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cathode composites using different sized solid
electrolytes for all solid-state lithium batteries

Rajesh Rajagopal,ab Yuvaraj Subramaniana and Kwang-Sun Ryu *ab

We studied the efficiency of different particle-sized sulfide solid electrolyte-based cathode composites.

First, we prepared the Li7P2S8I solid electrolytes with different particle sizes through a high energy ball

milling process and solution method. The structural details of the prepared solid electrolytes were

studied by powder X-ray diffraction. The surface morphologies and particle size of the electrolytes were

studied by field emission electron microscopy. The ionic conductivity of the prepared solid electrolytes

was studied by the electrochemical impedance spectroscopy technique. Finally, we have prepared

a LiNi0.8Co0.1Mn0.1O2 (NCM 811) based cathode composite and studied the electrochemical

performance of the fabricated all-solid-state lithium batteries. The mixed particle-sized solid electrolyte-

based cathode composite exhibited higher specific capacitance (127.2 mA h g�1) than the uniform-sized

solid electrolyte-based cathode composite (117.1 mA h g�1). The electrochemical analysis confirmed that

the sulfide solid electrolytes with mixed particle size exhibited better electrochemical performance.
1. Introduction

Lithium-ion batteries (LIBs) systems are well-known energy
storage systems due to their superior energy storage capacity,
high energy and power densities, and are widely used in most
advanced technology devices such as electric vehicles and
portable electronic devices, smartphones, and laptop
computers.1,2 All solid-state lithium batteries (ASSBs) are
a potential alternative to conventional liquid or polymer
lithium-ion batteries as they are safer and have higher energy
density. In addition, unlike conventional batteries, they have
low ammability, and higher thermal stability.3

However, ASSBs are limited by the low ionic conductivity of
the solid electrolytes (compared to liquid organic electrolytes)
and electrode–electrolyte interface problems. These are signif-
icant problems that should be overcome before replacing the
conventional lithium-ion batteries. Recently, numerous inor-
ganic solid electrolytes with the ionic conductivity of 10�3 to
10�2 S cm�1, which is close to the liquid organic electrolytes
have been proposed. They include sulde, oxide, phosphide,
nitride, and halide-based electrolytes. Among them, sulde-
based solid electrolytes have attracted greater interest due to
their compatibility and high ionic conductivity. However, elec-
trode–electrolyte interface problems remains a challenge even
with the inorganic based ASSBs;4–6 some inorganic solid
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electrolyte reacts with electrode materials and produces by-
products that rapidly degrade the battery performance. For
instance, Li10GeP2S12 (LGPS) solid electrolyte exhibited a high
ionic conductivity value of 1.2 � 10�2 S cm�1 at room temper-
ature, unfortunately, this LGPS solid electrolyte reacts with Li-
metal anode resulting in poor electrochemical performance.7

In addition, during the electrochemical reaction, a charge
transfer occurs between the electrode–electrolyte through point-
to-point contact. This kind of charge transfer enhances the
electrode–electrolyte interfacial resistance resulting in poor
cycle stability. To overcome these challenges, among others,
researchers have suggested introducing conducting polymer
layers on the lithiummetal anode surface; this prevents the side
reaction and increases contact between the Li-metal anode and
solid electrolyte.8 On the cathode side, a high conducting
coating layer was introduced on the surface to reduce the
interfacial resistance value. Several lithium metal oxides, such
as LiNbO3, and Li2ZrO3 have been used as the coating material
to reduce the interfacial resistance and increase the ASSBs
performance.9,10 Recently, mixed sizes of commonly used
cathode materials were used to prepare a cathode composite
which increases the contact between the electrode and elec-
trolyte and reduces the interfacial resistance value.11 Interest-
ingly, Sakuda et al. prepared a cathode composite using
a combination of different sizes of the commonly used cathode
materials and solid electrolytes and studied the electrochemical
performances.12 In addition, mixed ionic and electronic con-
ducting materials have also been used to increase the interfacial
contact between the electrolyte and the electrode materials.13

While sulde offers outstanding performance benets, to the
RSC Adv., 2021, 11, 32981–32987 | 32981
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best of our knowledge, so far, mixed sizes sulde solid
electrolytes-based cathode composite has not been prepared. To
further improve on the above, we hypothesized that mixed
particle sizes-based sulde solid electrolytes may improve the
electrochemical performance of ASSBs.

In this study, we prepared a Li7P2S8I glass-ceramic solid
electrolyte using different particle sizes by ball mill method and
wet chemical process. The crystalline nature and the particle
size of the solid electrolytes were studied by powder X-ray
diffraction (XRD) technique and FESEM analysis. Then
different sizes of Li7P2S8I solid electrolytes were used to prepare
a cathode composite for the fabrication of ASSBs. Additionally,
we evaluated the efficiency of the mixed-sized solid electrolytes-
based composite and compared it with the uniform-sized solid
electrolytes-based cathode composite. The mixed-sized solid
electrolytes-based cathode composite exhibited higher specic
capacity value than uniform-sized solid electrolytes-based
cathode composite.

2. Experimental

First, Li7P2S8I solid electrolyte was prepared through high-
energy wet ball milling. Briey, 0.6895 g of Li2S (99.98%,
Sigma Aldrich), 1.1113 g of P2S5 (99%, Sigma Aldrich), and
0.6645 g of LiI (99%, Sigma Aldrich) were ground into ne
powder for 15 minutes using mortar and pestle. Then the ne
powder was transferred to an alumina ball mill vessel (80 ml),
with 25 zirconia balls (10 mm diameter). Then, about 10 ml of n-
heptane was added to the above mixture and the container was
sealed to prevent air exposure. Then the ball mill vessel was
brought out from the glove box and xed to the ball-milling
machine (Pulverisette, Fritsch). The call mill reaction was
carried at 400 rpm for12 h. During the ball milling process, aer
every 30 min of milling, there was a 15 min rest and the rotation
direction was changed to avoid overheating and good mixing.
Aer the milling process, the resultant product was transferred
to a Petri dish and dried at 100 �C in a glove box for 12 h to
completely remove the heptane. Finally, the ne powder was
heat-treated at 160 �C for 3 hours to obtain glass ceramic
material. The resultant glass-ceramic solid electrolyte was
named Li7P2S8I (LPSI). The same process was repeated within
24 hours and the resultant product was named as sLi7P2S8I
(sLPSI). The Li7P2S8I solid electrolyte was prepared by wet
chemical process. Briey, 0.6895 g of Li2S, 1.1113 g of P2S5, and
0.6645 g of LiI were ground into ne powder using mortar and
pestle. Then, the powder was dispersed in 40 ml of anhydrous
acetonitrile and stirred overnight. The resultant slurry was
vacuum dried at 70 �C for 3 hours and the dry powder was heat-
treated at 160 �C for 3 hours to obtain a glass ceramic material.
The resultant glass-ceramic solid electrolyte was named wLi7-
P2S8I (wLPSI).

Cathode composite was prepared by mixing the active
material (LiNi0.8Co0.1Mn0.1O2, NCM811), solid electrolyte, and
super-P with the weight ratio of 70 : 28 : 2 with mortar and
pestle. The above mixture was ground for 15 minutes and
pelletized by hydraulic pressure. Again, the pellet was ground
for 15 minutes and this process was repeated three times to
32982 | RSC Adv., 2021, 11, 32981–32987
obtain a homogenous cathode composite. A schematic diagram
for the cathode composite preparation process is shown in
Fig. 1. To evaluate the effect of the particle size, prepared the
cathode composite with different combinations of solid elec-
trolytes particle size. Table 1 shows the weight ratio of solid
electrolytes, active material, and conducting agent for the
preparation of cathode composite.

The crystalline nature of the material was studied using
Rigaku-Ultima (IV) X-ray diffractometer (Ka ¼ 1.5418 Å) within
the 2q range of 10 to 80� with the step size of 0.01 s�1. During
the analysis, the solid electrolyte powder was protected from air
and moisture exposure with an air-tight XRD holder at argon
atmosphere. The ionic conductivity of the prepared Li7P2S8I
solid electrolytes was studied by electrochemical impedance
spectroscopy (EIS) using Biologic SP 300. For the EIS measure-
ment, the solid electrolyte was pressured into 10 mm diameter
(�1.5 mm thickness) and the indium foil was attached on both
sides for good electrical contact between the electrolyte and the
electrode. The surface morphology and particle size of the
prepared solid electrolytes were analyzed by eld emission
scanning electron microscope coupled with an EDS instrument
(FE-SEM, JSM-7610F, Japan). For the galvanostatic charge–
discharge analysis, we have prepared a 2032-type coin cell in an
argon-lled glove box. For the fabrication of ASSB, 0.2 g of LPSI
solid electrolyte was pressed into a pellet (16 mm diameter and
�1 mm thickness). Then 20 mg of the cathode composite was
spread over one side of the solid electrolyte and covered with
indium foil then pressed with 30 MPa. Pre-prepared, 60 mg of
Li–In alloy anode material was uniformly spread over another
surface of the solid electrolyte and pressed with 30 MPa, and
assembled as 2032 – type coin cell.10

3. Results and discussion

The crystalline structure and phase of the prepared solid elec-
trolytes were studied using powder XRD; the corresponding
XRD patterns are shown in Fig. 2a. The prepared LPSI, sLPSI,
and wLPSI solid electrolytes exhibited almost the same X-ray
diffraction pattern. The characteristic peaks were observed at
2q ¼ 14.5�, 18.0�, 20.8�, 24.5�, 27.7�, 29.0�, 30.3, 31.7�, 33.2�,
36.6�, 38.4�, 41.1�, 42.4�, 44.1�, 45.3�, 46.5�, 47.6�, 49.3�

and55.2�. The observed XRD pattern matched with the reported
Li7P2S8I solid electrolyte.14 Further, we noticed that increased
ball milling duration (24 hours) slightly decreased the crystal-
line nature (wide characteristic peaks) compared to 12 hours
ball milling process. There were no obvious changes except the
peak intensity variation aer using the wet chemical synthesis
method. The calculated ionic conductivity value of the prepared
solid electrolytes is shown in Fig. 2b. From the EIS analysis, we
observed that the LPSI solid electrolyte exhibited high ionic
conductivity value of 1.23 mS cm�1. Increasing the ball milling
time slightly decreased the ionic conductivity to 1.07 mS cm�1

due to the increasing amorphous nature. The solid electrolyte
prepared from wet chemical method exhibited the ionic
conductivity value of 0.16 mS cm�1 which was very close to the
reported values.15,16 For comparison, we also measure the ionic
conductivity value of LPSI/sLPSI and LPSI/wLPSI solid
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The schematic diagram for the cathode composite preparation process.
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electrolyte. Before the measurement, the solid electrolytes were
mixed and ground for 30 minutes using mortar and pestle to
ensure the proper mixing. The calculated ionic conductivity
value of LPSI/sLPSI and LPSI/wLPSI solid electrolyte is 1.20 and
0.42 mS cm�1, respectively. The obtained values are reliable and
conrm the goodmixing. Fig. 3(a–f) shows the FESEM images of
LPSI, sLPSI, and wLPSI solid electrolytes with different magni-
cations. The particle size of the LPSI solid electrolyte prepared
by high-energy ball mill process was in the range of 1 to 10 mm
and presented with many cracks over the surface. While the
particle size remained the same even aer increasing the ball
milling time to 24 hours (sLPSI), the ratio of the small-sized
particles was high compared to the large-sized particles. The
particle size of wLSPI solid electrolyte prepared by wet chemical
less than 1 mm and exhibited a smooth surface.

Fig. 4 shows the FESEM images of the prepared cathode
composites. From the FESEM analysis, we observed a uniform
distribution of all the cathode composite components. The
mixed particle-sized solid electrolytes are in close contact with
the cathode material than uniform particle-sized solid
electrolytes.17

Before the charge–discharge characteristic analysis, we have
studied the ionic and electronic conductive performance of the
Table 1 Materials composition (in weight) for the cathode composite p

Composite name
Solid electrolyte
I (mg)

Solid e
II (mg

LPSI 168 —
sLPSI 168 —
wLPSI 168 —
LPSI/sLPSI 84 84
LPSI/wLPSI 84 84

© 2021 The Author(s). Published by the Royal Society of Chemistry
prepared cathode composite. For the ionic conductivity anal-
ysis, the prepared cathode composite (�75 mg) was pelletized
(�250 mm thickness, 20 MPa) between the indium foil and the
electrochemical impedance spectroscopy analysis was carried
out between the frequency range of 7 MHz to 1 Hz. Fig. 5a shows
the obtained Nyquist spectrum of the prepared cathode
composite and we observed clear semicircles indicates the
contact and interface resistance between the solid electrolyte
and the cathode active material. The measured total resistance
of the prepared LPSI, sLPSI, wLPSI, LPSI/sLPSI and LPSI/wLPSI
solid electrolytes-based cathode composites are, 56.1, 54.6, 74.4,
46.4, and 59.9 U, respectively. As we expected, the measured
total resistance value of the cathode composites following the
trends of the electrolyte's ionic conductivity. Interestingly, sLPSI
solid electrolyte based composite exhibited low resistance then
LPSI solid electrolyte based composite due to its small particle
size and good contact with electrode material. Similarly, we
have measured the electronic conductivity value of the prepared
cathode composites. For the electronic conductivity analysis,
the prepared cathode composite (�75 mg) was pelletized (�250
mm thickness, 20 MPa) between the stainless steel and the
chronoamperometry analysis was carried out for 600 s with the
applied constant voltage of 1 V. Fig. 5b shows the obtained
reparation

lectrolyte
) NCM 811 (mg) Super-P (mg)

420 12
420 12
420 12
420 12
420 12

RSC Adv., 2021, 11, 32981–32987 | 32983
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Fig. 2 (a) Powder X-ray diffraction pattern, and (b) calculated ionic conductivity value of LPSI, sLPSI, and wLPSI solid electrolytes and its mixers.
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chronoamperometry graph of the prepared cathode composite
and calculated electronic conductivity values are 0.30, 0.27,
0.10, 0.32 and 0.20 mS cm�1 for LPSI, sLPSI, wLPSI, LPSI/sLPSI
Fig. 3 FESEM images of (a and b) LPSI, (c and d) sLPSI, and (e and f) wL

32984 | RSC Adv., 2021, 11, 32981–32987
and LPSI/wLPSI solid electrolytes-based cathode composites,
respectively. We performed electrochemical impedance spec-
troscopy and charge–discharge analysis to study the
PSI solid electrolytes at different magnifications.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FESEM images of cathode composites with different particle-sized solid electrolytes.
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electrochemical performance of the prepared cathode
composites. First, electrochemical impedance analysis was
carried out in the frequency range of 7 MHz to 1 Hz to study the
resistive and capacitive nature of the fabricated all-solid-state
lithium battery. Fig. 5c and d shows the Nyquist plot of the
Li–In/Li7P2S8I/NCM 811 composite asymmetric cell. The total
resistance of the LPSI solid electrolyte-based cathode composite
was 41 U, while increasing the ball milling time decreased the
resistance value to 31.5 U (sLPSI based composite) due to the
Fig. 5 (a) Nyquist plot, (b) chronoamperometry graph, of different partic
solid-state lithium batteries with different particle-sized solid electrolyte

© 2021 The Author(s). Published by the Royal Society of Chemistry
increased number of small sized-solid electrolyte particles. On
the other hand, the wLPSI solid electrolytes were in close
contact with NCM 811 cathode material and exhibited high
resistance (517 U) due to low ionic conductivity. As we expected,
LPSI/sLPSI solid electrolyte-based cathode composite exhibited
a decreased resistance value of 30.1 U and was in close contact
with the cathode material. The measured resistance value of
LPSI/wLPSI solid electrolyte was 51 U, which was signicantly
lower than wLPSI based cathode composite.
le-sized solid electrolytes, (c) and (d) Nyquist plot of all the fabricated
-based cathode composites.

RSC Adv., 2021, 11, 32981–32987 | 32985
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Finally, we performed a galvanostatic charge–discharge
analysis of Li–In/Li7P2S8I/NCM 811 composite asymmetric cell
with a potential of 2.38 V to 3.68 V at the current density of
15 mA g�1 (0.1 C). The charge–discharge curve of the prepared
all-solid-state lithium batteries are shown in Fig. 6a. The
fabricated LPSI/sLPSI solid electrolyte-based ASSB exhibited
a higher specic capacity value (127.2 mA h g�1) than those of
LPSI (117.1 mA h g�1) and sLPSI (106.0 mA h g�1) solid elec-
trolytes based all-solid-state lithium batteries. This could be
because the mixed particle-sized solid electrolytes reduced the
voids between the solid electrolyte and the NCM 811 cathode
material. In addition, the close contact between the solid elec-
trolytes and cathode material increased the lithium-ions
conduction pathways and reduced the interfacial contact
resistance at the electrolyte–electrode interface. Thus, the
specic capacitance value of the mixed-sized solid electrolytes-
based cathode composite is higher than the uniform-sized
cathode composite.18,19 The small particle-sized solid
electrolytes-based cathode composite also exhibited good
contact between the solid electrolyte and cathode material and
but showed reduced specic capacity values (sLPSI ¼
106 mA h g�1 and wLPSI ¼ 79.9 mA h g�1) due to its low ionic
conductivity. Unfortunately, LPSI/wLPSI mixed particle-sized
solid electrolyte-based ASSB exhibited a low specic capacity
value of 98.7 mA h g�1. Interestingly, the over voltage of the
wLPSI solid electrolyte-based ASSB is much higher than all
other ASSB. The particle size and ionic conductivity difference
of wLPSI solid electrolyte is too far from all other solid
Fig. 6 (a) First cycle of charge–discharge graph, (b) charge–discharge cy
of all the fabricated solid-state lithium batteries with different particle-si

32986 | RSC Adv., 2021, 11, 32981–32987
electrolytes, we believed that this could the reason for high over
voltage. In addition, we analyzed up to 50 cycles of the change–
discharge cycle stability and the corresponding graph is shown
in Fig. 6b. Based on the cycle stability analysis, all the fabricated
all-solid-state lithium batteries showed good stability even aer
50 cycles. Similarly, we plot the coulombic efficiency and
specic capacity retention of the fabricated ASSBs and shown in
Fig. 6c and d, respectively. From Fig. 6c, we observed that the
solid electrolytes prepared by ball mill process were exhibited
almost same specic capacity retention due to its high ionic
conductivity. Interestingly, the ionic conductivity of wLPSI solid
electrolyte is much lower than other prepared solid electrolytes;
the specic capacity retention value of wLPSI solid electrolyte
based ASSB is higher than all other ASSBs, this may be due to its
uniform size and good contact with electrode materials. Further
mixing this wLPSI solid electrolyte with LPSI solid electrolyte
(prepared by ball mill process), the specic capacity retention
value decreased; this is reasonable because the difference in
particle size and ionic conductivity of wLPSI solid electrolyte
and LPSI solid electrolyte is to far than other cathode composite
mixtures. In Fig. 6d, we observed the fabricated LPSI/sLPSI solid
electrolyte-based ASSB exhibited better coulombic efficiency
than other ASSBs.
4. Conclusions

In this study, we prepared Li7P2S8I solid electrolytes with
different particle sizes using different preparation techniques.
cle stability, (c) specific capacity retention, and (d) coulombic efficiency
zed solid electrolyte-based cathode composites.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The solid electrolyte prepared by wet ball milling method
exhibited a high ionic conductivity value. The particle sizes of
the prepared solid electrolytes were measured using FESEM
analysis. We fabricated cathode composites, using different
particle sizes of the commonly used solid electrolyte materials.
Interestingly, a mixture of LPSI and sLPSI solid electrolytes
cathode composite exhibited a high specic capacity of
127.2 mA h g�1 at the C-rate of 0.1 C. This suggests that the
different particle sizes of the solid electrolytes helped to
improve the contact between the solid electrolyte and cathode
material and subsequently enhanced the electrochemical
performances. This new concept provides an insight into a new
method for the fabrication of more efficient all-solid-state
lithium batteries.
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