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All-solid-state batteries with non-flammable solid electrolytes offer enhanced safety features, and
show the potential for achieving higher energy density by using lithium metal as the anode. Among
various solid electrolytes, sulfides are favored for their high room-temperature ionic conductivity and
low-temperature processing. However, making large-scale thin electrolyte films via pressing sulfide
powder is still challenging. A polymer has recently been introduced as a binder or framework to obtain
a flexible thin sulfide-based composite electrolyte film with high ionic conductivity. In this Review, we
initially discuss the ionic transport mechanism of sulfide/polymer composite electrolyte films. Then,
the preparation methods and the properties of sulfide-based composite electrolytes are introduced in
detail, and the advantages and disadvantages of each method are also analyzed. We later discuss the
application of composite electrolyte films in all-solid-state batteries. Finally, we provide a perspective
on the future development direction of sulfide-based composite electrolyte films.

Lithium-ion batteries have become increasingly prevalent in various
applications, such as grid electric storage, electric vehicles, and portable
electronic equipment'~. However, the currently used lithium-ion batteries
use flammable organic electrolytes, and lithium dendrites can grow, espe-
cially during the high-current cycling, and penetrate the separator, leading
to the short circuits of batteries*’, which would cause serious safety issues.
All-solid-state batteries (ASSBs) with non-flammable solid electrolytes
exhibit higher energy density and improved safety in comparison with
commercial lithium-ion batteries, and thus ASSBs have attracted ever-
increasing attention®”. Solid-state electrolytes, as one of the most important
components of a solid-state battery, could be classified into polymer-based
electrolytes, oxides, sulfides, and halides'*"".

Polymer-based solid electrolytes exhibit good processability and flex-
ibility, but their low room-temperature ionic conductivity (around
107°Scm™") hinders their further applications™". Oxides show good air
stability and wide electrochemical windows. However, their high sintering
temperature and natural brittleness make them difficult to be applied in
bulky batteries on a large scale'*"”. Halide solid electrolytes have emerged as
promising candidates due to their good deformability, high ionic con-
ductivity, and oxidation stability. However, they also face some challenges
due to their high density, expensive raw material cost, and instability
in organic solvents'®”. In contrast, sulfide solid electrolytes, especially

some lithium argyrodites (e.g. LigPSsCl”, LissPS,5X;5 (X =Cl, Br)**,
Lis 5PS, 5Clo Bry,"), have gained extensive attention due to their abundant
raw materials and impressive room-temperature ionic conductivity which is
comparable to that of liquid electrolytes™ .

Since crack formation easily occurs in the thin ceramic wafers formed
by the cold pressing of sulfide solid electrolyte powders, the thickness of the
electrolyte layer is typically between 0.6 and 1 mm, which will greatly
sacrifice the energy density of the whole battery *’. Therefore, reducing the
thickness of the sulfide electrolyte layer is vital for achieving high specific
energy. To fabricate a flexible sulfide electrolyte film with high ionic con-
ductivity, combining sulfide electrolyte with polymer is an effective
method™. The sulfide/polymer composite electrolytes include two types:
one in which the polymer electrolyte acts as matrix and the sulfide serves as
fillers, the other in which the sulfide electrolyte acts as matrix and the
polymer serves as filler””". Due to the fact that polymer-based composite
electrolyte films exhibit lower room-temperature ionic conductivity, typi-
cally at the level of 107* S cm™" *, this review mainly focuses on the research
progress of sulfide-based composite electrolyte films.

In this review, we first illustrate the mechanism of ionic transport in
sulfide/polymer composite electrolyte films. Subsequently, the preparation
methods and corresponding properties of sulfide-based composite elec-
trolytes are introduced in detail with an analysis of the advantages and
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disadvantages of these methods. Then, the research progress of sulfide-
based electrolyte films used in the ASSBs is presented. Finally, we provide
insights into the future development direction of sulfide-based composite
electrolyte films.

lonic transport in composite electrolytes

For the composite electrolyte films in which sulfide acts as a matrix and
polymer is filler, the sulfide phase is mainly responsible for the Li* transport.
Since most polymer binders, such as NBR, poly(styrene-co-butadiene)
rubber (SBR), are ionic insulators, if the binders wrap around the sulfide
electrolyte particles, the contact between the sulfide particles will be blocked,
which will impede the continuous and fast ionic transport in the sulfide
phase (Fig. 1a)**™*. Therefore, the ideal situation is that the polymer binder
fills the gaps between the stacked sulfide electrolyte particles and acts as an
adhesive for these sulfide particles, which could minimize binder usage.
In order to further improve the ionic conductivity of the sulfide
composite electrolyte films, replacing the common insulating binders with
ionically conductive polymer-based electrolytes is an alternative method.
Some composite electrolyte films, such as LigPSsCl/PEO-SiO,-LiClO,
electrolyte”,  Lis 25Geg25Po 7554/ PEO-LITFSI-Pyr; 4TFSI  electrolyte™,
LigPSsCI/NBR-LiG3 gel polymer electrolyte” and LigPSsCl/NBR-LiTFSI
composite electrolyte” have been developed. NMR tests have confirmed
that lithium ions could migrate through both the sulfide phase and polymer
phase, and lithium ions preferably diffuse through the sulfide ceramic phase
(Fig. 1b). Due to the higher room-temperature ionic conductivity of sulfide-
based composite electrolyte films, this review mainly focuses on the recent
progress of sulfide-based composite electrolyte films.

The preparation method of sulfide-based composite
electrolyte

The typical preparation methods of sulfide-based composite electrolyte
films include dry and wet processes. Among them, the wet process is a
prevalent technique for film production.

Wet process

The preparation of composite electrolyte membrane by the wet process
mainly includes wet mixing—cold (or hot) pressing, tape casting, and
infiltration. Below is a brief introduction to the operation procedures,
advantages and disadvantages of these methods.

Wet mixing—cold (or hot) pressing
Wet mixing-cold (or hot) pressing is a popular method used in the
laboratory. The specific process is as follows. First of all, the polymer binder
is partially dissolved in the organic solvent, then the sulfide electrolyte is
added, followed by the solvent evaporation. Finally, the obtained composite
electrolyte powder was cold (or hot) pressed into a freestanding pellet under
a certain temperature and pressure (Fig. 2a). Through the wet mixing, the
homogeneous dispersion of the polymer binder will be effectively improved,
and the freestanding composite electrolyte membranes with a high ionic
conductivity of about 0.5—1 mS cm ™" and a thickness of about 100-120 um
will be obtained™”.

Meanwhile, the wet mixing-cold (or hot) pressing method also pro-
vides a new way for the development of high-energy density ASSBs. For
example, Liu et al. successfully prepared a continuous and uniform coating

of polydopamine with a thickness of 5 nm on the LisPSsCl particles. Sub-
sequently, a compact LisPSsCl-polydopamine film with a thickness of
35pum and an ionic conductivity of 0.2 mScm™" was prepared by cold
pressing of LisPSsCl@polydopamine particles. An ASSB with the Co;S, as
cathode and the above film as a separator was assembled. The cell delivered a
high discharge capacity of 485.1 mAh g with a high capacity retention of
about 78.5% after 100 cycles at 0.1 C and 25 °C".

Though the wet mixing—cold (hot) pressing method is widely used in
the laboratory, it still also faces many obstacles in practical applications.
Excessive pressure during the process may lead to the rupture or defor-
mation of the composite electrolyte membrane, while too low pressure may
lead to weak bonding of the composite electrolyte powder. Additionally, the
composite electrolyte membrane prepared with this method has limitations
in terms of size. Larger dimensions would require a larger tonnage press.
Therefore, this preparation method is largely constrained by the capabilities
of the equipment used, posing challenges for large-scale preparation.

Tape casting

Compared to the wet mixing-cold (or hot) pressing method, tape casting is
an efficient method to prepare composite electrolyte films on a large
scale* ™. This preparation technique involves a series of following steps. To
begin with, a binder is dissolved into a solvent to form a solution. Subse-
quently, the sulfide is added to the solution and mixed to form a sulfide
electrolyte slurry. Next, the slurry with adjusted viscosity is uniformly cast
on the substrate. After that, the solvent is removed from the slurry by drying.
Finally, a composite electrolyte film is successfully obtained (Fig. 2b).

Tape casting is a prevalent composite film fabrication technique due to
significant advantages, such as uniform preparation, as well as the ability to
precisely control the thickness of the film*. In addition, the manufacturing
process of this method is relatively mature and simple, making it suitable for
large-scale production. However, it should be noted that lithium thiopho-
sphates typically undergo severe reactions with polar solvents (Fig. 3a), such
as dimethylformamide, leading to sulfide electrolyte decomposition and
reduction of the ionic conductivity™. This is because sulfides will suffer from
nucleophilic attack by the aldehydo group with lone-pair electrons at
electronegative oxygen. Consequently, only solvents with low-polarity or
non-polarity, such as toluene and xylene, are usually used during the wet
process. This is because non (or low)-polar solvents exhibit chemical
inertness in contact with lithium thiophosphates owing to their negligible
donor ability (Fig. 3b and c)**. However, these solvents will limit the choice
of polymer binder. Only a few binders that could be solved in the solvents
with low-polarity or non-polarity, such as NBR and SBR, are viable
options*. In addition, the sulfide electrolyte particles are easy to be
encapsulated by polymers during the tape-casting process, which may lead
to a low ionic conductivity of the composite film*"*.

To address the above issues, the interactions among sulfide solid
electrolytes, polymer binders, and solvents have been investigated to find an
appropriate sulfide—polymer binder—solvent system. For example, Tan et al.
analyzed the stability of Li,P5S,, against various solvents by comprehensive
methods. They found that p-xylene (XYL) exhibited good compatibility
with Li;P5S;;. Additionally, styrene-ethylene-butylene-styrene (SEBS)
polymers could be solved into the XYL. Based on the above optimal system,
a Li;P3S;;-SEBS composite film with an ionic conductivity of 0.7 mS cm™
and a thickness of 50 pm was successfully prepared via tape-casting

Fig. 1 | The ionic transport mechanism of sulfide/
polymer composite electrolyte. a LicPS;Cl-based
composite electrolyte with NBR-LiG3 as the binder
(NBR: nitrile-butadiene rubber; LiG3: triethylene
glycol dimethyl ether). Lithium ions prefer to go
through the LisPSsCl particles, and NBR-LiG3 also
contributes to the Li* transport”. b LigPSsCl-based
composite electrolyte with ionically insulating
poly(vinylidene fluoride) (PVDF) as the binder. Li*
can only migrate through the LisPSsCl particles™.
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Fig. 2 | Schematic illustration of the preparation of
composite electrolyte films via different wet pro-
cesses. a The process of wet mixing—cold (or hot)
pressing. b The process of tape casting.
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Fig. 3 | Schematic illustrating interactions
between lithium thiophosphates and solvents with
various polarity. a Severe interaction between the
highly polar dimethylformamide and sulfides.

b Negligible interaction between the less polar tet-
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method’. To further improve the ionic conductivity and reduce the
thickness of the film, a sulfide electrolyte with higher ionic conductivity is
chosen. An 8 um thick Lig gsGeP; 06Sbg 04511.88Clo.12—-poly(methyl metha-
crylate)/n-butylacrylate composite film with high ionic conductivity of
1.9 mS cm ™" was successfully obtained via tape-casting™.

Recent studies have found that some polar ester solvents with large
volumes of alkyl groups can not only enhance the solubility of some binders
(acrylate-type, NBR, SBR) and lithium salts but also can inhibit nucleophilic
attacks on the sulfide electrolytes because of the steric hindrance effect. In
recent studies, a co-solvent approach combining solvents with various
polarity solvents has been implemented for the fabrication of sulfide-based
composite electrolyte films™®*. For example, Kim et al. developed a co-
solvent system composed of the highly polar hexyl butyrate (HB) and the
less polar dibromomethane (DBM) to prepare a composite electrolyte film.
The DBM solvent effectively suppressed the decomposition of sulfide
electrolyte and dissolved NBR, while the HB solvent was used to dissolve
lithium salts and adjust the dispersion of the NBR. Additionally, the HB
solvent exhibited excellent stability with the LigPSsCly sBry 5 electrolyte due
to the huge steric hindrance of hexyl™. In another study, Lee et al. also used
cosolvents consisting of xylene and isobutyl isobutyrate to prepare a 40 pm
LigPSsCl-based solid electrolyte with a high ionic conductivity of
1.31mScm™ at room temperature. Due to the good solubility of the
acrylate-based binder, the LigPSsCl is able to disperse more uniformly in the
slurry*. To further enhance the room-temperature ionic conductivity of the
composite electrolyte film, future research should focus on the development
of new polymer binders and the exploration of new solvent systems.

Infiltration method
During the above tape-casting process, sulfide electrolyte particles are
typically encapsulated by polymer binders, which hinders the lithium ions

conduction between the sulfide particles. To construct a continuous path-
way for ion transport, the infiltration-cold (or hot) pressing method has
emerged for obtaining composite electrolyte films. This method consists of
two types: one involves infiltrating polymers into the three-dimensional
sulfide framework, while the other entails infiltrating sulfides into the three-
dimensional network formed by the polymer binders™.

For the composite electrolyte film with sulfide as the skeleton and
polymer binder as the fillers, the specific preparing process involves infil-
trating polymer monomers into a three-dimensional sulfide framework,
followed by in-situ polymerization to create a freestanding sulfide/polymer
composite membrane (Fig. 4a)™. Due to the construction of a good three-
dimensional network formed by sulfide electrolyte particles, lithium ions
could not only fast diffuse through the sulfide ceramic phase but also along
with the sulfide/polymer interface.

For example, Cui et al. utilized highly conductive LigPSsCl as a matrix
and SeS, as a pore-forming agent to prepare a three-dimensional free-
standing porous skeleton (denoted as p-LPSCI)*. Polyethylene glycol
methyl ether acrylate (PEGMEA) as the monomer was infiltrated into the
sulfide porous skeleton, followed by in situ polymerized to obtain a p-
LPSCL/P(PEGMEA) composite electrolyte film. It has been revealed that
both the sulfide ceramic phase and the p-LPSCI/P(PEGMEA) interfacial
phase in this composite electrolyte provided fast ionic transport pathways,
leading to an increase of the ionic conductivity from 0.0018 to 0.46 mS cm ™.
Moreover, the p-LPSCI/P(PEGMEA) exhibited good compatibility with the
lithium metal anode. Based on the above film, the Li|3D composite|
LiNig gMng ;Cop 10, ASSB was assembled. The cell delivered a reversible
discharge capacity of 157 mAh g with a high capacity retention of 84%
after 90 cycles at a cut-off voltage of 4.5V at 0.1 C. This work provides
a highly effective strategy for designing solid electrolytes that meet
the requirement of both high conductivity and excellent interfacial
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Fig. 4 | Schematic illustration of the preparation of
composite electrolyte films via different infiltra-

tion methods. a Composite electrolyte with sulfide
as the skeleton and polymer binder as the fillers. The

polymer is infiltrated into the sulfide framework.

b Composite electrolytes with polymer obtained via
electrospinning technology as skeleton and sulfides
as the fillers. The sulfide suspension is dripped into
the polymer skeleton. ¢ Composite electrolytes with
commercial nonwovens as skeleton and sulfides as

fillers. The sulfide suspension is doctor-bladed on
the polymer skeleton.

compatibility. However, the thickness of the composite membrane reaches
125 pm, which is still too thick to align with the demands of commerciali-
zation. Further reducing the thickness of the film is still necessary.

For the composite electrolyte film with polymer binder as the skeleton
and sulfide as the fillers, this method involves infiltrating sulfide electrolyte
suspension into the polymer skeleton, followed by either cold pressing or hot
pressing to form a thin film (Fig. 4b, ). There are generally two options for
the polymer binder skeleton, one is commercial nonwovens, and the other
is the three-dimensional fiber network synthesized via electrospinning
technology. For example, Xu et al. used Kevlar nonwovens as the scaffold
to obtain a Li;PS,-based composite electrolyte film with a thickness
of 100 um and ionic conductivity of 0.3 mS cm ™" *’. For another instance,
Liu et al. prepared a poly(vinylidene fluoride-co-trifluoroethylene) three-
dimensional framework by using electrospinning technology. Then the
LigPSsCl suspension was infiltrated into the polymer skeleton to form a
30 pm film with an ionic conductivity of 1.2 mSecm ™ *.

When it comes to the infiltration method, apart from directly dripping
the sulfide electrolyte suspension into the polymer framework (Fig. 4b),
doctor-blade is another facile way (Fig. 4c). For example, Liu et al. dripped
the LigPSsCl-toluene suspension into the electrospinning polymer film*,
while Zhu et al. coated the LigPSsCl-chloroform suspension onto the cel-
lulose skeleton with the doctor blade method”. To further improve the
compactness and ionic conductivity of the film, hot pressing could be used
in the final preparation process. By introducing a flexible polymer frame-
work, the thickness of the solid electrolyte layer could be reduced, and both
excellent mechanical performance and high room-temperature ionic con-
ductivity could be achieved. In addition, the battery assembly challenges
would be alleviated, and the production efficiency of ASSBs would be
facilitated.

Dry process

In the liquid-phase synthesis process, the commonly used organic solvents
are normally toxic, which will damage the environment. In addition, the
sulfide electrolytes are easy to be wrapped by the binders, impeding the ionic
transport between the sulfide particles, and resulting in low ionic con-
ductivity of the composite electrolytes. In contrast, the dry method has
garnered significant attention within the industry due to its lower energy
consumption, minimal binder usage, and ability to maintain the high ionic
conductivity of sulfides®. Currently, there are three kinds of dry methods for
the fabrication of composite electrolyte films, including powder compres-
sion, powder spraying, and binder fibrillation. A brief overview of the
operational steps and pros and cons of each specific method is as follows.

Powder compression

In laboratory-scale preparation of composite electrolyte films, powder
compression is widely used because of its simplicity and cost-effectiveness.
This method involves dry mixing polymer binders with sulfide electrolytes
via ball milling, followed by cold (or hot) pressing to form composite

electrolyte films with thicknesses of 60-100 um (Fig. 52)°""*. However, this
method has some drawbacks, including low elastic modulus, poor flexibility,
susceptibility to cracking, and limitations in size due to the use of molds.
Furthermore, polymer binders tend to agglomerate, hindering ionic trans-
port and resulting in declined ionic conductivity. Therefore, the prepared
composite electrolyte membrane typically exhibits low ionic conductivity of
about 0.1 mS cm™". For example, Whiteley et al. mixed 77.5Li,S-22.5P,S5
solid electrolyte with polyimide by high-energy ball milling, and then the
mixture was hot pressed at 100 °C and 228 MPa to obtain a sheet-like
composite electrolyte film with an ionic conductivity of about 0.1 mS cm™
and a thickness of 63.7 um®. To further enhance the ionic conductivity of
the composite electrolyte films, hot pressing could be used to densify the
films, which requires the binder to possess good thermal stability and
mechanical properties. For example, after the aramid fiber reinforced
(Li,S)70(P2Ss)30 glass—ceramic composite electrolyte film being hot pressed
at 240 °C and 200 MPa, the ionic conductivity of the composite film with
10 wt% aramid fiber increased to 2.48 mS cm™ ©'. However, it should be
pointed out that powder compression is not suitable for roll-to-roll pro-
duction, limiting its application in large-scale film fabrication.

Powder spraying

Powder spraying is a widely commercial method used for preparing solid
electrolyte films. The detailed preparation process is as follows*. Firstly,
sulfide electrolyte and polymer binder powders are mixed homogeneously.
Subsequently, electrostatic discharge occurs between needle electrodes and
counter electrodes, as a result, the powders are charged and then deposited
onto the counter electrode. Finally, the deposited powders are rolled to form
a dense composite electrolyte film (Fig. 5b). Two common techniques for
powder spraying are electrostatic spraying (PES) and electrostatic cylinder
method (EDM)®. The composite electrolyte membrane prepared by PES is
mainly affected by parameters such as charging voltage, gas pressure, and
distance between the spraying gun electrode tip and current collector®.
Currently, powder spraying is predominantly applied to composite elec-
trode fabrication, with limited reported applications in the field of com-
posite electrolyte films. One common challenge associated with powder
spraying is the lack of an effective way to control the coating thickness. For
the ASSB, the uneven thickness of the electrolyte membrane will have a
severe impact on the specific capacity and cycling stability. In addition, a
relatively large amount of binder (>5 wt%) is required for powder spraying.
After melting, the binder will adhere to the surface of the sulfide particles,
resulting in the formation of an insulating layer, which hinders ion con-
duction. Therefore, selecting a binder with a strong adhesive could help
reduce the usage amount of binder and enhance the ionic conductivity of the
composite electrolyte films.

Binder fibrillation
Binder fibrillation is a recently developed dry method. Detailed preparation
process is as follows. First of all, the sulfide electrolyte is mixed with a
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Fig. 5 | Schematic illustration of the preparation of

composite electrolyte membrane by dry process. a — % S
a The sulfides and polymer binder were dry mixed = m - \ —
via ball milling followed by cold pressing. b The 4 Py A\
composite cathode mixture powder was sprayed, L s B
followed by hot rolling. ¢ The composite cathode o
mixture was hot rolled to make the binder fibrillated. . Composite electrolyte
Cold pressing film
b
- >
Mixture
Powder spraying
C
= -
\

Hot rolling

Composite electrolyte film

polymer binder. Then, additional shear force is applied to the mixture to
induce polymer fibrillation. Finally, the polymer network is formed, which
could serve as the support for the sulfide electrolytes (Fig. 5c). Binder
fibrillation allows for the preparation of thin electrolyte films with a small
amount of binder. Due to the uniform distribution of sulfide electrolytes
within the fiber network, the reduction of ionic conductivity caused by
binder agglomeration could be alleviated. In addition, hot rolling could be
used to reduce the porosity and further enhance the ionic conductivity. For
example, the Lis 4PS4 4Cl; ¢ sulfides and PTFE powder as starting materials
were mixed in a weight ratio of 99.8:0.2 via ball milling, followed by hot
rolling at 80 °C. During the rolling process, PTFE fibrillation occurred under
shear force, resulting in a fibrous PTFE network and a denser film. Finally, a
flexible ultra-thin (about 30 um) composite electrolyte film with a
remarkably high ionic conductivity of 8.4 mS cm™" at 25 °C was obtained®’.
However, the current steps of binder fibrillation are mainly conducted
manually, and further research is needed to reveal the underlying
mechanisms. In 2019, Musk announced that Tesla planned to purchase
Maxwell for $218 million™. After that, binder fibrillation has attracted
worldwide attention. Subsequently, during Tesla Battery Day in 2020, Musk
claimed that binder fibrillation could significantly reduce production cost®”.
This highlights that binder fibrillation shows great potential in the com-
mercial production of composite electrolyte films and composite electrodes
through roll-to-roll processes.

Performance of the composite electrolyte films

lonic conductivity and thickness of the films

Table 1 shows the room-temperature ionic conductivity and thickness of
sulfide-based composite electrolyte films prepared via various preparation
methods. In order to highlight the recent advancements in sulfide-based
composite films for ASSBs, a succinct timeline showcasing significant events
in composite electrolyte films is depicted in Fig. 6. It could be observed that
the composite electrolyte films prepared by the dry (or wet) mixing-cold
pressing method is not flexible and typically thick (>60 um) with low ionic
conductivity (<2 mS cm™"). Hence, this method is not suitable for large-scale
applications. The ionic conductivity of composite films prepared by doctors
blading the sulfide solution on the non-woven skeleton, or using the
electrospinning-infiltration-hot pressing technique, will be relatively high
(1-6 mS cm™"). However, the thickness is still relatively thick (>30 pm) and
needs to be further reduced. Compared with the wet process, the ionic

conductivity of the film via the dry process can reach up to 84 mScm™".

However, the thickness is difficult to be further reduced to <20 pm.

Tape casting method could be adopted to achieve the films with con-
trollable thickness (8-70 um) and ionic conductivity of ~1-2mScm .
Consequently, this method emerges as a highly promising approach for
large-scale production of ultra-thin composite electrolyte films. In the
future, more viscous binders could be used to reduce the amount of binder
used. Additionally, using sulfide electrolytes with higher ionic conductivity
(>10 mS cm™) and improving the mixing process could help further opti-
mize the ionic conductivity of the composite electrolyte films.

Li symmetric battery performance

The stability and compatibility of pure sulfide electrolyte ceramics towards
lithium metal anode are of significant importance for their practical appli-
cations. However, sulfide electrolytes typically react with lithium metal.
For example, lithium argyrodite, such as Lis_,PS;_,M;,, (0<y <1,
M =(l, Br, I), will decompose to form a solid electrolyte interphase (SEI)
layer containing Li,S, Li;P and LiCl when in contact with lithium metal. The
SEIlayer initially thickens and eventually stabilizes during resting, leading to
an increase of interfacial resistance and polarization voltage®. Additionally,
pores and cracks within the ceramics, inherent electronic conductivity,
chemical environment, and surface roughness of the sulfides will lead to the
formation and growth of lithium dendrites, ultimately resulting in short
circuits of the cells, especially under high current density or large external
pressure”.

By compounding the sulfide ceramic matrix with polymer binders, the
interfacial stability against lithium metal could be improved. For example,
Wang et al. incorporated PVDF into the LigPSsCl matrix to reduce the
porosity of the composite electrolyte membrane, resulting in a significant
improvement in battery cycling life. The lithium symmetric cell assembled
with LigPSsCl-based film containing 10 wt.% PVDF showed an extended
lifespan from 1 hour to 67 hours, effectively suppressing lithium dendrite
growth™. Similarly, Kim et al. prepared LigPSsCI-XNBR composite elec-
trolyte films through wet mixing followed by rolling. Based on this film, the
assembly lithium symmetric cell showed stable cycling for 500 h under the
current density of 0.1 mA cm” and an areal capacity of 0.05 mAh cm” *.
Furthermore, Liu et al. prepared LigPSsCl-P(VDF-TrFE) composite elec-
trolyte membranes by electrospinning-infiltration-hot-pressing. The
lithium symmetric cells assembled with this film exhibited stable cycling

Communications Materials | (2024)5:44



https://doi.org/10.1038/s43246-024-00482-8

Review article

Table 1 | Summary of typical sulfide-based composite electrolyte films prepared via various methods

Method Sulfide solid electrolyte Solvent Binder Binder content  lonic con- Thickness Ref.
[wt%] ductivity [nScm ] [um]
Wet process LigPSsCl Toluene-isobutyl NBR ~5 1.12 50 4
isobutyrate
LigPSsClI DBM NBR-Li(G3)TFSI 50 3.3 70 s
LisPS, Anisole PPC ~6 0.11 ~80 7
LigPSsCl Toluene Ethyl cellulose 2 1.65 47 “5
78LiS-22P,S5 Ethyl acetate PVDF-LITFSI 3} 0.707 ~121 7“
LigPSsCl ACN PEO-SiO,-LiCIO,4 ~5 0.283 65 %
LizP,Sgl Heptane PEP-MNB 3} 1 70 e
Lig saGeP1.96Sb0.04S11.88Clo.12  Toluene p(MMA/nBA) 3 1.9 8 s
LisPSsCl Xylene BR 2 2.2 - e
LigPSsCl Toluene XNBR 5} 0.38 47 o
LigPSsCl Toluene P(VDF-TrFE) 21 1.2 30-40 o
LigPSsCl Chlorobenzene LigPSsCl - 0.2 35 o
@polydopamine

LigPSsCl - P(PEGMEA) - 0.46 125 %
LigPSsClI Chloroform CEL - 6.3 60 =2
LisPS5Clo.sBros EtOH PI 3.6-6.6 0.058 40 S

Dry process  75Li;S-25P,Ss - PFPE 23 0.1 150 v
70Li,S-30P2Ss - Aramid fibers 10 24 100 o1
70Li,S-30P,S5 - 1,4-butanediol 2 0.97 - .
70Li,S-30P2Ss - EG 2 0.11 - e
LGPS - PTFE 1 0.36 100 80
Lis.4PS4.4Cli 6 - PTFE 0.2 8.4 30 o
LigPSsCl - PTFE 0.5 1.7 20 &1

BR butadiene rubber, DBM dibromomethane, PPC poly(propylene carbonate), ACN is acetonitrile, PEP-MNB is poly (ethylene-co-propylene-co-5 methylene-2-morbornene), NB nitrile butadiene, EG
ethylene glycol; p(MMA/nBA) is poly(methyl methacrylate)/n-butylacrylate; PTFE is polytetrafluoroethylene, XNBR carboxylated nitrile butadiene rubber, P(PEGMEA) poly(poly(ethylene glycol) methyl ether

acrylate), P(VDF-TrFE) poly(vinylidene fluoride-co-trifluoroethylene).

for 200h at a current density of 6.0 mA cm™ and an areal capacity of
3.0 mAh cm ™, despite a slight increase in overpotential from 0.6 to 1.08 V
during the initial 30 cycles™.

Although the composite electrolyte films prepared by dry process show
relatively higher room-temperature ionic conductivity, the currently-used
PTFE binder will react with the lithium metal anode and convert into
carbene carbon, and finally into sp* carbon, thus greatly increasing the
electronic conductivity of the films. To solve the above issues, it is necessary
to add a bulffer layer between the Li metal anode and the composite elec-
trolyte film to suppress the side reactions”. For example, Zhang et al. added
alayer of Al,O; between the Lis 4PS, 4Cl; s~ PTFE composite electrolyte film
and the lithium metal anode, which greatly reduced the interfacial impe-
dance and improved the adhesion to the interface. the assembled lithium
symmetric cells showed an increased cycling life from 12 to 400 h under the
testing conditions of 0.1 and 0.1 mAhcm™ compared to those without
AL Oj; coating®. Hence, for the dry film process in the future, it is necessary
to find a binder that is stable against lithium anode and could be easily
fibrillated.

Table 2 lists the lithium symmetric cell performance with sulfide-based
composite electrolyte films. The addition of polymer binders could inhibit
the lithium dendrite growth to a certain extent and improve the interfacial
compatibility towards the lithium metal anode. However, the critical current
density and areal capacity are still relatively low, and the cycle life is not long
enough. While the addition of a polymer binder could enhance the density
of sulfide ceramics, there are still some pores that promote lithium dendrite
growth. Additionally, the polymer fails to completely wrap the sulfide
electrolyte particles. Consequently, the sulfide electrolytes undergo reactions
with the lithium-metal anode at the interface, resulting in an increase in

interface impedance. Moreover, some binders would react with the lithium-
metal anode, leading to an elevation of the electronic conductivity and
further accelerating the lithium dendrite’s nucleation and growth. Addi-
tionally, the mechanism of lithium dendrite growth in composite electrolyte
films needs to be further elucidated. In the future, further optimization of
binder selection and microstructure of the composite electrolyte film, and
constructing artificial SEI will help to enhance the interface compatibility
between the solid electrolyte film and lithium metal anode.

Application of composite electrolyte film in ASSB

Currently, most ASSBs with composite electrolyte films in the laboratory
are assembled by Swagelok molds. Choosing bulky mold allows for the
application of high external pressure on the cell, ensuring good interfacial
contact among various components inside the composite cathode and
stable cycling of ASSBs, especially when some conversion-type electrodes
(e.g. sulfur, silicon, and lithium) with large volume change during the
cycling are used. For example, Cao et al. prepared 47 um LigPSsCl-ethyl
cellulose film by vacuum filtration and then combined it with
LiCoO,-Li;InCls composite cathode and Li-In anode to assemble an
ASSB. The cell delivered an initial discharge capacity of 160 mAh g™' and
exhibited a high capacity retention of 82% after 200 cycles. Considering
the overall mass of the cathode-anode-electrolyte assembly, the ASSB
exhibited a high specific energy of 175 Whkg™" *. In order to further
improve the specific energy of SSBs, Cao et al. adopted a bipolar stacking
structure based on the aforementioned composite electrolyte film, cou-
pled with LiNiy gMn, ;Cog 0, (NCM811) cathode and nano-Si anode.
With this configuration, a high voltage of 8.2 V and a high specific energy
of 204 Wh kg™' were achieved”. Kang et al. coated LigPSsCI-NBR slurry
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Fig. 6 | A brief chronology of the development of some important events in
sulfide-based composite solid electrolyte films for ASSBs. The composite elec-
trolyte films with the highest room-temperature ionic conductivity of 8.4 mScm ™
were prepared by binder fibrillation®. The thinnest composite electrolyte membrane

LigPS;Cl-Ethyl cellulose
47 pm 1.65 mS cm!
Tape-casting
LiCoO,//Liln cells
175 Wh kg and 670 Wh L-!

currently available is 8 um, produced by tape casting™. The highest specific energy
and energy density of all-solid-state batteries based on composite electrolyte films
have been reported to be 370 Whkg ™' " and 900 Wh L™ ™, respectively.

Table 2 | Summary of the Li//Li symmetric cell performance based on sulfide-based composite electrolyte films

Composite electrolyte film Plating current density [mA cm?] Plating specific capacity [nAh cm?] Cycling life [h] Test temperature Ref.
LigPSsCI-P(VDF-TrFE) 6 3 200 RT o
LigPSsCI-P(PEGMEA) 0.25 0.25 >500 RT %
LisPS4-Kevlar 0.2 0.1 20 RT o
LigPSsCI-NBR-LIiTFSI 0.05 0.1 >30 70°C %
LigPSsCI—XNBR 0.1 0.05 500 RT o2
Li;P3S11-SEBS 0.11 11 2000 RT o1
LigPSsCI-PVDF 0.2 0.1 67 RT 2
Lis 4PS4.4Cly e—PTFE@AILO3 0.1 0.1 400 RT 5

on a nylon net template to obtain a 31 um composite film with an ionic
conductivity of 0.18 mS cm ™', Based on the above film, the ASSB with
LiCoO, as cathode and Li as anode displayed specific energy and energy
density of 1279 Whkg™' and 140.7 Wh L™, respectively”. Similarly, a
45 um composite film with an ionic conductivity of 0.51 mScm™" was
prepared via coating LigPSsCI-NBR slurry on a microporous PE
separator. With the help of thin film, the Li || LiNiy,Cog15Mng 150, full
cell delivered a high specific energy of 314 Whkg ™' .

To further improve the energy density of the ASSBs, the concept of
combining the conversion-type cathode with composite electrolyte film was
proposed. For instance, an all-solid-state thin lithium-sulfur battery was
assembled according to the following procedures. Firstly, the Kevlar fiber
piece was placed on a stainless steel (SS) mesh-supported Li,S-Lil cathode
piece. Then the Li;PS, suspension was dripped onto the assembly, and then
dried overnight, followed by cold pressed together. Finally, a lithium foil was
attached. The SS mesh served as a current collector, allowing high active
material loading. The obtained ASSB with a high Li,S loading of
7.64 mg cm exhibited a high specific energy of 370.6 Whkg ™. It is worth
noting that the energy density of the cell is not high if the weight of the SS

collector is considered, but this limitation could be effectively improved by
using other conductive materials with lower density than the current
collector”.

The use of bulky Swagelok molds will greatly sacrifice the energy
density of the whole cell. As a result, some research groups try to assemble
coin cells based on the composite electrolyte films. Li et al. obtained a flexible
Liz 25Gep25P07554—~PEO composite electrolyte film by hot pressing the
mixture of Li; »5Geg25P0 7554 electrolyte powder (88 wt%), PEO-LIiTESI
powder (12 wt%) and plasticizer. Based on the above electrolyte film, the
coin-type ASSB with lithium metal as anode and the S-PAN as cathode were
assembled. The full cell exhibited a high specific capacity of 588 mAh g
after 50 cyclesat 0.1 C,and a high specific energy of 116 Wh kg ™" and energy
density of 660 Wh L™ were achieved™.

In order to promote the commercialization of sulfide-based SSBs, the
ultimate goal is to apply sulfide-based composite electrolyte films to the
pouch cells. Zhao et al. adopted a tape casting method to successfully prepare
a 20 pm Lig g3GeP; 965D 04S11.88Clo.12-poly(methyl methacrylate)/n-buty-
lacrylate composite electrolyte membrane with a high ionic conductivity of
1.9mS cm ™. Based on the above film, the Li|Lig ggGeP; 965b0,04511.85Clo.12
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film|LiCoO, solid-state pouch cell was fabricated, which delivered a capacity
of 108 mAh g™ after 250 cycles at 0.1 C at 60 °C*". Nam et al. prepared the
graphite-NBR anode sheet and NCM622-carbon-NBR-LigPSsCl compo-
site cathode sheet by tape casting, then the slurry of LisPSsCI-NBR was cast
on the anode sheet to obtain a composite electrolyte film. Next, the com-
posite cathode sheet was attached, and finally, these three layers were cold-
pressed together to form a pouch cell. The battery delivered a high specific
energy of 184 Whkg™' and an energy density of 432 Wh L™ 7', Lee et al.
prepared a LigPSsCl-based composite electrolyte film with a thickness of
30 pum by wet process. The ASSB with high-nickel NCM as the cathode and
an Ag-C nano-composite as the anode was assembled. In addition, the warm
isostatic pressing technique was also applied to improve the interface contact
between the electrode and the composite electrolyte film. The prototype
pouch battery (0.6 Ah) exhibited a high energy density (>900 WhL™), a
high coulombic efficiency of more than 99.8%, and a long cycle life (1000
cycles)™.

Recently, a new method similar to the liquid electrolyte injection in
lithium-ion batteries emerged, where a sulfide electrolyte solution is injected
into a pre-stacked cathode, anode, and a polyimide separator and then cured
to obtain an ASSB. Due to the low room-temperature ionic conductivity of
the sulfide electrolyte after dissolved into the ethanol, ASSB exhibited a low
capacity of 109 mAh g ™" at 70 °C in the first cycle’”. Therefore, this method
still faces significant obstacles before it can be commercially applied.

Outlook

Firstly, we analyze the ionic transport mechanism in the sulfide/polymer
composite electrolyte to provide a theoretical foundation for the design of
composite electrolyte films with high room-temperature ionic conductivity.
Subsequently, we systematically summarize the preparation methods of
sulfide-based composite electrolyte films with polymer as a binder,
including dry and wet methods. The wet methods encompass wet mixing—
cold (or hot) pressing, tape casting, and infiltration, while the dry methods
involve dry mixing—cold (or hot) pressing, spraying coating, and binder
fibrillation. The advantages and disadvantages of these methods, as well as
the obtained ionic conductivity and thickness of the films prepared via these
methods, are discussed in detail. Finally, the application of these composite
electrolyte films in ASSBs is briefly introduced.

The room-temperature ionic conductivity of the sulfide electrolyte is
two orders of magnitude higher than that of the polymer-based electrolyte
membrane. Although the ionic conductivity of the sulfide-based composite
electrolyte could be further enhanced by using an ionically conductive
polymer binder, according to the ionic transport mechanism of the com-
posite electrolyte, the improvement is limited. Moreover, these polymer-
based electrolytes require a large amount of expensive lithium salts or ionic
liquids. Considering the trade-off between ionic conductivity improvement
and cost, the development of ion-conductive binders is currently not cost-
effective. Future development of sulfide/polymer composite electrolyte films
should primarily focus on the development of new binders with favorable
viscoelastic and low costs.

The composite electrolyte films obtained by the wet (or dry) mixing-
cold pressing method are relatively brittle, and the thickness is difficult to
reduce, making them less suitable for future commercial applications.
Tape casting may be the most promising method for preparing large-scale
composite electrolyte films. However, due to the decomposition of thio-
phosphate electrolytes in polar solvents, the ionic conductivity of sulfides
decreases rapidly. Additionally, the binders used in commercial lithium-
ion batteries, such as PVDF, are typically dissolved in polar solvents.
Therefore, finding suitable binder-solvent pairs is crucial for achieving a
composite electrolyte film with high room-temperature ionic con-
ductivity. Future efforts could be made to develop new binders that offer
improved viscoelasticity and solubility in non-polar solvents. Addition-
ally, developing new sulfide electrolytes with good stability against polar
solvents is also essential. Some strategies, such as doping some soft acid
elements into the sulfide electrolyte or substituting soft alkali sulfur with
hard alkali oxygen, could be adopted.

Dry-film technology is a new technique that has been applied to
commercial electrodes. However, achieving a thinner composite electrolyte
film by using the binder fibrillation method is challenging and requires
substantial equipment improvements. Furthermore, the binder used in the
dry process is mainly PTFE, which is unstable against lithium metal anode.
Consequently, it is imperative to improve the existing dry-film technology
equipment for better mixing and binder fibrillation. Moreover, developing
new binders which is compatible with the lithium-metal anode. This is of
utmost significance in the preparation of ultra-thin composite electrolyte
films with good stability against lithium anode.

Improving the lifespan and critical current density of lithium sym-
metric batteries plays a vital role in the practical application of sulfide-
based electrolyte films. Several strategies could be considered to achieve
this goal, such as developing new binders compatible with the lithium
anode, hot pressing of composite film to enhance density, lowering
the electronic conductivity of sulfides, and constructing artificial SEI
to alleviate the side-reaction between the composite film with lithium-
metal anode.

The current researches about the composite electrolyte film mainly
focus on reducing the thickness and enhancing ionic conductivity. As we
know, the mechanical properties of the sulfide electrolyte will be improved
by adding polymer binders. Therefore, in the future, it is essential to sys-
tematically evaluate the mechanical properties, flexibility, and thermal sta-
bility of the composite electrolyte films and the mechano-(electro)chemical
effect at the composite electrodes/composite electrolyte interface. Further-
more, incorporating theoretical calculations, such as machine learning,
phase field simulation, and finite element simulation, will help reveal the
ionic transport mechanisms of the composite electrolyte membranes, which
is of great significance for the future development of high-performance
composite electrolyte films.
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