
Journal of The Electrochemical
Society

     

OPEN ACCESS

Application of Rod-Like Li6PS5Cl Directly Synthesized by a Liquid Phase
Process to Sheet-Type Electrodes for All-Solid-State Lithium Batteries
To cite this article: Sunho Choi et al 2019 J. Electrochem. Soc. 166 A5193

 

View the article online for updates and enhancements.

This content was downloaded from IP address 166.104.66.186 on 23/06/2021 at 08:25

https://doi.org/10.1149/2.0301903jes


Journal of The Electrochemical Society, 166 (3) A5193-A5200 (2019) A5193

JES FOCUS ISSUE OF SELECTED PAPERS FROM IMLB 2018

Application of Rod-Like Li6PS5Cl Directly Synthesized by a Liquid
Phase Process to Sheet-Type Electrodes for All-Solid-State Lithium
Batteries
Sunho Choi, Jiu Ann, Jiyae Do, Seungwoo Lim, Chanhwi Park, and Dongwook Shin z

Division of Materials Science & Engineering, Hanyang University, Seongdong-gu, Seoul 04763, Korea

All-solid-state lithium batteries employing sulfide-based solid electrolytes have emerged as promising next-generation batteries for
large-scale energy storage applications because of their safety and high energy density. Among them, Li6PS5X (X = Cl, Br, I) with
an argyrodite structure synthesized by planetary milling exhibits a rather high lithium ion conductivity of 10−2 – 10−3 S cm−1 at
room temperature. Unfortunately, the planetary milling process has the disadvantage of producing the solid electrolytes with large,
round-shaped particles. Recently, the solid electrolytes have been synthesized by not the mechanical milling but the liquid-phase
process, which facilitates synthesis of sub-micrometer- to nanometer-sized solid electrolyte particles. It is important to reduce the
particle size of the solid electrolyte to promote intimate contact with the active material in the composite cathode. Here, rod-like
Li6PS5Cl solid electrolyte with a high ionic conductivity of 1.1 × 10−3 S cm−1 at room temperature was, for the first time, directly
prepared by a liquid phase process using only a stirring method. SEM images showed the electrolyte had a rod-like morphology with
a length of 20–30 μm and a width of 2–3 μm. The composite cathode was prepared from a slurry and the cell performances were
investigated.
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Lithium-ion batteries have been widely used in electronic devices
and transportation, which are key devices for current and future so-
ciety. However, lithium-ion batteries currently face safety concerns
related to two critical challenges: the flammability of the liquid elec-
trolytes and their high energy density, especially for applications in
electric vehicles and energy storage systems. All-solid-state lithium
batteries (ASSBs) with a sulfide-based solid electrolyte have attracted
considerable attention as one of the best possible solutions due to
their high energy density and their potential to be compatible with Li
metal and nonflammable inorganic solid electrolytes. The challenge
for ASSBs is the lithium ion path in the solid components. Not only
a high lithium ion conductivity of the solid electrolyte, but also a
large contact area between the solid electrolyte and the active materi-
als are mandatory. Furthermore, sulfide-based solid electrolytes have
unique mechanical properties such that the grain boundary resistance
is small. The sulfide-based solid electrolytes, such as Li10GeP2S12,
Li7P3S11, and Li2S-P2S5 glasses, are promising solid electrolytes for
ASSBs with high lithium ion conductivity (10−2 – 10−4 S cm−1).1,2

Among them, Li6PS5X (X = Cl, Br, I) with an argyrodite structure
exhibits a rather high lithium ion conductivity of 10−2 – 10−3 S cm−1

at room temperature. For these reasons, favorable interfaces between
active material and solid electrolyte are easily formed by preparing
composite cathode of ASSBs and moderate to apply for the compos-
ite cathode. Nonetheless, it is difficult to prepare a cathode composite
with a large contact area between the solid electrolyte and the active
materials by a solid process of mixing the two powders. In contrast,
a solution process has the advantage of preparing the composite cath-
ode by forming the solid electrolyte layer on active materials with a
precursor solution of solid electrolyte because the starting materials
are dissolved in a solvent and subsequently precipitated, and conse-
quently the particle size of the solid electrolyte is smaller than that of
the mechanically milled solid electrolyte. Thus, a large contact area
between the solid-solid particles as well as a reduction of the thickness
of the electrolyte layer can be achieved.3,4 Significantly, the electrolyte
coating formed as a solid electrolyte layer on the active material by the
solution process can bring a large contact area, although the weight
ratio of the active material in the composite cathode increases so that
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an increase of capacity can be expected from the solution process. For
this reason, the synthesis of Li6PS5Br and Li6PS5Cl with high lithium
ion conductivity, which is of particular interest for a solution process
using ethanol, has been recently reported as an alternative method
to mechanical milling.5,6 Li6PS5Cl is of particular interest due to its
extraordinarily high conductivity in the crystalline phase.

The solution process includes three steps. First, the solid elec-
trolyte is synthesized by the mechanical milling method using a plan-
etary ball mill apparatus. Second, the synthesized solid electrolyte is
dissolved in ethanol to produce the precursor solution. Finally, the
precursor solution is heat treated and solid electrolyte is precipitated.
The mechanical milling method using a planetary ball mill appara-
tus often produces only gram-scale powders and takes long times,
such that large-scale synthesis remains challenging. This difference is
illustrated by the schematic diagram shown in Figure 1.

Recently, solid electrolytes have been synthesized without a
mechanical milling process in order to overcome these problems.
β-Li3PS4 was synthesized by reacting Li2S and P2S5 in tetrahy-
drofuran and then treating with heat. Some of the authors have
reported Li7P3S11 was prepared by stirring Li2S and P2S5 in 1,2-
dimethoxyethane or acetonitrile. The Li7P3S11 had a lithium ion con-
ductivity of 9.7 × 10−4 S cm−1. The liquid phase process has proven to
be an effective method for synthesizing micro- to nano-particle solid
electrolyte with controllable particle size and morphology.7 The liq-
uid phase process has great flexibility and control in terms of material
preparation. For example, composites of solid electrolyte and active
materials or solid electrolyte and conductive carbon can be obtained
directly from the liquid phase process.8,9 Unfortunately, reported ionic
conductivities of solid electrolytes using the liquid process are lower
than those obtained by mechanical milling or solid-state methods.5,8,10

Additionally, there are no studies related to the liquid phase process
for the use of argyrodite-type Li6PS5Cl without a mechanical milling
process.

In this study, rod-like Li6PS5Cl was, for the first time, prepared as a
solid electrolyte using the liquid phase process with just two steps, and
excluded the mechanical milling process.11 Importantly, we developed
Li6PS5Cl with an argyrodite-type structure by directly synthesizing it
in a liquid phase process using the only stirring, yielding a material
with a high ionic conductivity of 1.1 × 10−3 S cm−1 and a rod-like
morphology with dimensions of 20–30 μm in length and 2–3 μm in
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Figure 1. a) Previous method: solution process to pulverize the mechanically milled solid electrolytes, add them to the ethanol solvent; our group’s method:
liquid phase process to put starting materials into the ethyl acetate solvent directly. b) Differences of microstructures and specific surface area between the solid
electrolytes obtained by the previous method and our group’s method.

width. Reducing the solid electrolyte particle size could significantly
enhance the electrochemical properties of all-solid-state batteries
because the contact area between the solid electrolyte and the active
materials in the composite cathode and their packing density could
be increased. This method has the advantage of simple experimental
manipulation, fabrication of fine solid electrolyte, and morphologi-
cal control provided by the types of solvents used. The sheet-type
composite cathode, composed of LiCo0.6Ni0.2Mn0.2O2 powders, solid
electrolyte obtained by the liquid phase process, conducting additives,
and binder as dispersant, was fabricated and evaluated as a cathode
material in ASSBs in terms of its charge-discharge characteristics.
We compared the above solid electrolyte with Li6PS5Cl obtained by
mechanical milling but not the three-steps, because the Li6PS5Cl solid
electrolyte obtained by the three-steps method had a lower ionic con-
ductivity due to the reaction between the solid electrolyte and ethanol
solvent, such that only the effect of the increased contact area of the
morphology of the solid electrolyte could be differentiated.

Experimental

The solid electrolyte of Li6PS5Cl (Sample 1) was prepared in
two steps. First, the starting materials of Li6PS5Cl were stirred into

ethyl acetate (EA). All the synthesis processes and characterizations
except for heat-treatment were performed under a dry Ar atmosphere.
Reagent-grade Li2S (Alfa Aesar, 99.9%) and LiCl (Aldrich, 99.9%)
were put into the EA solvent and mixed with stirring for 1 h in
order to preferentially dissolve and react due to their low solubilities.
Subsequently, P2S5 (Aldrich, 99%) was put into the solution with
stirring for 23 h at 280 rpm, where the molar ratio of Li2S:P2S5:LiCl
was 5:1:2. The concentration of the Li6PS5Cl solution was 0.06M.
Second, in order to completely dry the EA from the precipitated solid
electrolyte, the solution was dried at 30◦C for 12 h under vacuum and
then heated at a rate of 5◦C min−1 to a final temperature of 550◦C for
5 h.

To distinguish and differentiate the effects of particle size and
morphology, a comparison sample of the solid electrolyte of Li6PS5Cl
(Sample 2) was synthesized using a conventional mechanical milling
method.12 First, reagent-grade Li2S (Alfa Aesar, 99.9%) and LiCl
(Aldrich, 99.9%) were weighed and mixed at a molar ratio of 5:1:2, and
the mixture was transferred to an alumina pot (volume of 100 mL) with
12 zirconia balls (10 mm in diameter) in heptane (Aldrich, anhydrous,
99%). Second, mechanical milling was carried out at 520 rpm for 45
h using a planetary ball mill apparatus (Fritsch, Pulverisette 7). Third,
after removing the solvent (heptane) at 120◦C for 3h, the obtained
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Figure 2. Fabrication method of sheet-type composite cathode used for the Li6PS5Cl solid electrolyte obtained by the liquid phase process.

material was heated at a rate of 5◦C min−1 to a final temperature of
550◦C for 5 h.

In order to examine the crystalline structure of both samples,
X-ray diffraction (XRD) patterns of the samples were obtained with an
X-ray diffractometer (Rigaku, Ultima IV) with Cu-Ka radiation (λ =
1.542 Å) at room temperature. To avoid air exposure, the samples
were sealed in an airtight container covered with a polyimide thin film
and mounted on the X-ray diffractometer. The Raman spectrum was
measured using a Raman spectrometer (Horiba Jobin Yvon, LabRam
Aramis) equipped with a 514 nm wavelength argon ion laser. The
samples were pelletized with a uniaxial press under 135 MPa with
an 8 mm diameter and packed into a small quartz box. The Raman
spectra were measured by focusing the microscope on the surface of
the sample through the quartz glass.

Ionic conductivities of the samples were measured using an elec-
trochemical impedance analyzer (Wonatech, SP5) in the frequency
range of 0.1 Hz–1 MHz. The samples were pelletized under a pres-
sure of 140 MPa with a uniaxial press, producing pellets of 13 mm
diameter and a thickness of ∼1 mm. The prepared pellets were placed
in a mold made from polyether ether ketone with two stainless steel
rods used as blocking electrodes.

The morphology of the solid electrolytes and the microstructure
of the composite cathodes were observed using a field emission scan-
ning electron microscope (FE-SEM, S-4800, Hitachi, Japan). Cross-
sectional surfaces of the composite cathodes were prepared by pol-
ishing at 6 kV for 3 h with an Ar ion beam (FE-SEM, Regulus 8100,
Hitachi, Japan). The composite cathode slurry was prepared by mixing
LiNbO3-coated LiNi0.6Co0.2Mn0.2O2, the solid electrolytes prepared
with EA and ethanol solvent, respectively, Super-P carbon (TIMCAL),
and nitrile rubber in xylene with mortar and pestle at a weight ratio
of 68:29:1.5:1.5. The slurries were then coated on Al foil using the
doctor blade technique. The layers were dried at room temperature for
1 h and subsequently at 120◦C for 2 h under vacuum. The thickness
of the composite cathode sheet was 91 μm. It is thin enough to have
reaction channels of the composite cathode thick film and enough to
the amount of conductive additive which makes electron pathways.13

The total surface area (Brunauer-Emmett-Teller (BET)) of the solid
electrolytes were analyzed on a Micromeritics 3Flex installed at the
Hanyang LINC+ Analytical Equipment Center (Seoul) to confirm the
morphology of the solid electrolytes.

For the cell assembly, the composite cathode layers and Li6PS5Cl
solid electrolyte (150 mg) were then pelletized with a uniaxial press
at a pressure of 135 MPa (13 mm diameter) for 1 min, and subse-
quently, Li0.5In powders as a negative electrode were pelletized onto
the opposite side of the composite cathode under 370 MPa pressure

for 5 min. The Li0.5In powders were prepared by mixing Li (FMC
Lithium Corp.) and In (99%, Sigma-Aldrich) powders. The obtained
three-layer pellet was fabricated into a mold-type cell and the cell
performance was investigated at room temperature using a charge-
discharge measurement device (TOSCAT-3100, Toyo System, Japan)
under variable C-rates. (A series of experiments are illustrated in Fig-
ure 2). Electrochemical impedance spectroscopy measurements of the
prepared cells were performed using an impedance analyzer (Wonat-
ech, SP5) in the frequency range from 0.1 Hz to 1 MHz after charging
to 3.68 V after 1 charge. Galvanostatic intermittent titration technique
(GITT) measurements were carried out with a pulse current of 0.1C
for 10 min and rested for 30 min after 5 cycles (100% state of charge).
The surface coverage of the solid electrolyte on the active material
(NCM 622) was obtained by dividing the apparent surface area of the
NCM 622 particles by the contact area between the NCM 622 active
materials and the solid electrolyte by the GITT measurements using
the following equation.13

D = 4

πτ

(
mNC M VM

MNC M S

)2(
�Es

�Et

)2

[1]

Where D: chemical diffusion coefficient of NCM622, S: con-
tact area between electrolyte and active materials, τ: pulse dura-
tion (600s), �Es: steady-state voltage change, �Et: transient volt-
age change, Mncm: molecular weight of the host, Ni0.6Co0.2Mn0.2O2

(90.13g mol−1), mncm: mass of the host in the sample (varied depend-
ing on the mass loading), Vm: molar volume of the sample (the value
used was for LiNi1/3Co1/3Mn1/3O2, 20.29 cm3 mol−1).14

The chemical diffusion coefficient (D) of 1.72 × 10−11 cm2 s−1

for NCM622.13 The surface coverage values were obtained by com-
paring the specific surface area measured by the BET and the contact
area of active materials with solid electrolytes obtained by the above
mentioned GITT analysis.

Results and Discussion

The liquid phase process of the Li2S, P2S5, and LiCl in EA pro-
gressed through various stages, including green and yellow transparent
solutions, and resulted in the formation of a white suspension. The
addition of a polar solvent resulted in the dissolution of white pow-
ders to form ion species,11 changing the color of the solution. These
results suggest the liquid phase process is a wet chemical reaction,
having a complex chemistry that remains to be understood. We expect
the mechanism could permit the functional groups to interact with the
starting materials as recent reports suggest that an interaction between
Li+ and the lone pair of electrons on the oxygen atom in the C=O
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Figure 3. XRD patterns of Li6PS5Cl solid electrolyte obtained by the solid-
state reaction, mechanical milling, and the liquid phase process. a) Before
heat-treatment. b) After heat-treatment.

ester group in EA.10,11 In future work, we will further examine and
determine the mechanism of the liquid phase process for the Li6PS5Cl
solid electrolyte.

Figure 3 shows XRD patterns of the samples obtained by the solid-
state reaction, mechanical milling, and liquid phase process. XRD of
the samples was obtained from both the liquid phase process and
mechanical milling after heat-treatment at 550◦C for 5 h, which was
enough to obtain well-crystallized Li6PS5Cl with the full removal of
solvent.15 The main peaks of Sample 1 were indexed as Li6PS5Cl,
and minor peaks with 2θ around 27◦ from Li2S (ICDD: 04-008-3440)
were also detected, suggesting partial dissolution of the argyrodite
structure as shown in Figure 3b. The other peaks of the structure of
the argyrodite or the starting precursor materials could not be detected,
implying that the crystallized argyrodite Li6PS5Cl phase formed well.
The XRD results indicated that Li6PS5Cl crystal phase with minimum
impurities, such as unreacted Li2S, could be obtained by a dissolution
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Figure 4. Raman spectra before heat-treatment and after heat-treatment of the
Li6PS5Cl solid electrolytes obtained by the solid-state reaction, mechanical
milling, and the liquid phase process.

and precipitation process via liquid phase synthesis and not just the
solid-state reaction.16 The reaction mechanism mentioned above for
the liquid phase process for Li6PS5Cl is unclear at this moment. The
exact mechanism of this reaction will be submitted and clarified soon.
However, we presume that the remaining unrecorded peaks in the
liquid phase processed sample seem to be lithium compounds like
Li3PS4·EA with partially dissolved (and precipitated) Li2S, LiCl that
are generated by interaction between the solid electrolyte and solvent
in the precursor as shown in Figure 3a.17 The XRD patterns of the
Li6PS5Cl solid electrolyte obtained by mechanical milling showed
the argyrodite crystal phase and additional peaks attributed to the
unreacted Li2S phase as shown in Figure 3b.

To determine that the liquid phase process is a wet chemical re-
action and not simply a solid-state reaction, a solid-state sample was
synthesized by mixing the starting materials of Li2S, P2S5, and LiCl
without any organic liquids. The sample was heat-treated at 550◦C for
5 h. The 2θ peaks around 15◦, 18◦, 25◦, 30◦, and 31◦ were related to
the argyrodite phase while the intense 2θ peaks around 27◦ could be
attributed to Li2S, and the peaks at 25◦, 30◦, and 31◦ were related to
Li4P2S6 impurities, implying that it could not penetrate into the crystal
structure and simply formed a lithium compound by heat-treatment.
The Li4P2S6 crystalline can decrease the cell performances due to its
low conductivity but it should not significantly hinder the conduction
of Li+.18 Therefore, the simple solid-state reaction is inappropriate to
penetrate into the precursor well into the Li6PS5Cl crystal structure
not to form the impurities. Before the heat-treatment, all of the starting
materials were observed. On the other hand, some of the starting ma-
terials, such as Li2S and LiCl, which are rather insoluble in the organic
solvent,19 were observed, indicating that the starting materials pene-
trated into the crystal structure partially or above and consequently
precipitated the Li6PS5Cl solid electrolytes. Considering that not only
the pure argyrodite structure precipitated by the mechanical milling
was the same as the that of the Sample 1, but also the crystalline struc-
ture precipitated by the solid-state reacted sample was different from
that of Sample 1, the liquid phase process formed the argyrodite struc-
ture penetrated by starting materials via dissolution and precipitation
and subsequent heat-treatment.

The Raman spectra (Figure 4) show the argyrodite Li6PS5Cl struc-
ture of the solid-state reaction via the heat-treatment, mechanical
milling, and liquid phase process. The solid-state-reacted sample
showed bands around 420 cm−1 and 386 cm−1 associated with the
PS4

3− and P2S6
4− groups, respectively, which exist as impurities

formed by heat-treatment. Before the heat-treatment, peaks relating
to the starting materials,20 such as Li2S and P2S5 peaks around 190
cm−1, 263 cm−1, 305 cm−1, 686 cm−1, and 715 cm−1, remain without
any units of the argyrodite structures, implying that the precursors
could not penetrate into the crystalline structure. The LiCl peak was
not observed because of the symmetry properties, and most and in
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Figure 5. Morphologies of Li6PS5Cl solid electrolytes prepared by a), b) the
liquid phase process and c), d) mechanical milling.

some cases all the fundamental modes of vibration are inactive in
the Raman effect.21 This implied that it was difficult for the starting
materials with the simple heat-treatment to completely penetrate into
the Li6PS5Cl crystal structure. On the other hand, Samples 1 and 2
showed a network of isolated PS4

3− units making hexagonal cages,
which were connected to each other by an interstitial site around the
halide ions,11,15 indicated by the peak around 415 cm−1 without any
other impurity peaks. PS4

3− units of the argyrodite structure were
formed before the heat-treatment, displaying none of the peaks from
the starting materials that were observed in the solid-state reacted sam-
ple. Thus, from these results it could be concluded that the process of
dissolution-precipitation had no negative effect on forming the struc-
ture of the argyrodite-type Li6PS5Cl like Sample 2 obtained by the
mechanical milling method, and that the chemical reaction between
the solid electrolyte and the solvent was already complete before the
heat-treatment. All of the results of the Raman spectroscopy agreed
with the results observed in the XRD patterns.

The morphologies of the Li6PS5Cl solid electrolyte via the liquid
phase process and mechanical milling method are presented in Figure
5. The particle of Sample 1 was about 20–30 μm in length and 2–3 μm
in width, showing the morphology was a rod-like solid electrolyte. On
the other hand, an uncertain morphology with dimensions of 20 – 30
μm was formed by the mechanical milling process. We expected dif-
ferent morphologies of the solid electrolytes when different solvents
were used, considering that the Li6PS5Cl solid electrolyte is precipi-
tated via interaction between the starting materials and the solvent as
a reaction medium.22 To observe the particle size of the samples, the
particle size distribution was measured via laser light scattering. Sam-
ple 1 showed a submicron-scale powder with a particle sized in the
range of about 12 μm, while the average particle size of Sample 2 was
22 μm. Although the both samples were not much difference in the
particle size, the rod-like morphology (5.82 g cm3) exhibited a higher
specific surface area than the uncertain morphology (0.87 g cm3). This
means that the solid electrolyte could contact more active materials
and endow a homogeneous distribution of the solid electrolytes and
active materials into the composite cathode.4

Figure 6 shows typical Nyquist plots for Samples 1 and 2. Both
samples displayed only blocking electrode behavior, so it was difficult
to separate the contributions due to resistance from the bulk materials
and those from the grain-boundaries. However, the total resistance R
(Resistances of the bulk materials and grain-boundaries) can be read
directly from the x-intercept of the semicircle in Figure 6a, yielding
63 � and 55 � for Samples 1 and 2, respectively.23 The semicir-
cle is due to increasement of the grain-boundary resistance, which

Figure 6. Plots of Li6PS5Cl solid electrolytes prepared by liquid phase pro-
cess (closed red circles) and mechanical milling (closed black circles). a)
Nyquist plots. b) Arrhenius plots.

some less-conductive organic components may remain on the surface
of the solid electrolyte obtained from the polar solvent (EA).24 The
lithium ion conductivity could then be calculated from the equation3

using the pellet area A = 1.327 cm2 (D = 1.3 cm) and thickness (l
= 0.1 cm), producing a room temperature ionic conductivity of 1.1
× 10−3 S·cm−1 for Sample 1 and 1.4 × 10−3 S·cm−1 for Sample 2.
Furthermore, the calculated energy was calculated on the basis of the
Arrhenius equation. It can be seen in Figure 6b that the total ionic con-
ductivities showed good Arrhenius behavior in the entire temperature
range with an activation energy of 26.0 kJ mol−1 for Sample 1 and
25.2 kJ mol−1 for Sample 2. Both samples showed a reasonably high
conductivity, with a lower value in Sample 1, likely due to unreacted
Li2S starting material and possibly residual solvent impurities (see
Figure 1).5 Despite the presence of the grain boundary resistance, the
relatively small loss of the ionic conductivity seemed to be due to the
improvement of the crystallinity and the better densification of the
pellet with higher specific surface area, even though it was from the
liquid phase process.25 The smaller the particle size of the electrolyte,
the more the ionic conductivity was increased because of the increased
concentration of the mobile species at the solid-solid interfaces be-
tween the electrolytes.26 The conductivity of the Li6PS5Cl prepared by
the liquid phase process via stirring was the highest among the solid
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Figure 7. a) Rate performances and b) transient discharge voltage profile
obtained from GITT measurements (0.1C after 5 cycles), in terms of discharge
capacities, of the Li6PS5Cl solid electrolytes prepared by the liquid phase
process and by mechanical milling.

electrolytes obtained by the liquid phase process from the reported
articles27 and for the first time exceeded 10−3 S·cm−1. Therefore, the
solid electrolyte from the liquid phase process, especially using EA
as a solvent, is regarded as the moderate ion conductivity to apply for
the ASSBs.

For these reasons, it is noteworthy that the liquid phase process
for the Li6PS5Cl solid electrolyte is a way to yield the formation of
highly conductive lithium ion argyrodite crystal phase solely from
a practical and effective stirring method. In particular, this study is
valuable because the previous studies have not demonstrated ionic
conductivity from a liquid phase process.27

To investigate the effect of morphology of the solid electrolyte,
galvanostatic charge-discharge cycling was performed in the poten-
tial range of 3.0−4.3 V (vs. Li/Li+) at different C-rates (0.05 – 1.0C)
as shown in Figure 7. Despite the slightly lower ionic conductiv-
ity in Sample 1, the much higher specific surface area of the solid
electrolyte was expected to significantly improve the all-solid-state
lithium battery performance. The cell of Sample 1 exhibited a capac-
ity of 145.8 mAh·g−1 for the first discharge at 0.1C and its capacity

of 62.2 mAh·g−1 after 25 cycles at 2C. Its efficiency was 42.67%,
corresponding to the initial capacity, while the efficiency of the cell
with Sample 2 was 20.16%, corresponding to the initial capacity. Both
samples exhibited a similar initial discharge capacity of approximately
145.8 or 139.8 mAh·g−1. During the first few cycles, both samples
showed a relatively rapid capacity fading compared to the other cy-
cles due to the increased interfacial resistance and initial irreversible
capacity of the cells.28 However, as the rate was increased, Sample 1
began to show better retention of its rate capability than Sample 2 for
all C-rates, which was attributed to the more intimate ionic contacts
between the active material and the solid electrolyte with a higher
specific surface area. This conclusion is also supported by the GITT
which was employed to track the polarization, and surface coverage of
the solid electrolyte on the active material. Transient voltage profiles
and polarization curves for NCM 622/solid electrolytes/Li-In cells
are plotted in Figure 7b.29 The whole range showed a higher polariza-
tion for Sample 1 than for Sample 2. The surface coverage of the solid
electrolyte on the active material for Sample 1 obtained by GITT anal-
ysis was 38.4%30 as shown in Table I. This value was about 2 times
higher than that of Sample 2 (16.7%), which had balanced electronic
and ionic conduction pathways due to the well-formed and intimate
contact area between the solid electrolyte and active materials in the
composite cathode. On the other hand, Sample 2 showed rapid capac-
ity degradation during charge-discharge cycling since lots of voids
increase accelerate the loss of contact, insufficient ionic contacts oc-
cur at solid electrolyte and active materials, limiting the utilization
of the active materials. Despite the above issue, Sample 1 retains
relatively well the contact area and helps the active materials utilize
effectively during the charge-discharge cycling because of its solid
electrolyte with the higher specific surface area, better densification
and fluidity and softness of the dense electrolyte layer in the composite
cathode.31,32

Electrochemical impedance spectroscopy was performed to ver-
ify the electrochemical performance and to determine the origin of
the electrochemical behavior differences between the liquid phase
processed and the mechanically-milled samples. Figure 8 shows the
impedance plots of both samples with full charging at a 0.1C rate,
and the values and electrochemical origins of the resistance of each
component were separated as shown in Tables Ia, Ib. There is a corre-
sponding resistance identified with each component of the batteries,
that is the equivalent circuit: Rohm is the solid electrolyte layer be-
tween the composite cathode Rc and anode Ra. In our previous work,
we showed that the composite cathode could be further separated into
two components: R1, the pathway resistance between the solid-solid
electrolyte in the composite cathode, and R2, the interfacial resistance
between the solid electrolyte and the NCM active material in the com-
posite cathode Rc in the middle frequency region.3,33 The Warburg
tail at low frequency originates from Li ion diffusion in the active
material.34 Both Rohm and Ra were almost the same for all samples as
expected because we prepared both cells using the all the same com-
ponents in the composite cathodes other than the solid electrolytes
with different particle size and, especially morphology. Furthermore,
the Ra is the resistance of the anode which is affected by changes
in lithium ion concentration according to charging state of the cell,
especially only affected during the discharge, but not charge, of the
cell. This behavior has recently been attributed to a kinetic hindrance
using lithium-indium alloy as anode. That is, the resistance of the
anode increases mainly and significantly at low Li concentration in
the alloy upon delithiation.35,36 As the ionic conductivity of the solid
electrolyte obtained by Sample 2 was higher than that of Sample 1,
Rohm of Sample 2 was rather smaller than that of Sample 1. However,
the pathway resistance R1 and interfacial resistance R2 increased sig-
nificantly with increasing particle size as well as reducing specific
surface area of the solid electrolyte in the composite cathode, simi-
lar to the mechanically-milled Sample 2. This indicated that both the
interfacial and pathway resistances have equivalent contributions for
the cell performances because we prepared both cells using the all the
same components in the composite cathodes other than the solid elec-
trolytes with different particle size and, especially morphology. For
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Table I. a) Resistance values and b) electrochemical origins of the all-solid-state cells using the liquid phase process and mechanical milling in a
composite cathode with 0.1C after 1st cycle.

Table I(a)

Surface coverage ofRc (�)
SEs onto active

Conditions Rohm (�) R1 R2 R1+R2 Ra (�) Total (�) material [%]

Liquid phase process 60 11 16 27 13 111 38.4
Mechanical milling 55 25 34 59 13 142 16.7

Table I(b)
Process Electrochemical origin
Rohm Ionic conduction in solid electrolyte

R1 Li+ ion migration through interface layer
Rc R2 Charge-transfer between SE and active material

Ra Li diffusion in Li-In
W Solid state diffusion in active material

this reason, the R1 and R2 resistances are expected to increase more
significantly at high rates in Sample 2 because the bigger size, unfa-
vorable contact area, and uncertain morphology with lower specific
surface area of the solid electrolyte will restrict the flow of the lithium
ion while creating volume changes. Finally, as the resistance of the
cell increased, the discharge capacity decreased, resulting in capacity
degradation. From these results, it is clear that the particle size and
morphologies of the solid electrolyte in the composite cathode are
important regarding the rate performance of all-solid-state batteries,

Figure 8. Electrochemical impedance spectra of Li6PS5Cl solid electrolytes
prepared by the liquid phase process and mechanical milling after 1 charge.

especially the aspect of the contact area between the solid electrolyte
and active material in the all-solid-state composite cathode.

Based on these results, we observed the effect of morphology for
the solid electrolyte on the lithium ion migration through the compos-
ite cathode. Figure 9 shows microstructures of the composite cathode
with the solid electrolyte particles having high specific surface area.
Sample 1 had rod-like solid electrolytes with a BET surface area of
5.87 m2 g−1 in the composite cathode such that significantly sufficient
paths for lithium ion conduction could be formed (see Figure 1). With
over 6 times the specific surface area, Sample 1 would provide more
interfacial contact with the active material in the composite cathode.
Solid electrolytes with smaller particle size or high specific surface
area like Sample 1 make a highly dense electrode layer and a solid
electrolyte layer can be achieved with few voids, as shown in Fig-
ure 9b. The solid electrolytes were distributed by filling the spaces
between the NCM active material with few voids, exhibiting a smooth
and flat surface as shown in Figure 9a. Furthermore, size reduction
of the solid electrolyte would improve the homogeneous distribution
of the solid electrolyte in the active materials matrix,4 thereby facili-
tating excellent ionic conduction pathways in the composite cathode.
On the other hand, if an unfavorable contact area between the me-
chanically milled solid electrolytes were formed, it would result in
disconnected lithium ion pathways and electrolyte-active material in-
terfaces because of the multitude of voids and the significantly lower
discharge capacities as shown in Figures 9c, 9d. These comparisons
highlight that both the lithium ion pathway and the electrolyte-active
material interface have a crucial influence on the rate performance
for all-solid-state lithium batteries. NCM active materials restrict the
ionic conduction pathway and isolate solid electrolyte particles be-
cause of the large number of voids on the composite cathode surface.
The continuous lithium ion and electron conducting pathways were
rarely formed between the solid-solid interfaces in the composite cath-
odes prepared by mixing the solid electrolyte powders with the solid

Figure 9. Microstructures of a) surface, b) cross-section on the composite
cathode applied for a), b) the liquid phase processed Li6PS5Cl solid electrolytes
and c) surface, d) cross-section on the composite cathode applied for the
mechanical milled Li6PS5Cl solid electrolytes.
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active materials and conductive additives due to the lack of fluidity
of the solid electrolyte powders in the all-solid-state cells, while ef-
fective electrode (solid) – electrolyte (liquid) interfaces were easily
formed by immersing the electrodes in liquid electrolyte in cells us-
ing organic liquid electrolytes. Therefore, we purposely ensured the
microstructure had a large contact area between the active material
and the solid electrolyte in the all-solid-state composite cathode. We
are sure that this study has devised a way to increase the contact area
between the active materials and solid electrolytes in the composite
cathode in addition to the solid electrolyte coated on active materi-
als via the liquid phase process, especially for the solid electrolyte
with the higher specific surface area like the rod-like morphology
(see Figure 1).

Conclusions

Argyrodite-type Li6PS5Cl solid electrolytes were, for the first time,
prepared by a liquid-phase process with EA as a solvent and subse-
quent heat-treatment at 550◦C without any mechanical milling pro-
cess. The preparation conditions, such as kind of the solvent, dissolu-
tion time, drying temperature, and fabrication method, were examined,
resulting in a Li6PS5Cl solid electrolyte with a relatively high lithium-
ion conductivity of 1.1 × 10−3 S·cm−1 at room temperature, which
was comparable to the mechanical milling process. This process has
the advantages of simple synthesis, fabrication of fine powders with-
out additional pulverization such as in the mechanical milling process,
and large-scale production. The cell using the composite cathode pre-
pared by this process exhibited a capacity of 145 mAh·g−1 for the
first discharge at 0.1C and a capacity of 62 mAh·g−1 after 25 cycles
at 2C. Its efficiency was 42.67%, corresponding to the initial capac-
ity, while the efficiency of the cell prepared by mechanical milling
was 20.16%, corresponding to the initial capacity. The liquid phase
process formed favorable lithium ionic conduction paths as well as
solid-solid interfaces between the active material and solid electrolyte
particles with high specific surface area due to the rod-like morphol-
ogy of the electrolytes. We believe that the dissolution-precipitation of
argyrodite-type sulfide-based solid electrolytes with EA is a promising
way to generate high cell performance.
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