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All-solid-state lithium batteries (ASSLBs) with solid-state electrolytes (SSEs) are
considered as a promising next-generation energy storage technology due to their
improved safety and higher energy density. Among various SSEs, halide Li3InCl6 is
emerging as a promising candidate because of its high ionic conductivity, air-stability,
and wide electrochemical window. Generally, most of the ASSLBs based on inorganic
SSEs are assembled by mixed dry pressing, which is not easy, to achieve uniform
dispersion of powder composite cathode. Here, a slurry coating method by dispersing
active materials (LiNi0.8Co0.1Mn0.1O2), SSEs (Li3InCl6), binders (ethyl cellulose, polymethyl
methacrylate, styrene butadiene rubber, and nitrile rubber), and conductive carbon black in
toluene solvent is used to fabricate cathodes. We studied the effects of different kinds of
binders and their contents on the electrochemical performance of ASSLBs. The results
show that polymethyl methacrylate, ethyl cellulose, styrene butadiene rubber, and nitrile
rubber binders are all suitable for preparing cathodes, and a binder content of 2 wt% can
achieve the best electrochemical performance of the ASSLBs. This work proves that the
intimate contact between the active material and the halide SSE in the electrode can be
realized by using slurry coating method with suitable binders, thus achieving stable
electrochemical performance.
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INTRODUCTION

Compared with traditional liquid lithium-ion batteries, all solid-state lithium batteries (ASSLBs)
have better development prospects due to their improved safety, high-energy density, and thermal
stability (Yue et al., 2017; Kraft et al., 2018; Zhang et al., 2018b). Solid-state electrolytes (SSEs) are the
key material of the next-generation ASSLBs (Kamaya et al., 2011; Janek and Zeier 2016; Zhang et al.,
2018b). Inorganic solid electrolyte has become a research hotspot in the field of electrolyte because of
its advantages of stable chemical and electrochemical properties and high ionic conductivity at room
temperature (Kamaya et al., 2011; Nam et al., 2015; Kato et al., 2016). Compared with the traditional
organic electrolyte, the electrochemical window of the SSEs is as high as 5 V or more and can be
equipped with high-voltage positive electrode materials (Feinauer et al., 2019), thus effectively
improving the energy density and safety of the battery (Wang et al., 2019b). In addition, the SSEs can
play the dual roles of separator and electrolyte, which can simplify the internal structure and
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packaging process of the battery and reduce the manufacturing
cost (Quartarone and Mustarelli 2011; Chen et al., 2016).

In the past few years, great progress has been made in the
research of SSEs (Bachman et al., 2016). At present, the research
on inorganic SSEs mainly focuses on sulfide-based SSEs (Seino
et al., 2014) and oxide SSEs(Liu et al., 2018; Wang et al., 2019a).
Among them, sulfide-based SSEs usually exhibit high ionic
conductivity (10–3 ∼ 10–4 S/cm) at room temperature (Seino
et al., 2014; Kato et al., 2016). Second, sulfide SSEs also have
good thermal stability, wide electrochemical window, and
excellent mechanical properties (Adeli et al., 2019). However,
sulfide SSEs are extremely unstable in the atmosphere and easily
reacts with water and oxygen to generate highly toxic H2S gas (Xu
et al., 2018). Moreover, the direct contact between sulfide SSEs
and positive electrode component leads to large interfacial
resistance due to inevitable side reactions, and this situation
will be aggravated by decomposition of sulfide SSEs at high
voltage (Deiseroth et al., 2008; Boulineau et al., 2012).
Compared with sulfide SSEs, oxide SSEs have excellent air
stability. However, the interface between the oxide SSEs and
the electrode will produce a large interface impedance. Moreover,
the synthesis process of oxide SSEs requires high-temperature
sintering, which will lead to side reactions between electrode and
oxide SSEs during co-sintering (Deng et al., 2015). These
unfavorable factors hinder the further development of oxide
SSEs (Thangadurai et al., 2014; Uhlmann et al., 2016).
Therefore, it is still challenging to find SSEs materials with
high ionic conductivity, electrochemical stability, chemical
stability, and deformability (Bachman et al., 2016). Recently,
great progress has been made in the research of halide SSEs
(Li et al., 2020). Most of the obstacles of oxides and sulfides
mentioned above are no longer the problem of halide SSEs (Li
et al., 2019b). It has been reported that the ionic conductivity of
Li3MX6 (M is a metal element, and X is a halogen) SSEs can reach
10–3 S/cm at room temperature (Asano et al., 2018; Li et al.,
2019b; Park et al., 2020). Moreover, the halide solid electrolyte has
a wide electrochemical window exceeding 4V (Liang et al., 2020).
In halide SSEs systems, it has been proved that Li3InCl6 SSE is
stable under dry oxygen atmosphere, and its water absorption
and dehydration process are reversible under atmospheric
atmosphere (Li et al., 2019b).

At present, ASSLBs based on Li-M-X system SSEs usually use
mixed dry pressing method to prepare a positive electrode. The
positive electrode prepared by mixed dry pressing has poor
contact between electrode material and SSEs, which will
produce large charge transfer resistance and affect the
electrochemical performance of the battery (Zhou et al., 2016).
In addition, the preparation of positive electrode of lithium
battery by mixed dry pressing is not easy to achieve uniform
dispersion of powder composite cathode and is not conducive to
commercial large-scale production (Jung et al., 2015).
Simultaneously, during the cycle of the battery, the process of
lithium ion lithiation/delithiation will generate a tremendous
strain/stress, which will cause separation between active
materials and SSEs and affect the performance of the ASSLBs
(Liang et al., 2016). On the contrary, the cathodes prepared by the
slurry coating method can be closely contacted with the active

materials under the action of binder, and dispersed evenly with
each other, which can effectively reduce the interfacial resistance
(Banerjee et al., 2016). This is because the rich functional groups
of polymer binder canmake the components in the cathodes well-
combined through chemical bond adsorption (Park et al., 2016).
Moreover, the long chain structure of polymer binder will also
provide mechanical resistance to the volume change of electrode
during battery cycle, thus alleviating this problem (Nam et al.,
2018). Therefore, finding a suitable binder is very important to
realize the long cycle of ASSLBs.

In this work, we select suitable binders for preparing the positive
electrodes of ASSLBs using the slurry coating method. In the
cathodes, Li3InCl6 is used as SSEs, Ni0.8Co0.1Mn0.1O2 (NCM) is
used as active materials, and carbon black is used as conductive
additive. The ASSLBs is assembled with Li3InCl6 solid electrolyte
and prepared positive electrode. We studied the influence of
various binder type and contents on the electrochemical
performance of ASSLBs. The results show that different binder
contents have a great influence on the electrochemical performance
of ASSLBs. Thus, a proper binder content plays a vital role in
improving the performance of ASSLBs.

EXPERIMENTAL

Material Synthesis
Synthesis of Li3InCl6: lithium chloride (LiCl, Alfa Aesar, 99.9%)
and indium chloride (InCl3, Alfa Aesar, 99.99%) were weighed to
the stoichiometric molar ratio. The mixtures were mechanically
mixed in a ZrO2 pot with ZrO2 balls. The mixing process was
performed using a planetary ball milling apparatus at 500 rpm for
24 h. All the preparation processes were carried out with an Ar
atmosphere. Several hundreds of milligrams of the ball-milled
Li3InCl6 were pelletized at 200 MPa, sealed in a glass tube under
vacuum, annealed at 260–400°C for different duration (2–12 h),
and cooled to room temperature in 2 h.

Preparation of cathode composite: the target ratio of binders is
dissolved in an appropriate amount of toluene solution.
LiNi0.8Co0.1Mn0.1O2, Li3InCl6 solid electrolyte and carbon
black are added to the above solution and stirred to prepare a
slurry. Then the slurry is evenly coated on the aluminum foil and
dried. The mass loading of the active material in the electrode is
about 0.8 mg.

Material Characterizations
The crystal phase and structure of the synthesized sample were
characterized by Rigaku Ultima IV X-ray diffraction (XRD). The
morphology, microstructure, and chemical composition of the
prepared electrode were characterized by a scanning electron
microscope (SEM, Hitachi S4700) equipped with energy dispersive
spectroscopy (EDS). The impedance of the prepared Li3InCl6 SSE
was measured with a ZENNIUM electrochemical workstation in the
frequency range of 4MHz–10 Hzwith a voltage amplitude of 10mV.

Electrochemical Measurements
The ASSLBs were fabricated using the prepared annealed-
Li3InCl6 SSEs inside the Ar-filled glovebox. The slurry coating
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method is used to prepare the positive electrode. Various
components were dispersed in toluene containing 15%
Li3InCl6, 75% the NCM, binder, and carbon black. We
selected four binder materials, namely polymethyl
methacrylate (PMMA), ethyl cellulose (EC), styrene-butadiene
rubber (SBR), and nitrile rubber (NBR). These four binders can
be well-dissolved in the toluene solution to form a uniform slurry.

At the same time, taking the content of each binder as a variable,
the influence of each binder on the ASSLBs performance was
studied. Uniform slurry is coated on charcoal-coated aluminum
foil, and then naturally dried. The dried positive electrode was
laid flat on the bottom of a stainless steel mold with a diameter of
12 mm. Then, 70 mg of annealed Li3InCl6 SSE powder was evenly
spread on the positive electrode and pressed into a wafer under a

FIGURE 1 | (A) XRD patterns of annealed Li3InCl6 sample. (B) Temperature dependence of the ionic conductivity for Li3InCl6 solid electrolyte.

FIGURE 2 | SEM images of electrode with 2wt% binders and the corresponding element mapping (A) PMMA, (B) EC, (C) SBR, and (D) NBR.

Frontiers in Materials | www.frontiersin.org September 2021 | Volume 8 | Article 7276173

Wang et al. Slurry Coated Solid Battery

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


FIGURE 3 | Initial charge–discharge profiles of cathode composites with different amount of binder (A) PMMA, (B) EC, (C) SBR, and (D) NBR.

FIGURE 4 | Cycling performance at 0.05C of cathode composites with different amount of binder (A) PMMA, (B) EC, (C) SBR, and (D) NBR.
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pressure of 30 Mpa. Another 30 mg of Li6PS5Cl (Yu et al., 2016)
was further added to avoid the possible influence of redox
conversion between In3+ and Li foil anode. A 0.8 mm thick
lithium metal foil (Oujin, Shanghai, China) is pressed on the
other side of the SSE layer as a counter electrode. The
galvanostatic charge–discharge studies of NCM cathodes were
conducted at different current densities (e.g., 1C � 200 mA g−1),
within a potential window of 2.5–4.2 V vs. Li/Li+ at 25°C.

RESULT AND DISCUSSION

Figure 1A shows a typical X-ray diffraction (XRD) pattern of
annealed Li3InCl6 sample. It could be found that a peak
corresponding to InOCl is observed in the XRD pattern of the
Li3InCl6 sample annealed at 350oC. This indicates that the impure
phase InOCl appears in the Li3InCl6 sample during annealing.
An unknown weak peak appears in the XRD pattern of the
sample annealed at 200oC. When the annealing temperature is
increased to 260oC, the intensity of the unknown peak weakens.
The ionic conductivity of the Li3InCl6 SSE obtained at 260oC was
studied by electrochemical impedance spectroscopy. The
temperature dependence of the ionic conductivity of the
Li3InCl6 SSE is shown in Figure 1B. The plotted ionic

conductivities were calculated from the sum of the grain
boundary and bulk resistance featured with a semicircle in the
high frequency region (Zhang et al., 2018a). At room
temperature, Li3InCl6 solid electrolyte exhibits an ionic
conductivity of 9.8 × 10–4 S cm−1, which is slightly lower than
previously reported (Huang et al., 2019; Li et al., 2019a). This is
due to a small amount of impurity phase in annealed Li3InCl6.

To study the morphologies and elemental distribution of
various components in the cathodes, EDS and scanning
electron microscopy (SEM) are further performed. Figure 2
shows the SEM image of electrode and the corresponding
element mappings. Figures 2A–D are SEM and EDS of the
cathodes prepared with PMMA, EC, SBR, and NBR as
binders, respectively. The results show that after compaction,
the surface of the positive electrode is flat and there are no large
cracks and potholes. It shows that the Li3InCl6 SSEs, NCM
particles, and carbon black in the positive electrode are in
close contact with each other due to the adhesion of binder.
Under the influence of the long chain structure of binder and the
adsorption of functional groups, the components in the cathode
are tightly combined. Moreover, the electrode is closely attached
to the carbon coated aluminum foil current collector
(Supplementary Figure S3), which will increase the electronic
conductivity, indicating the importance of the adhesion of the

FIGURE 5 | Rate performance of cathode composites with different amount of binder (A) PMMA, (B) EC, (C) SBR, and (D) NBR.
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binder. On the other hand, it can be found from EDS mapping
that nickel, carbon, and chlorine are evenly distributed on the
electrode. This suggests that during the slurry coating process,
Li3InCl6 SSEs, active material particles, and carbon black in the
positive electrode are evenly dispersed due to the adhesion of
binder dissolved in toluene solution. This plays a vital role in the
electrochemical performance of ASSLBs. As shown in
Supplementary Figure S2, this finding can also be confirmed
from the cross-sectional SEM image of the electrode and the
corresponding element mappings. Meanwhile, it can be found
that Li3InCl6 SSE is filled between NCM particles, which are
conducive to the conduction of lithium ions at the interface. The
NCM particles are tightly coated with the Li3InCl6 SSE, which
further confirms that the NCM particles are in close contact with
the Li3InCl6 SSE under the influence of the binder. This is
conducive to the fast Li+ transportation and improves the
electrochemical performance of the ASSLBs.

To investigate the electrochemical behaviors of the positive
electrode with binder, we assembled ASSLBs with the electrode
containing different binders. Figure 3A displays the initial
discharge/charge capacity of composite electrodes with
different contents of PMMA binder at a current density of
0.05 C. For the ASSLBs without any binder, the discharge
capacity of the first cycle is only 22 mA h g−1, and the
corresponding coulombic efficiency is 28.5%. Because there is

no binder in the electrode, the contact between Li3InCl6 SSE and
active materials is poor, which leads to the difficulty of lithium
ions conduction in the electrode area and affects lithiation/
delithiation of lithium ions during charging and discharging.
Compared with the battery without binder, the discharge
capacity of the battery with PMMA binder is improved. It
can be found that the electrode containing 2 wt% PMMA
binder delivers the highest discharge capacity. And when the
content of binder in the electrode increases or decreases, the
discharge capacity of ASSLBs will decrease. This is because
when the binder without lithium ions conductivity in the
electrode increases, the charge transfer resistance at the
electrode interface increases, the lithium ions conductivity
decreases, and the lithium ions diffusion channel decreases.
However, when the binder in the electrode is further reduced,
the limited binder is not enough to provide sufficient adhesion
for the formation of close contact between Li3InCl6 SSE and
NCM active material, resulting in the contact between the two is
not close enough, and the diffusion channel of lithium ions will
also be reduced. At the same time, the initial coulombic
efficiency of the electrode with 2 wt% binder can reach
67.5%, which shows that the appropriate binder content can
effectively increase the initial reversible capacity. Therefore, 2 wt
% PMMA binder is the most suitable percentage for the
electrode. Figures 3B–D corresponds to the initial discharge/

FIGURE 6 | Nyquist plots of cathode composites with various amount of binders: (A) PMMA, (B) EC, (C) SBR, and (D) NBR.
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charge curves of electrodes with EC, SBR, and NBR binders at a
current density of 0.05 C, respectively. It can be found that for
EC, SBR, and NBR binders, when the binder content in the
composite electrode is 2 wt%, the capacity of ASSLBs is the
highest. It can be seen that, for Li3InCl6 SSE, when the coating
method is used to prepare the electrode and PMMA, EC, SBR,
and NBR are used as binders, the binder content of 2 wt% is
suitable. At the same time, when the binder content is controlled
at 2 wt%, the interface formed by Li3InCl6 SSE and active
materials can provide more lithium ions migration channels,
which is beneficial to lithium ions conduction. To study the
electrochemical behaviors, we examined the cyclic voltammetry
(CV) of NCM cathodes with EC, SBR, and NBR binder. As
shown in Supplementary Figure S4, the CV curves were tested
at a constant sweep rate of 0.1 mV s−1 in the voltage range of
2.5–4.2 V. One oxidation peak and one reduction peak can be
observed, corresponding to the insertion and extraction of
lithium ions, respectively.

In order to evaluate battery performance using electrodes with
different binder, ASSLBs were fabricated. Figure 4 shows the
long-term cycling performance of batteries with different binders
and different contents at 0.05C and 30oC. The long-term cycling
performance for the batteries with PMMA binder using different
content binder is shown in Figure 4A. For the ASSLB with
PMMA binder, ASSLBs with 2 wt% binder maintains a reversible
capacity of 84 mA h g−1 with a capacity retention of 71.4% after
100 cycles. At the same time, the battery with 1 wt%, 3 wt%, and
5 wt% PMMA binder maintains a reversible capacity of 39 mA h
g−1, 51 mAh g−1, and 30 mAh g−1, respectively. Figure 4B
compares the long cycling performance for the batteries with
EC binder using different content binder. Obviously, the cycling
stability and reversible capacity of ASSLBs with 2 wt% EC binder
are more excellent than those of the ASSLBs with other binder
content, with a specific capacity of 70 mAh g−1 remaining after
100 cycles. Figure 4C displays the long-term cycling performance
for the batteries with SBR binder and different contents. The
reason for this situation is mainly due to insufficient binder in the
composite electrode, which leads to insufficient contact between
the SSEs and the active materials. During the battery cycle,
lithiation/delithiation of lithium ions will make this
phenomenon more serious. On the other hand, the battery
with 3 wt% binder and 4 wt% binder in the electrodes exhibits
lower capacity, which is due to the excess binder covering the
active material. Figure 4D shows the long-term cycling
performance of the positive electrodes with different NBR
binder content. The electrode with 2 wt% NBR binder showed
the highest discharge capacity and the smallest capacity reduction
after 100 cycles. Compared with previous related reports (Zhang
et al., 2018a), the discharge capacity of this work is slightly lower.

To further discuss the influence of different binder content on
the rate performance of the electrode, the ASSLBs were tested
under different current densities from 0.05 to 1 C at room
temperature. Figure 5 displays the rate capability of the
ASSLBs which use NCM composite electrode with PMMA,
EC, SBR, and NBR binder. As shown in Figure 5A, the
ASSLBs with PMMA binder showed an acceptable rate
capability. Upon discharging at current densities of 0.05, 0.1,

0.2, 0.5, and 1 C, reversible capacities of 87, 76, 60, 35, and 20 mA
h g−1 are achieved, respectively. On the other hand, the ASSLBs
with EC, SBR, and NBR binder delivered acceptable rate
performances as well. Therefore, PMMA, EC, SBR, and NBR
binder are applicable binders for ASSLBs with the Li3InCl6 SSE
when the cathode of the battery is prepared by slurry coating
method. Since the reversible capacity was recovered when
returning to a lower current density, it is speculated that there
is no serious separation between the active materials and Li3InCl6
SSE. This is mainly due to the close contact between the NCM
particles and the Li3InCl6 SSE under the action of the binder.

It is well-known that interface impedance is a critical factor for
performances of ASSLBs(Bohnsack et al., 1997; Li et al., 2019a).
To further understand the interface compatibility between the
SSE and the electrode, electrochemical impedance spectroscopy
(EIS) tests of the ASSLBs were performed to evaluate the
resistance of the electrode prior to cycling. Figure 6 displays
the impedance profiles of the ASSLBs. The impedance values
corresponding to the intersection of the high frequency semicircle
and the low frequency semicircle with the horizontal axis are the
SSE layer impedance RSE and the interface charge transfer
resistance Rct between the electrode and the SSEs interface,
respectively (Deng et al., 2015). Clearly, the cathode with 2 wt%
binder shows the smallest resistance. Because the polymer
binder does not have lithium ions conductivity, when the
binder content in the electrode increases, the electrode
interface impedance increases. However, when the content of
binder in the electrode decreases, the interface impedance of the
electrode also increases. This is because when the binder content
in the electrode decreases, there is not enough binder to achieve
close contact between the positive electrode active material
NCM particles and the Li3InCl6 SSE, resulting in an increase
in electrode interface impedance.

CONCLUSION

In summary, we successfully prepared positive electrodes with
PMMA, EC, SBR, or NBR as binders, Li3InCl6 as solid electrolyte,
carbon black as electron conduction agent, and
LiNi0.8Co0.1Mn0.1O2 (NCM) as the active material. And the
ASSLBs are assembled with a positive electrode prepared by a
slurry coating method. The results show that the electrodes
prepared by slurry coating method have low interfacial
impedance due to the intimate contact between NCM particles
and the SSE. In addition, content of binder has a great influence
on the electrochemical performance of ASSLBs. The ASSLBs
containing 2 wt% binder showed the better electrochemical
performance, which indicated that 2 wt% binder content was
the most suitable ratio. Our results suggest that PMMA, EC, SBR,
and NBR can all be used in the preparation of positive electrodes
for all-solid-state batteries, but a moderate content of binder has a
crucial influence on the improvement of the electrochemical
performance of all-solid-state batteries. Nevertheless, for
practical use of Li3InCl6 solid electrolyte in slurry coating
electrodes, further efforts are needed to improve the utilization
rate of active material with higher mass loading.
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