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Abstract
The limited safety and energy density of conventional lithium-
ion batteries have triggered the research and development of
all-solid-state Li or Li-ion batteries (ASLBs). Sulfide solid
electrolytes possess the remarkable advantages combining
high ionic conductivity and mechanical deformability that
allows for simple cold-pressing based fabrication of the cells.
For this reason, these electrolytes find promising application in
practical ASLBs. However, the large gap between experi-
mental laboratory research and practical applications poses a
formidable challenge. Herein, recent studies on scalable
fabrication strategies for ASLBs employing sulfide solid elec-
trolytes are discussed. The critical factors for wet-slurry and
dry-film fabrication methods are reviewed. Based on these
results, recent developments in slurry-processing solvents,
polymeric binders, and fabrication protocols are summarized.
Finally, the advantages and disadvantages of the two fabrica-
tion protocols are summarized, along with prospects for future
research.
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Introduction
High-energy lithium-ion batteries (LIBs) have revolu-
tionized energy storage technologies and are currently
considered indispensable power sources for portable
electronic devices, electric vehicles, and grid-scale
energy storage systems [1,2]. Although these advances

are attributable to the development of optimal organic
liquid electrolytes, safety concerns stemming from their
flammability are unavoidable [3]. In this regard, all-
www.sciencedirect.com
solid-state Li or Li-ion batteries (ASLBs) employing
non-flammable inorganic solid electrolytes (SEs) have
attracted much attention as promising post-LIBs [4].
Furthermore, the solidification of electrolytes has a po-
tential to stabilize next-generation high-capacity anodes

such as Li metal and Si [5,6]. Stackable design of
electrodes can also increase the system-level energy
density of the batteries [7,8].

SEs are key components of ASLBs and are categorized
into two types: polymer SEs and inorganic SEs. Polymer
electrolytes are highly attractive because of their soft
mechanical properties and processability at scale [9].
Gel polymer electrolytes, which are composed of poly-
mers, Li salts, and plasticizers, show moderate Liþ
conductivities (typically <1 mS cm�1) [10] but suffer

from disadvantages observed in conventional liquid
electrolytes, such as safety problems and swelling
caused by electrolyte decomposition [11]. Although
solid (or dry) polymer electrolytes, that are free of
plasticizers, may show improved safety, their conduc-
tivities remain too low (typically<10�4 S cm�1) [10]. In
contrast, state-of-the-art inorganic SEs, such as sulfides
(e.g., Li5.5PS4,5Cl1.5: [12]: 12 mS cm�1), oxides (e.g.,
Li7La3Zr2O12 [13]: 0.1e1 mS cm�1), halides (e.g.,
Li3YCl6 [14]: 0.51 mS cm�1), and closo-borates (e.g.,
0.7Li(CB9H10)-0.3Li(CB11H12) [15]: 6.7 mS cm�1),

show Liþ conductivities comparable to or even superior
to those of liquid electrolytes (w10 mS cm�1) [3]. In
particular, as sulfide SEs are mechanically sinterable by
simple cold-pressing, their applications in the fabrica-
tion of ASLBs have been rigorously pursued [4,16].

However, there is still a large gap between laboratory
research and the practical applications of ASLB tech-
nologies based on sulfide SEs. Concerns include chem-
ical vulnerability to ambient air or organic solvents,
detrimental interfacial electrochemical and

electrochemo-mechanical effects, high cost and time-
consuming production of SE materials, and high opera-
tional pressure for maintaining solidesolid contacts
[4,17]. In particular, the poor chemical stability of sul-
fide SEs leads to degradation when they come into
contact with organic solvents, which greatly restricts the
wet-slurry fabrication protocol for large-format sheet-
type electrodes and SE membranes [18e20]. The
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2 Energy Storage
representative restrictions are briefly summarized as
follows. (1) Chemical degradation induced by organic
solvents: with increasing polarity of the solvents, the
chemical degradation of sulfide SEs becomes more
prominent [18,19,21,22]. Accordingly, nonpolar or less
polar solvents, such as toluene, xylene, and heptane,
have been used, but they are highly volatile and result in
poor distribution of the electrode components. To

exacerbate, less polar solvents can also cause slight
elution of the sulfide SEs during processing [23]. (2)
Limited solventebinder combinations due to “polarity
mismatch”: because of the poor compatibility with
commonly used solvents, polymeric binder candidates
are also limited to rubber-based binders (e.g., nitrile
butadiene rubber (NBR) and butadiene rubber (BR))
that are soluble in low-polarity solvents [18,21].
Furthermore, this feature complicates the design of
functional binders that can cope with the detrimental
electrochemo-mechanical effects or the electrochemical

degradation of polymeric binders. (3) Liþ hindrance by
insulating polymeric binders: in LIBs, binders are
soaked in liquid electrolytes and thus become Liþ-
conductive, while the binders in ASLBs remain Liþ-
insulating [18]. Even with a small amount of binder
(1e2 wt.%), the capacity of ASLB cells could decrease
by a maximum of 30 mA h g�1 [18]. (4) Weak adhesion
of less polar polymeric binders: it is widely accepted that
Table 1

Solvents and binders used for wet-slurry fabrication of ASLB electro

Active material Solid electrolytes Solvent

Mo6S8 Li3.25Ge0.25P0.75S4 Heptane
NCA801505 80Li2S–20P2S5 Xylene
NCM111
Graphite

Li3PS4 Anisole

NCM111 Heptane

NCM811 Li3PS4 p-xylene
NCM111 Li3PS4 n-decane
NCM622
Graphite

Li6PS5Cl Xylene

NCM111
Graphite

Li3PS4 Anisole

NCM111
Si

Li3PS4 Anisole

NCM622 Li3PS4 Toluene
NCM111 Li3PS4 Anisole

Heptane
NCM711 Li6PS5Cl p-xylene

NCM711
NCM622

Li6PS5Cl Dibormomethane

NCM711 Li6PS5Cl Butyl butyrate

NCM811 Li10GeP2S12 Xylene
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polar groups in polymeric binders form strong in-
teractions between the lone pair electrons in the polar
functional groups and the unoccupied orbital of eH in
the electrode active materials or current collectors [24].
The absence of highly polar functional groups in many
polymeric binders for ASLBs complicates the fabrication
of robust electrodes. (5) The general criteria for slurry-
processing solvents, including volatility, toxicity, and

ability to distribute components, have been overlooked.
For example, o-xylene and n-heptane, which have been
widely investigated for use in ASLB fabrication, are
harmful and volatile, respectively. In this review, based
on the aforementioned motivation and background, we
discuss recent developments and perspectives in the
scalable fabrication strategies for practical sulfide SE-
based ASLBs.
Wet-slurry fabrication of ASLBs
Since the first report on pouch-type MoS8/LieAl ASLB
cells was published in 2009 [25], many papers have
documented a fundamental understanding and practical
guidelines for wet-slurry fabrication methods for ASLBs
[18,21,26e29]. Table 1 summarizes the solvents and
binders for the wet-slurry fabrication of ASLB electrodes

using sulfide SEs. In this section, the research history of
solvents and polymeric binders for the wet-slurry fabri-
cation of sulfide-based ASLBs is explained in detail.
des using sulfide SEs.

Binder Ref

Polysiloxane [25]
Nitrile butadiene rubber (NBR) [26]
Styrene butadiene styrene (SBS) [27]

Styrene ethylene butylene styrene
copolymer (SEBS)

NBR [21]
SEBS [31]
NBR [18]

Poly(propylene carbonate)
*Removed by heating

[22]

Poly(propylene carbonate)
*Removed by heating

[43]

Oppanol [29]
SBR

SEBS
[33]

Butadiene rubber (BR)
SBS-COOH click binder

[44]

NBR
NBR-Li(G3)TFSI

[19]

BR
Poly(tert-butyl acrylate) (TBA)
TBA-b-BR

[45]

NBR
Poly(ethylene oxide)-LiTFSI-Pyr14TFSI

[46]
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Table 1 (continued )

Active material Solid electrolytes Solvent Binder Ref

NCM711
Graphite

Li6PS5Cl0.5Br0.5 Dibormomethane
+ Hexyl butyrate

NBR
NBR-LiTFSI

[34]

NCM711
Graphite

Li6PS5Cl0.5Br0.5 Benzyl acetate NBR-poly(1,4-butylene adipate)
NBR-poly(1,4-butylene adipate)-LiTFSI

[23]

NCM622 Li3PS4 o-xylene Oppanol
SBR
Hydrogenated NBR

[42]

LCO
Graphite

0.4LiI-0.6Li4SnS4

Li6PS5Cl
Methanol

Ethanol
PVdF [50]

LCO
Si

Li6PS5Cl Ethanol PVdF [55]

LCO
Graphite

Li6PS5Cl0.5Br0.5 Ethanol PVdF [52]

NCM111 Li6PS5Cl Ethanol Ethyl cellulose [39]
NCM811 Li6PS5Cl Ethanol Ethyl cellulose [40]
NCM622
Graphite

Li2S-P2S5 Tetrahydorfuran NBR
Polyvinylchloride (PVC)

[54]
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Selection of solvents
In conventional LIBs, electrodes are fabricated using N-
methyl-2-pyrrolidone (NMP) or water, which not only
effectively distributes the components but also dis-
solves various polar polymeric binders, such as poly-

vinylidene fluoride (PVdF) and styrene-butadiene
rubber (SBR)/sodium salt of carboxymethyl cellulose
(CMC). However, highly polar solvents readily decom-
pose sulfide SEs via nucleophilic attack. Lee et al.
suggested selection strategies for processing solvents for
sulfide SE-based electrodes [21]. Screening of a variety
of solvents revealed that the polarity index of the sol-
vent is the most critical factor affecting compatibility
with sulfide SEs. In a similar context, Yamamoto et al.
investigated the effects of solvent exposures toward
sulfide SEs (Figure 1a) [22]. These results implied that

the donor number (DN) of the solvent could be an in-
dicator of the selection criteria. Recently, the degrada-
tion mechanism of tetra-Li7SiPS8 in protic and aprotic
solvents has been investigated [30]. Magic angle spin-
ning 31P nuclear magnetic resonance (NMR) spectra
revealed that nucleophilic attack of alcohol and water
formed oxygen-substituted thioether and oxygen-
substituted thiophosphates, respectively. In contrast,
aprotic solvents with a DN < 15 kJ mol�1 dissolved the
amorphous Li3PS4-type phase and led to the formation
of various polysulfide species, which imparted color to

the suspensions. Furthermore, the detrimental inter-
phase was formed by complex behavior including the
presence of residual solvent, solventeparticle in-
teractions, and decomposition products, which further
induced a decrease in the Liþ conductivity, especially
when the DN > 15 kJ mol�1. Although the polarity
index or DN can effectively predict the compatibility of
each solvent with detailed mechanisms, these indicators
are often unknown for less used solvents. Oh et al.
www.sciencedirect.com
reported simple strategies for selecting solvents based
on the functional groups and steric hindrance effects
(Figure 1b) [23]. While ethyl acetate possessing a polar

ester group severely degraded sulfide SEs, benzyl ace-
tate with the same ester group showed decent
compatibility with sulfide SEs, which was attributed to
the steric hindrance by the bulky benzyl group.

Besides the chemical compatibility of solvents with
sulfide SEs, there are more requirements for the wet-
slurry fabrication of practical sheet-type ASLB elec-
trodes, including adequate volatility, ability to distribute
components, and nontoxicity. Yamamoto et al. investi-
gated the effects of vapor pressure on the microstruc-

tural morphology of the electrodes [31]. Figure 1c shows
two electrode sheets fabricated using 1,2-
dichloroethane (upper panel) and n-decane (lower
panel). The electrode fabricated using volatile 1,2-
dichloroethane (vapor pressure of 10.2 kPa at 298 K,
boiling point of 83.47 �C) had a rough surface with some
protrusions and delamination from the current collector.
In contrast, the electrode fabricated using the less vol-
atile n-decane (vapor pressure of 0.17 kPa at 298 K,
boiling point of 174.1 �C) had a dense and smooth sur-
face. The poor electrode properties observed when

using volatile solvents are responsible for the high drying
rate of the slurries, which provokes binder migration and
weak adhesion [32]. The distribution of multiple com-
ponents in the slurries is another important issue
[28,33]. Chen et al. investigated the reaction distribu-
tion within ASLB electrodes prepared using different
binder materials and solvents [33]. Two-dimensional
(2D)-imaging X-ray absorption spectroscopy indicated
that electrodes using SBR with anisole had a well-
distributed morphology, while electrodes using
styrene-ethylene-butylene-styrene (SEBS) with
Current Opinion in Electrochemistry 2022, 34:101026
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Figure 1

Selection criteria of slurry-processing solvents for sulfide SE-based ASLBs. (a) Ratio of ionic conductivity for solvent-exposed and pristine Li3PS4 as a
function of the DN of the solvents. Reproduced with permission from Ref. [22], Copyright 2018, Nature Publishing Group. (b) Schematic of the reactivity
with Li6PS5Cl0.5Br0.5 for (i) hydrocarbon solvents, (ii) Lewis-basic solvents with bulky hydrocarbons, and (iii) Lewis-basic solvents with small hydrocarbons.
Reproduced with permission from Ref. [23], Copyright 2021, Wiley-VCH. (c) Cross-sectional SEM images of composite electrodes formed by coating the
slurry using 1,2-dichloroethane (upper) and n-decane (lower). Reproduced with permission from Ref. [31], Copyright 2017, Ceramic Society of Japan. (d)
X-ray transmission images and reacted area mapping results for 11% of SOC in the in-plane direction for the SBR electrode (left side) and SEBS
electrode (right side). Reproduced with permission from Ref. [33], Copyright 2019, American Chemical Society. (e) Ternary diagram of the NBR-DBM-HB
system and corresponding photographs. Reproduced with permission from Ref. [34], Copyright 2021, Wiley-VCH. (f) Spider plots comparing repre-
sentative processing solvents for sulfide SEs. The dashed green lines in (f) indicate each level of the conventional processing solvent NMP.
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heptane had an aggregated morphology (Figure 1d).
Electrodes with better distribution exhibited superior
electrochemical performance and diminished imped-
ance. However, it is uncertain which of the following

plays a more dominant role in the aforementioned
phenomenon: the solvent, binder, or a solventebinder
combination. Kim et al. discovered that the introduc-
tion of the cosolvent dibromomethane (DBM)-hexyl
butyrate (HB), where DBM and HB acted as the solvent
and antisolvent for NBR, respectively, could control the
distribution of polymeric binders [34]. As the volume
fraction of anti-solvent HB was increased, the NBR so-
lution became turbid (Figure 1e), indicating
Current Opinion in Electrochemistry 2022, 34:101026
entanglement of the polymeric domains, which was
confirmed by dynamic light scattering measurements.
This aggregated feature of binders in the slurries using
cosolvents resulted in less obstructed Liþ contacts be-

tween cathode active materials (CAMs) and SEs in
electrodes as compared to the case of electrodes fabri-
cated using a single solvent DBM. Recently, Ruhl et al.
reported an unexpected drop in the conductivity when
Li6PS5Cl was exposed to toluene [35]. X-ray diffraction
(XRD) and Raman spectroscopy results indicated that
toluene-treated Li6PS5Cl retained its original structure.
However, scanning electron microscopy (SEM) obser-
vations clearly showed that toluene-treated Li6PS5Cl
www.sciencedirect.com
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Sulfide-Type All-Solid-State Batteries Kim et al. 5
had a sticky morphology, indicating partial dissolution of
the SEs by toluene, which accounted for the decreased
Liþ conductivities. In Figure 1f, representative
processing solvents for sulfide SEs are summarized and
evaluated in terms of safety, compatibility, and boiling
point, in comparison with NMP (green line).

Polymeric binders
Polymeric binders maintain electrode integrity, making
the electric networks continuous by binding the active
materials, SEs, and conductive additives. They also

alleviate the detrimental electrochemo-mechanical ef-
fects caused by the volumetric strain during repeated
chargeedischarge cycles [36e38]. However, because of
the insulating property of polymeric binders, both Liþ
and e� transports in ASLBelectrodes are impeded,which
is the main reason for the degraded electrochemical
performance of sheet-type electrodes (Figure 2a) [18].
The differences in the discharge capacities of the elec-
trodeswith andwithout binderswere 18e35mAh g�1 for
LiNi0.6Co0.2Mn0.2O2/LieIn half-cells at 0.1C and 30 �C.
These results are consistent with those of following

studies [39e42]. Zhang et al. investigated the effect of
binder content on the electrochemical performance of
LiNi0.8Co0.1Mn0.1O2 cathodes [40]. The composite
cathodes using 1 wt.% ethyl cellulose showed better cell
performance compared to those using 0.5 wt.%
or>1wt.%ethyl cellulose.Thepresence of the optimum
fraction of ethyl cellulose implies complementary coop-
eration between the intimate CAM/SE contacts and the
Liþ hindrance by the polymeric binders.

Three strategies have been proposed to address the

problem stemming from the degraded Liþ contact using
polymeric binders. The first approach involves the elimi-
nation of the polymeric binders in the electrodes [22,43].
Yamamoto et al. reported the fabrication of binder-free
sheet-type all-solid-state batteries (Figure 2b) [22]. The
volatile poly(propylene carbonate) (PPC) used for elec-
trode slurries could be depolymerized and quickly evap-
orated under vacuum at elevated temperature (225 �C).
Thus, upon eliminating the binders, the CAM/SE inter-
facial resistance drastically decreased from 638U to 14U.
This binder-free approach can also be applied to Si anodes

[43]. The second strategy to mitigate the Liþ contacts
degraded by binders is to reduce the binder content by
improving the adhesive properties of the binders. In other
words, a highly adhesive binder can offer sufficient elec-
trode integrity in small amounts. The absence of polar
groups in polymeric binders, which are widely used for
ASLBs, is disadvantageous for forming strong interactions
with electrode active materials or current collectors [24].
To elaborately control the polarity of polymeric binders,
Lee et al. developed to graft 3-mercaptocarboxylic acid
into styrene-butadiene block-copolymers via a thioleene
click reaction [44]. The polar eCOOH moiety provides
sufficient binding ability, which is superior to that of
www.sciencedirect.com
conventional PVdF. However, the new binders were
insoluble innonpolar solventsbecause of the large number
of eCOOH groups. Subsequent research suggested the
use of polymers with a tert-butyl acrylate group to avoid
polaritymismatch (Figure 2c) [45]. Initially, these binders
were soluble in butyl butyrate with intermediate polarity
becauseof the absenceof apolarmoiety.During thedrying
process, the nonpolar tert-butyl acrylate groups were

thermally cleaved at 160 �C, and the polar eCOOH
moiety was deprotected. These deprotected polymeric
binders increased the peeling strength of the electrodes
by more than twofold (Figure 2d).

The final strategy for circumventing the degraded Liþ
contact by binders is to impart Liþ conductivity to the
binders [19,23,34,46]. Gel polymer electrolytes (GPEs)
are attractive candidates. Oh et al. first demonstrated a
slurry-fabricable Liþ-conductive polymeric binder using
NBR and solvate ionic liquids (SILs) called “Li(G3)

TFSI,” where G3 is triethylene glycol dimethyl ether
and LiTFSI is lithium bis(trifluoromethanesulfonyl)
imide (Figure 2e) [19]. DBM successfully accommo-
dated multiple components owing to its intermediate
polarity, which allowed for marginal reactivity with sul-
fide SEs, dissolution of the binder NBR, and mixing
with the SILs. The GPE-based binders effectively
facilitated Liþ contact and pathways throughout the
electrodes. As a result, LiNi0.70Co0.15Mn0.15O2 elec-
trodes using NBR-LiG3 achieved an ultrahigh mass
loading of 45 mg cm�2, showing a high areal capacity of

7.4 mA h cm�2. However, electrodes using GPE-based
binders delivered limited performance under thermally
abusing conditions, which originated from the detri-
mental interaction between sulfide SEs and organic
small molecules at elevated temperatures [23]. More-
over, SIL-based GPE binders were not compatible with
graphite electrodes. These problems were resolved by
developing thermally stable dry polymer electrolyte
(DPE)-type binders [23,34]. The use of benzyl acetate
as the processing solvent could aid in blending the
binders (poly(1,4-butylene adipate) and NBR) and Li
salts (LiTFSI) without damaging the sulfide SEs. The

resulting DPE binders enabled highly improved elec-
trochemical performance of both LiNi0.70-
Co0.15Mn0.15O2 cathodes and graphite anodes over a
wide temperature range between �10 and 70 �C
(Figure 2f) [23]. The use of cosolvents, in which two
solvent molecules work synergistically for the dissolu-
tion of the binder NBR and the Li salt LiTFSI, also
allowed the accommodation of DPE-type binders for
ASLBs (Figure 2g) [34]. Specifically, the less-polar
DBM and more polar HB acted as solvents for dissolv-
ing NBR and LiTFSI, respectively [34]. The Liþ-
conductive NBR-LiTFSI derived using the DBM-HB
cosolvents showed remarkably improved the electro-
chemical performance of LiNi0.70Co0.15Mn0.15O2 cath-
odes and graphite anodes at both 30 and 70 �C as
Current Opinion in Electrochemistry 2022, 34:101026
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Figure 2

Developments of polymeric binders for sulfide SE-based ASLBs. (a) Schematic of the microstructure of ASLB electrodes prepared by dry-mixing without
binders and by wet-slurry process using binders. Reproduced with permission from Ref. [18], Copyright 2018, Elsevier. (b) Schematic of the fabrication of
binder-free sheet-type electrodes. Reproduced with permission from Ref. [22], Copyright 2018, Nature Publishing Group. (c) Schematic of the protection-
deprotection chemistry for the adhesive interaction between binder and CAMs and (d) the corresponding 180� peeling test results. Reproduced with
permission from Ref. [45], Copyright 2020, Wiley-VCH. (e) First-cycle charge–discharge voltage profiles of LiNi0.70Co0.15Mn0.15O2 (NCM) electrodes with
and without LiG3, and schematic of the microstructure of NCM electrodes. Reproduced with permission from Ref. [19], Copyright 2019, Wiley-VCH. (f)
First-cycle charge–discharge voltage profiles of NCM electrodes at 70 �C and graphite electrodes. Reproduced with permission from Ref. [23], Copyright
2021, Elsevier. (g) Schematic of the microstructure of NCM electrodes fabricated using DPE-type binder with cosolvents DBM + HB. Reproduced with
permission from Ref. [34], Copyright 2021, Wiley-VCH.
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compared to that when using the conventional Liþ-
insulating binder NBR.

The interaction between the sulfide SEs and polymeric
binders is also a design factor to be considered for sheet-
type ASLB electrodes. X-ray photoelectron spectroscopy
(XPS) measurements of the NBR/(75Li2Se25P2S5)
composite materials revealed ionedipole interactions
that resulted in good dispersion of the NBR binder and
Current Opinion in Electrochemistry 2022, 34:101026
played a key role in facilitating Liþ transport more effi-
ciently as compared to BR/(75Li2Se25P2S5) [21].
However, the weakened bond energy of Li with polymers
degrades the chemical stability of sulfide SEs. Teo et al.
reported that hydrogenated NBR (h-NBR) embedded in
LiNi0.6Co0.2Mn0.2O2 electrodes produced the highest
amount of SO2 among polyisobutene, SBR, and h-NBR
[42]. In addition, Riphaus et al. reported the chemical
degradation of Li10SnP2S12 by poly(ethylene oxide)
www.sciencedirect.com
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(PEO)-LiTFSI [47]. The EIS results revealed that the
resistance of interface between LSPS and PEO15LiTFSI
gradually increased over time at 40 �C.

Electrochemical stability of polymeric binders also af-
fects the electrochemical performance of ASLBs. At
high voltages, LiNi0.6Co0.2Mn0.2O2 releases reactive O2

from the lattice, and CO2 is also evolved by chemical

oxidation of binders [42,48]. Interestingly, cathodes
using SBR-based binders exhibited 2e3 times more
CO2 evolution than those using polyisobutene-based
binders, which emphasizes the importance of selecting
binders in terms of the electrochemical stability.
Alternative wet-fabrication for ASLBs
Jung group developed several solution-processable sul-
fide SE chemistries, such as (LiI)eLi4SnS4 using
methanol (MeOH) or water [49], Li6-xPS5-x[Cl,Br]x or
Li6þxP1-xMxS5I (M = Ge, Sn) using ethanol (EtOH)
[50e52], and Na3SbS4 using water or MeOH [53]. In
the solution process, sulfide SEs are fully dissolved to
form homogeneous solutions, and the original SEs are
precipitated under vacuum and subsequent heat treat-
ment. The solution process offers alternative fabrication

protocols for sheet-type electrodes for ASLBs, with the
additional benefit of intimate ionic contact [49,50,54].
Liquified Li6PS5Cl using EtOH infiltrated porous
composite electrodes that were prepared using PVDF
and NMP for conventional LIBs (Figure 3a). ASLB
electrodes could be prepared by subsequent drying,
heat treatment, and cold pressing. Despite the
Figure 3

Alternative wet-fabrication strategies for sulfide SE-based ASLBs. (a) Schem
with solution-processable SEs and (b) corresponding cross-sectional SEM im
permission from Ref. [50], Copyright 2017, American Chemical Society. (c) S
trodes. Reproduced with permission from Ref. [54], Copyright 2017, Royal So

www.sciencedirect.com
insufficient Liþ conductivities of the solution-processed
SEs (w0.1 mS cm�1), the resulting LiCoO2 and
graphite electrodes showed high reversible capacities of
141 and 364 mA h g�1 at 0.1C and 30 �C, respectively,
which were comparable to those of liquid electrolyte
cells (Figure 3b). In addition, the low weight fraction of
inactive components, including SEs (w12 wt.% for
LiCoO2 and w21 wt.% for Gr), polymeric binders, and

carbon additives, demonstrates the effectiveness of
forming ionic conduction pathways and the practical
importance of the infiltration protocol. This infiltration
protocol for ASLBs was also adaptable to thin SE
membranes and Si anodes [50,52,55]. Furthermore,
another class of SE, closo-borate Na4(B12H12)(B10H10),
with a high ionic conductivity of 1 mS cm�1 at 25 �C,
was also demonstrated to allow the infiltration-based
fabrication of all-solid-state Na-ion battery elec-
trodes [56].

Alternatively, sheet-type electrodes can be prepared
using SE precursors rather than the prepared SEs. Oh
et al. demonstrated a single-step wet-chemical fabrica-
tion of sheet-type electrodes using Li2S and P2S5 as SE
precursors, and tetrahydrofuran as both the processing
solvent and reaction media [54]. Electrode active ma-
terials, binders, and conducting additives were also
added. The wet-synthesis of Li3PS4 proceeded in situ
during the electrode fabrication process, that is, slurry
mixing, casting, and drying at elevated temperatures
(Figure 3c). At 30 �C, the LiNi0.6Co0.2Mn0.2O2 and

graphite electrodes exhibited reasonably good capacities
atic illustration of the infiltration of conventional LIB composite electrodes
age of the electrodes with the EDX elemental maps. Reproduced with
chematic of the single-step wet-fabrication of sheet-type composite elec-
ciety of Chemistry.

Current Opinion in Electrochemistry 2022, 34:101026
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of 140 mA h g�1 (0.1C) and 320 mA h g�1

(0.2C), respectively.

Kato et al. designed Liþ-conductive sulfide polymer
electrolytes with a Liþ conductivity of
3.0 � 10�5 S cm�1, targeting binders for sheet-type
ASLB electrodes. Li3PS4 was polymerized via ball mill-
ing using I2. The reaction of the two PS4

3� anions with I2
afforded a dimer comprising two PS4 tetrahedra bridged
with a disulfide bond and continuously constructed the
polysulfide structure (-P-S-S-)n. Using Liþ-conductive
sulfide polymer electrolytes, all-inorganic solid electro-
lyte membranes and electrodes were fabricated. The
resulting LiNi1/3Co1/3Mn1/3O2 electrodes showed a ca-
pacity retention of 93.8% at the 200th cycle compared to
the capacity at the 5th cycle [57].
Dry-film fabrication for ASLBs
The wet-slurry fabrication of ASLBs is attractive
because it can utilize mature manufacturing LIB in-
frastructures. However, several drawbacks are associated
Figure 4

Dry-film fabrication of sulfide SE-based ASLBs and LIBs. (a) Photographs of
Reproduced with permission from Ref. [61], Copyright 2019, Elsevier. (b) Cros
with 1 wt.% PTFE, sulfide SE layer, Ag–C layer, and SUS current collector. Re
Group. (c) Schematic and photographs of the manufacturing system of electr
permission from Ref. [66], Copyright 2016, Nature Publishing Group.

Current Opinion in Electrochemistry 2022, 34:101026
with the use of solvents. The degradation of sulfide SEs
by solvents is inevitable, although marginal. From a
practical point of view, the solvents themselves and
their drying processes are costly and are estimated to be
approximately 8e9% of the total pack cost for NMP
[58,59]. In addition, the fabrication of thick electrodes
using the wet-slurry method requires large amounts of
polymeric binders and a low drying rate [32,60].

Recently, an alternative dry-film fabrication protocol has
been emerging to address these disadvantages of the
wet-slurry methods. The elimination of any solvent
makes dry-film fabrication highly profitable in terms of
both electrochemical performance and cost. Moreover,
even with small amounts of polymers, thick electrodes
can be fabricated using dry-film fabrication. In this
section, recent research on dry-film fabrication of ASLBs
is briefly summarized and discussed.
Hippauf et al. first reported the solvent-free dry-film
fabrication of sheet-type ASLB electrodes [61]. Free-
standing sheet-type electrodes can be fabricated by
a 4.0 × 3.5 cm2 LiNi0.9Co0.05Mn0.05O2 electrode with 0.3 wt.% PTFE.
s-sectional SEM image of the ASLB structure comprising NCM electrode
produced with permission from Ref. [5], Copyright 2020, Nature Publishing
odes created by dry particle painting processes. Reproduced with

www.sciencedirect.com
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mixing CAMs, SEs, and carbon additives using poly-
tetrafluoroethylene (PTFE) in a heated mortar. Dry-
film fabrication is enabled by the characteristic trans-
formation of PTFE beads to fibrils, that is, from a
triclinic to a hexagonal crystalline lattice upon heating
above 19 �C. The hexagonal crystalline lattice is more
deformable than the triclinic lattice. Thus, PTFE can be
easily fibrillated by external shearing forces, particularly

at high temperatures [62]. The fibril and spider-web
morphology of PTFE effectively holds the CAM and
SE particles together. Therefore, the PTFE amount
could reach a minimum of 0.1 wt.%. Figure 4a shows the
free-standing electrodes fabricated by the dry method
using PTFE. The absence of degradation caused by
solvents and minimal Liþ hindrance by binders led to a
high areal capacity of 6.5 mA h cm�2. In addition, a
pouch-type full cell with a capacity of 21 mA h was
successfully demonstrated.

The potential of dry-film fabrication has opened an
avenue for practical high-energy ASLB electrodes
[5,6,63,64]. In 2020, Lee et al. reported Li-metal-free
ASLBs enabled by AgeC composite anodes [5]. The
AgeC layer could effectively reduce the nucleation
energy for the formation and uniform deposition of Li
metal on current collectors. A prototype pouch cell
showed high energy density of >900 Wh L�1 and
excellent capacity retention of 89% after 1000
cycles. Importantly, a high-areal-capacity cathode
(>6.8 mA h cm�2) was prepared by dry-film fabrication.
Figure 5

Effects of polymeric binders for ASLB cells operating at low external pressures.
relevant electrochemo-mechanical effects. (b) First-cycle charge–discharge vo
pristine or vulcanized BR under various external operating pressures (70, 7,
Elsevier.

www.sciencedirect.com
The thickness of the prepared electrodes was approx-
imately 100 mm. Tan et al. showed that Si anodes with a
99.9 wt.% micrometer-sized could operate LiNi0.8-
Co0.1Mn0.1O2/Si all-solid-state full cells with a stable
capacity retention of 80% after 500 cycles [6]. Notably,
the full cells employed a high-areal-capacity cathode
(12 mA h cm�2) prepared by dry-film fabrication. Very
recently, Hong et al. designed PTFE-based Liþ-con-
ducting ionomer for dry-processed composite cathodes
[65]. Lithium salt perfluoro(3-oxa-4-pentenesulfonic
acid) facilitates Liþ transports and ensures good
interfacial contact between the Li0.7Co0.1Mn0.2O2 and
Li6PS5Cl, consistent with previous results using Liþ-
conductive binders of ASLBs [19,23,34,46].

Despite their potential to enable the high energy den-
sity of ASLBs, the dry-fabrication technology is in its
infancy. Specifically, electrodes must be fabricated with
homogeneous and uniform thickness using scalable

protocols. In this regard, the use of a hot roller is ad-
vantageous [66,67]. Moreover, by using a hot roller,
thermal activation of the binding material PTFE is
quickly achieved. Incorporating a small amount of SE-
compatible solvents such as dehydrated xylene may
also be an alternative strategy [5]. Although manual
mixing in a heated mortar has been used for lab-scale
dry-film fabrication, alternative mixing strategies, such
as those using a homogenizer, vortex mixer, and ball-
milling, should be investigated as already demon-
strated as a proof-of-concept for conventional LIB
(a) Schematic of ASLB cells operating at high and low pressures, and their
ltage profiles of LiNi0.70Co0.15Mn0.15O2/Li–In cells at 0.1C and 30 �C using
2 MPa). Reproduced with permission from Ref. [72], Copyright 2022,
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systems [66,68,69]. However, to induce the character-
istic transformation of PTFE beads into fibrils, strong
shearing forces are required, which calls for customized
processes. Zhang et al. reported a ball-milling strategy to
mix Li5.4PS4.4Cl1.6 and PTFE by shearing PTFE fibers
[70]. The prepared thin SE membranes with a thickness
of w30 mm exhibited a high room temperature con-
ductivity of 8.4 mS cm�1 with a flexible feature. If

scalable mixing can be achieved, continuous dry-film
fabrication strategies should be followed (Figure 4c).
For instance, hot-pressing, extrusion, and electrostatic
spray deposition are worth noting for ASLBs. Extrusion
is advantageous because of its high shear rates and
scalability, but it requires the use of solvents or elevated
temperatures. Electrostatic spray deposition is a
solvent-free and versatile approach, but in this case, it is
difficult to control the electrode thickness [66,67,71].
Concluding remarks
Research on novel sulfide Liþ superionic conductors with
high Liþ conductivities has triggered the development of
ASLBs with improved safety and energy densities.
However, the success of practical ASLBs is not achieved
solely by the high Liþ conductivity of the SEs. A basic

understanding of interfacial (electro)chemical reactions,
chemical stability, and solidesolid contact under
electrochemo-mechanically driven stresses, as well as
comprehensive practical considerations on scalable
fabrication strategies for electrodes and SE membranes
should follow. The wet-slurry method is highly compet-
itive in terms of fabrication at scale and can adopt the
well-developed infrastructure of conventional LIBs with
minimal alteration. However, the degradation of sulfide
SEs by the solvents and Liþ-insulating properties of
polymeric binders inevitably degrades the electro-
chemical performance of ASLBs. Thus, careful selection

and blending of solvents and functional polymeric
binders are necessary to tailor sulfide SEs. Slurry-
processing solvents should possess a low polarity that is
sufficiently benign to vulnerable sulfide SEs, adequate
vapor pressure and boiling points, nontoxicity, and
dissolving ability of polymeric binders (and Li salts for
application to Liþ-conductive binders). Polymeric
binders should offer sufficiently high adhesion and
resilient physical properties to alleviate electrochemo-
mechanical stresses. Recently, Kwon et al. developed
3D networking binders prepared in situ during the wet-

slurry process via vulcanization (Figure 5) [72]. It was
first demonstrated that electrochemical performance
under a practically acceptable low external pressure of
2 MPa for LiNi0.70Co0.15Mn0.15O2 electrodes was signif-
icantly enhanced by using vulcanized BR. This is in sharp
contrast to the marginal differences in performance at an
unrealistic operating pressure of 70 MPa, enlightening
research direction for the development of scalable func-
tional binders for sulfide-based ASLBs. In addition, the
mechanical property of SEs should be considered to
Current Opinion in Electrochemistry 2022, 34:101026
alleviate electrochemo-mechanical stresses in sheet-type
electrodes [48]. The dry-film fabrication strategy is
highly promising in terms of the electrochemical perfor-
mance of the resulting ASLB cells. This is because of the
absence of reactive organic solvents and the excellent
formability that can minimize the binder amount to as
low as 0.1 wt.%. In particular, the ability to fabricate
ultrathick electrodes without significant delamination is

a crucial advantage of dry-film fabrication for realizing
ASLBs with high energy density. However, for scalable
fabrication, intensive developments, such as mixing,
deposition, and calendaring, are required, which may also
address the inhomogeneity problems in electrode thick-
ness and distribution of components. Specifically, while
calendaring by roll-press is highly attractive for the large-
scale fabrication, non-uniform powder compaction needs
to be addressed [73]. Moreover, mechanical properties
and degradation of electrodes, altered by fabricating
pressures, are an intriguing issue for future

research [31,37,74e76].
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