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Solid electrolyte Solvent-free process for fabricating freestanding inorganic solid electrolyte membrane
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(a) Schematic diagram of preparation of inorganic solid electrolyte film by mortar grinding and roller pressing ' On the basis of only
0.5% PTFE fibrosis, 99.5%(mass fraction) solid electrolyte powder is interwoven into a stretchable and elastic sheet, which is further
pressed by roll-to-roll pressing into an independent film with the required thickness; (b) Schematic diagram of the method of preparing
sulfide solid electrolyte film by ball milling and hot pressing ! LigPSsCl particles and PTFE were ball milled in an inert atmosphere to
achieve fibrosis, and then rolled repeatedly at 80 ‘C to obtain solid electrolyte film; (c) Flow chart of preparation of garnet solid
electrolyte film by ball milling and roll pressing ) The solid electrolyte powder is prepared using a conventional solid-state sintering
reaction, and then the garnet powder and PTFE powder are pre-mixed, ground, and then rolled at room temperature to produce the
gamnet solid electrolyte film; (d) Flow chart of solid electrolyte film preparation by ball milling and hot roll pressing ™ Using solid
electrolyte powder (99.8%) and PTFE powder (0.2%) as starting materials, PTFE fibers were mixed and cut by ball milling process to
form a matrix supporting solid electrolyte particles. After the uniform mixture is calendered at 80 “C, the film of specific thickness can be
mechanically formed; (e) Preparation of PEO based composite solid electrolyte film by ball milling and hot pressing ' The preparation
of PEO based CPE by hot pressing method and solution casting method was compared; (f) Flow chart of preparation of composite
electrolyte film by fibrillation-pressing method ' The LLZTO was interconnected through a PTFE binder to form a 3D frame, and the
PTFE-LLZTO frame was pressed into a nylon mesh and immersed in a molten lithium salt-butadionitrile mixture to obtain a
mechanically robust, non-flammable, thin, and flexible composite electrolyte film; (g) Flow chart of preparation of solid electrolyte film
by mechanical mixing and hot extrusion!” After the raw material is processed into powder and pre-mixed evenly using a powder mixer,
the mixture is fed into a micro-mixer, through which it is in-situ melted and then extruded to form a film. (Running at a winding speed of
430 mm-min "' for 90 min, a film with a length of 38.7 m was prepared)
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Fig. 4 (a) Chemical structure of PBDT and PBDT double helix structure, chemical structure of EMIm TfO and Pyr14 TFSI ILs,
membrane image containing 20% PBDT and 80%( mass fraction) Pyr14 TFSI *%; (b) Schematic diagram of the preparation
process of NZP-PEO@IL composite electrolyte film, optical photos under mechanical deformation, thickness test, SEM
images of the top surface, EDS images corresponding to Zr elements, SEM images of cross sections and EDS images

corresponding to Si elements ¥
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Fig. 5 (a) Schematic diagram of LLTO thin film preparation using the casting method ; (b) Flow chart of F-BN composite solid
electrolyte film preparation %; (c) Flow chart of manufacturing method for casting electrolyte/positive composite film
(d) Schematic diagram of cryocast forming device '); (e) Schematic diagram of LLZTO electrolyte film prepared by the
casting method P?; (f) Schematic diagram of preparation of composite solid electrolyte film by casting method for curing

[30].

[33]
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Table 1 A literature report on the use of solvent-containing electrospinning techniques in sodium ion batteries

Material Electrospinning solution Annealing Electrochemical performance Reference

PVDF DMSO/acetone (7:3, V /V) 60 "C/12h in vacupm 9.2x10* S-cm™ [49]
5% in mass DMF/acetone (1:1 by weight) 55 ‘C/48h in vacuum 2 orders of magnitude higher than [50]

[C2mpyr][BF4]/PVDF that of the pure PVDF fibers.
PVDF(19% in mass) DMSO/acetone 120 "C/12 h in vacupm 1.08x107 S-em™! [51]
Acetone/DMAc (7:3, V/V) . . N o
P(VdF-co-HFP) 60 ‘C/24 h in vacupm 1.13x10 ° S-cm [52]
11%( in mass) PVDF Acetone/N,N-dimethylformamide(1:1, V /V) 50 ‘C/24 h in vacupm 4.4x107* S-em™! [53]

SHFERAIER, HRNRCEH R HEFRA
(B S B AT RS R I R A AR I . Waullen 2554
AT H PEO AN S5 RR A ZEL S A A LR TR o A
TN SN {EIEEEF,  LAMESEAA R A -8
BTHS%E10*Scm ™, 328K). Liu 25553 % PEO

MOF)4:i6, FER T — Ml R EVIHRERIAR.

MOF S5 AN ES T4t 7@, i@t ok
THT (14 BE 5 - RS T AN oA o IZBEHHEARTE
NVP IEA 4 & it 47 7 IR, fEIRIhE R kR
T 1175 mA-hg ! IR R, JEHAE 1 C R

BEPEN BT LAYNEZI S 3D SEANIE 2

PAN solution /

High
voltage|

1 Grounded collector

EFR 1000 IRJGH 78 2% A BARFFE .

Needleless
Electrospinning
Precursor solution
I —
k/Collector NS

X

v

W Electrospinning High voltage

0

ww
w0
M|

600-9000 C Calcination .
> sl o

T : = . .
S s e Y Multiple R ] LFlowing air
%ﬂ, y Spinneret
taylor cones
(a) (b
PAN membrane Electrospinning process Chemical structure of LiPSI

PAN nanofiber

Glass syringe .y Fully aromatic/highly

& H = Qs e 7
-~ Polymer solution "'@'g'\}’\ hydrophilic natures
.-~ Liquid jet " e (}{estricted N(SO,), anion
C A
PVDF-HFP C/L\j/ 00 O\C +
o Ol

- Thinner & densified

Electrospinning Calendaring ¢ - Smaller pores | B
il * Larger interfacial . 1, Collector metal sheet
i contact area '
© (d)

Aligned nanowires Polymer + Li salt

H OH L.
o » L With micro wetting Electrospinning AN '

j'j 7{' < High voltage
LiTFSI -
+

\\\»\\» : o : !
i < | . Casting L
il /;/) LigLa;Zr, ;Tay 012 0 »TFSI-

o it N

Electrochemistry workstation Asymmetric membrane

(e) ®

B 7 a7 et e e P 41 22 A0 1 3 S AR rlL it P e 0 K 4T B B 1 7 2 ) (b) 36T Holopainen S54RI ) B 1

Fig. 7
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(a) Schematic diagram of manufacturing advanced lithium battery ceramic nanofiber diaphragm by calcination after sol-gel
electrospinning ?; (b) Schematic diagram of the needle-free electrospinning reactor designed and constructed based on the
report of Holopainen et al., photos and SEM images of the LLZO nanofiber mat prepared (illustration showing a magnified
view of the nanoribbon morphology) *¥); (c) Schematic diagram of the preparation of PAN film by electrospinning “*!;
(d) Preparation and composition diagram of nanofiber membrane used as a single-ion conductive polymer electrolyte in
lithium-ion batteries **); (e) Synthesis method and morphology of arrayed nanowire composite polymer electrolyte “;
(f) Schematic diagram of electrospinning process for asymmetric film preparation ¥
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Fig. 8 (a) Schematic diagram of 3D printing of solid electrolyte structure *®; (b) Schematic diagram of the preparation process of

flexible c-LLZO composite electrolyte. A piece of c-LLZO membrane is cut into a square chip with an optimized diameter.
The SBC ink is then extruded from the 3D printer nozzle to firmly glue the adjacent c-LLZO chips together. The resulting
ceramic tile grout structural film retains the existing advantages of SSE while showing good flexibility "\, (c) Schematic
diagram of template procedures for the synthesis of structured mixed electrolytes, using cubic microstructures as an example
[581: (d) Schematic diagram of high temperature direct ink writing system and solid electrolyte ink manufacturing process *%;

(e) Schematic diagram of the preparation of the printed electrode film assembly (PEMA) by the filamentous printing process

(61); (f) Water-containing NVPF and NTP microelectrode inks and ionic gel electrolyte inks for 3D printing NVPF/IE/NTP
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Fig. 9 (a) In situ curing ASLB diagram of PEGMEA in LPSCI with 3D structure **; (b) Not in situ ©*; (c) SEM diagram of cross
section of in situ cured LiCoO,||3D composite ||Li SSLBs 4. It is found that there is a large gap between the solid electrolyte
and the positive electrode, which is not conducive to ion conduction, and the interface resistance is larger, while the solid
electrolyte and the positive electrode have good interface contact. (d) Schematic diagram of soft pack batteries assembled by
in-situ thermal curing GPE on both sides of LLZTO "), First, the GPE precursor solution was uniformly dripped onto the
positive electrode material to cover it with a layer, and then LLZTO cycle groups were added to the GPE after heating, GPE
was dripped into the gap between LLZTO and heated curing, and finally GPE was added between the LLZTO and Li
negative electrode and heated curing. LEMP||GPE||LLZTO||GPE||Li Internal diagram of a soft pack battery (¢
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Fig. 10 (a) Preparation process of CQSSE is shown in the figure. Firstly, NZSPO and PVDF-HFP solution were electrospun to
obtain nanofiber film with 3D interconnect structure, then precursor solutions containing PEO, ETPTA and LE were injected
into it, and finally in-situ photopolymerization was carried out [*®J;  (b) SGPE preparation diagram. Illustration of flexible
SGPE with 15 %(in mass) ETPTA ; (c) Schematic diagram of in-situ and in-situ polymerization processes [”. In situ
method: UV curing is performed directly on the electrode to form a surface compatible film; Non-in-situ method: first form
self-supporting film, and then assemble it; (d) PUL-OFHDODA—VEC) preparation diagram "”
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Table 2 Comparison of the preparation technology of solid-state lithium/sodium ion electrolyte membranes

Tonic
Method . . Suitable electrolyte  conductivity of
. Method name Method introduction . Advantage Challenge Reference
classification system solid electrolyte
membrane
Dry Fibrillation-pressing Firstly, the electrolyte material is ~ Inorganic solid Halide, sulfide ~ Control film Ball mill and other [1-7]
preparation method mixed evenly, and then the binder electrolytes solid thickness,  equipment energy
is added to bond them together to  (halides, sulfides,  electrolyte: 10° mass consumption
prepare a mixture of aggregates, oxides), composite  S-em’; production
and then the self-supporting film is electrolytes Composite
extruded or rolled into a (mainly oxides and electrolyte: 107
self-supporting film. Finally, the  polymers) S-em’!
self-supporting film is placed
between two rollers and rolled to
obtain a uniform and dense solid
electrolyte film.
Deposition method Deposition method is a method to  Oxide solid Oxide solid Fine control High energy [8—15]
obtain thin films by depositing electrolyte electrolyte: of film consumption and
vapor substances on the substrate, 10°-107" thickness  high requirements
which is mainly divided into vapor S-cm™ on the device and
deposition (including physical environment
vapor deposition, chemical vapor
deposition) and atomic layer
deposition
Direct roll forming It is mainly suitable for solid Halide solid 107 S-cm™ Easy to The range of [19-21]
method electrolyte materials with certain  electrolyte with process, applicable materials
viscoelasticity viscoelastic state high ionic  is narrow, and it is
conductivit only suitable for
y viscoelastic
electrolyte materials
Wet Solution casting The evenly mixed slurry is poured Polymer solid 107 S-cm™ Good Volatile solvents [22-27]
preparation method onto the PTFE mold, and a solid electrolyte, uniformity, pollute the
electrolyte film is obtained aftera  composite solid simple environment, long

series of drying

(mainly polymer
combined with
other inorganic

electrolytes)

electrolyte film

operation  film-making cycle,
and are not
conducive to
large-scale

production




55 53 &4 6 3] S5 S [ ASEEANES TR DU % BOR R « 1619 -
(Continued Table 1)
Tonic Reference
Method . . Suitable electrolyte  conductivity of
o Method name Method introduction . Advantage Challenge
classification system solid electrolyte
membrane
Wet Tape casting The evenly mixed slurry is Oxide solid 10°-107° S-cm™" Easy to large-scale  Volatile solvents [28-33]
preparation  method scraped and coated on the electrolyte, production, easy pollute the
substrate with a scraper to polymer solid to use with other environment
obtain a certain thickness of wet electrolyte, technologies such
film, and then the solid composite solid as freeze-drying,
electrolyte film is obtained by electrolyte in-situ curing, etc
drying.
Freeze-drying  First, the substance containing  Sulfide solid 10°-10"* S-em™ Good pore casting  Environmental [34-38]
method water or other solvents is frozen electrolyte, ability pollution, small
into solid ice crystals, and then  polymer solid solvent selectivity,
vacuum sublimation removes electrolyte not conducive to
the solvent, thereby obtaining a large-scale
dry substance production
Screen printing  The ink is scraped onto the Polymer solid 10°-10* S-cm™ Flexible design, There is little [39-40]
method screen, and some of the mesh of electrolyte, oxide simple structure, research on
the screen plate can pass solid electrolyte good consistency,  batteries
through the ink and leak on the easy to large-scale
substrate, and the rest of the production
mesh is blocked and cannot pass
through the ink, which is blank,
so that the preset pattern can be
obtained
Dry/wet Electrospinning The raw material is placed into  Inorganic solid 10°-107°S-cm™" Easy to control the Large [41-55]
preparation method the injection and high pressure  electrolyte, hole structure, environmental
is applied externally to elongate  polymer solid easy to process, pollution is not
the droplet at the port of the electrolyte, suitable for a conducive to
syringe into a Taylor cone, composite solid variety of large-scale
which is then ejected under the  electrolyte (mainly materials, easy to  production
influence of an electric field polymer and oxide use with other
force. Through parameter composite, processes
adjustment and drying different polymer
treatment, the required material ~ composite and
structure was obtained polymer and
additives mixed
gel polymer
electrolyte)
3D printing Based on 3D CAD data, the Oxide solid 10*S-em™  Low cost, fast High requirements  [56—63]
method required material components are electrolyte, polymer speed and good on material stability
manufactured by adding material solid electrolyte, formability and slurry
layer by layer composite solid properties
electrolyte
In-situ A solid electrolyte is generated in Organic-inorganic 10*S:em™  Electrolyte canbe  Consistency of film  [64—70]
polymerization situ (the target location required  composite solid generated in situ to making is difficult
method by the operator) by a chemical  electrolyte, polymer improve the battery to control, the

reaction

solid electrolyte

interface

performance

polymerization
uniformity is poor,
and there are

monomer residues
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Extended Abstract

All-solid-state batteries are expected to achieve higher energy density and provide a higher safety rather than liquid batteries. As
one of the core components of the all-solid-state battery, the thickness, ion transport capacity, mechanical properties,
chemical/electrochemical stability and other properties of the solid electrolyte film play a crucial role in the performance of the
all-solid-state battery. This review summarizes the processing methods of the existing solid electrolyte membrane. According to the
solvent usage of the electrolyte membrane processing technology, it can be divided into three types of processing technologies, i.e.,
wet preparation, dry preparation and dry/wet preparation. The key technical indicators of the prepared solid electrolyte membrane,
such as thickness, ionic conductivity, mechanical properties, battery properties and large-scale processing potential, are introduced. In
addition, some challenges faced by different preparation processes and the future development direction are also summarized and
prospected.

Summary and Prospects The development of all-solid-state batteries puts forward new requirements and challenges for the
processing and manufacturing of solid electrolytes. In this review, the processing technology of solid electrolyte in a relatively
comprehensive and systematic way (i.e., dry preparation, wet preparation and dry/wet preparation) is introduced. Dry preparation
mainly uses ball milling, roll pressing and other technologies, the processing process does not need to introduce solvents, avoid
complex and cumbersome processing, efficient and environmentally friendly, and the prepared film thickness is easier to control. Wet
preparation mainly uses magnetic stirring, ultrasonic and other methods to make the slurry mixed evenly, and then volatilizes the
solvent through solution pouring, casting, freeze drying and other methods to form a film. The advantages of wet preparation are
mainly that the prepared solid electrolyte film is more uniform and controllable. Dry/wet preparation mainly includes non-in-situ
processing technologies such as 3D printing and electrospinning, as well as in-situ polymerization technologies such as photocuring
and thermal curing. Among them, 3D printing technology has a high shapeability, which is easy to design the solid state battery
structure. Electrospinning is convenient in the preparation of solid electrolyte film matrix. In-situ curing can achieve good interface
properties and better integrate battery processing technology. Despite the existing solid electrolyte processing technologies, further
research and attempts are still needed to achieve the large-scale production and landing of solid electrolyte membranes. The following
aspects are concerned:

1) To achieve both film thickness and mechanical properties. Making the film thickness thin to achieve a high energy density is
one of the important goals of all-solid-state batteries. However, the reduction in film thickness can make it easier for dendrites to
Pierce, leading to short circuits. Therefore, the mechanical properties of the films should be improved via introducing high mechanical
strength polymers, adding inorganic fillers and roller compaction.

2) To reduce production costs and improve preparation efficiency. Polymer synthesis usually involves relatively complex
chemical reaction processes. In addition, the battery materials have generally high requirements for anhydrous and anaerobic
environments. From raw materials to the production, the process steps need to be continuously optimized to reduce production costs
and improve production efficiency.

3) To promote the process of film preparation from the laboratory to industrialization. A basic research in laboratory is relatively
easy to achieve due to its small scale. The assembled button battery has a small area, so its consistency is relatively better controlled.
However, it will inevitably encounter a variety of problems after enlarging it. Some problems in wet method such as slurry defoaming
and viscosity control need to be solved. The uniformity problem in dry method as well as the adaptation of new materials to the
existing processing equipment all need to be continuously verified.

4) Theoretical calculation and process production are closely integrated and mutually feedback, providing a more accurate and
efficient path for the development of solid electrolytes.

In general, there is still a long way to go to obtain a solid electrolyte film with ultra-thin, excellent electrochemical performance,
stable interface, low cost and easy mass production. The progress of the process is also inseparable from the development of novel
materials and the update of production equipment. It is thus necessary to integrate material research and development, process design,
production and processing interactive interconnection, and truly achieve the combination of production and learning to grasp the
initiative of all-solid-state batteries as soon as possible.
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