns were transformed into a one-
dimensional intensity profile by the computer program “Proc-
essDiffraction.”*** The amount ratios of the crystals were
calculated via the following four steps: (1) ED patterns from the
argyrodite crystal regions were obtained, which showed Debye
rings. (2) DF images were taken of all the diffraction spots
forming the Debye rings. (3) The regions corresponding to the
diffraction spots were visualized as bright-contrast regions by
superposing all the DF images. (4) The areas with a luminance
of 240 or more were regarded as crystallized regions, and the
pixel number was then integrated using the image processing
software “Image J” to calculate the volume ratio of the crystals.
Note that calculations were performed excluding the vacuum
region and thick electrolyte region (Fig. S87).
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