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Progress and Prospects of Inorganic Solid-State
Electrolyte-Based All-Solid-State Pouch Cells

Changhong Wang, Jung Tae Kim, Chunsheng Wang,* and Xueliang Sun*

All-solid-state batteries have piqued global research interest because of their
unprecedented safety and high energy density. Significant advances have
been made in achieving high room-temperature ionic conductivity and good
air stability of solid-state electrolytes (SSEs), mitigating the challenges at the
electrode—electrolyte interface, and developing feasible manufacturing pro-
cesses. Along with the advances in fundamental study, all-solid-state pouch
cells using inorganic SSEs have been widely demonstrated, revealing their
immense potential for industrialization. This review provides an overview of
inorganic all-solid-state pouch cells, focusing on ultrathin SSE membranes,
sheet-type thick solid-state electrodes, and bipolar stacking. Moreover, several
critical parameters directly influencing the energy density of all-solid-state
Li-ion and lithium—sulfur pouch cells are outlined. Finally, perspectives on
all-solid-state pouch cells are provided and specific metrics to meet certain
energy density targets are specified. This review looks to facilitate the devel-
opment of inorganic all-solid-state pouch cells with high energy density and

excellent safety.

1. Introduction

Over the past few decades, lithium-ion batteries (LIBs) based
on intercalation/de-intercalation chemistry have played an
essential role in both the consumer electronics and electric
vehicle industry. With technological advancements, the energy
density of commercial LIBs has gradually increased to 260-
300 Wh kg™, and more advanced LIBs with higher energy den-
sity (e.g., 350-500 Wh kg™!) are under development. Though
the current and predicted energy densities of LIBs comple-
ment a broad range of applications, conventional LIBs pose
significant safety concerns that originate from using flammable
liquid electrolytes and organic polymeric separators.! There-
fore, finding new superionic conductors and thermally stable

C. Wang, J. T. Kim, X. Sun

Department of Mechanical and Materials Engineering
University of Western Ontario

1151 Richmond St., London, Ontario N6A 3K7, Canada
E-mail: xsun9@uwo.ca

C. Wang, C. Wang

Department of Chemical and Biomolecular Engineering
University of Maryland

College Park, MD 20740, USA

E-mail: cswang@umd.edu

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202209074.

DOI: 10.1002/adma.202209074

Adv. Mater. 2023, 35, 2209074 2209074

separators that can eradicate the safety
concerns of LIBs is highly desired.

To address the safety issues of LIBs, a
major focus has been to develop safe elec-
trolytes and separators, such as aqueous
electrolytes,”)  non-flammable electro-
lytes,® high-temperature separators, and
solid-state electrolytes (SSEs).’} In this
regard, all-solid-state batteries (ASSBs)
based on inorganic SSEs have been
deemed a promising solution because of
several innate characteristics of inorganic
SSEs. First, inorganic SSEs have excellent
thermal stability, and several SSEs possess
similar room-temperature ionic conductiv-
ities (i.e., LijgGeP,S, [12 m$S cml, Li;P3Sy,
[17 mS cm™], and Ligs,Si; 74P1.448117Clo3
[25 mS cm™)) as rival conventional liquid
electrolytes.’!  Second, inorganic SSEs
have a high Young’s modulus and trans-
ference number, which can potentially
prevent lithium-dendrite-induced fail-
ures.l Third, the non-fluidity of SSEs can enable ASSBs with
bipolar stacking, which is beneficial for achieving high system-
level energy density (particularly volumetric energy density).!

Inspired by these advantages, both academic and industrial
sectors have devoted many resources to developing ASSBs,
from materials synthesis and interface design to practical all-
solid-state pouch cell demonstration. Regarding materials
synthesis, various SSEs including sulfides, oxides, halides,
and solid polymers have already exhibited ultrahigh ionic
conductivity, wide electrochemical stability windows, and suit-
able mechanical properties.’l In addition, their scalability and
viability for large-scale mass production have been carefully
examined.'%" A recent study shows that processing sulfide
SSE in a dry room with a dew point of —40 °C can ensure
workers’ safety and product quality.'?l As for interface design,
various strategies such as interface modification and solid elec-
trolyte interphases (SEI) design have been proven effective in
suppressing interfacial side reactions, suppressing dendrite
growth,®l and improving interfacial solid—solid ionic contact.l
Furthermore, several key technical factors such as pressure,
temperature, testing protocol, and bipolar stacking have been
optimized to obtain the high performance of ASSBs.[’l Using
these technological advances, lab-level ASSBs have already
demonstrated impressive electrochemical performance, such
as ultra-long cycling stability (>3000 cycles with 80% capacity
retention),®! high power density (1000C), and high output
voltage realized by bipolar stacking (>12 V). In parallel, all-
solid-state pouch cells have also been demonstrated, exhibiting
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satisfactory electrochemical performance and high feasibility
for commercialization. These lab-scale demonstrations have
given rise to various start-up companies (e.g., Quantum Scape
and Solid Power) and even prompted several legacy companies
(e.g., Toyota and Samsung) to develop ASSBs. The abundance
of review papers that discuss the fundamental challenges and
strategies of ASSBs,2% especially in recent years, clearly
manifests the paradigm shift in the energy storage field toward
ASSB configurations. However, few of them focus on practical
all-solid-state pouch cells, particularly with inorganic SSEs,
which are far more difficult to integrate into pouch cells than
organic solid polymer electrolytes.

In this review, we summarize the recent progress of all-solid-
state pouch cells using inorganic SSEs and highlight the various
challenges of fabricating their essential components, such as
ultrathin SSE membranes and sheet-type solid-state electrodes.
Furthermore, state-of-the-art fabrication methods are discussed
and comparatively analyzed. To facilitate the commercialization
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of ASSBs and link fundamental research with practical applica-
tion, we numerically examine critical parameters that directly
influence the energy density of all-solid-state pouch cells,
including SSE thickness, the areal capacity of solid-state elec-
trodes, N/P ratio, and Li-metal thickness. Moreover, a set of
metrics are provided to meet the energy density targets. Finally,
promising directions and feasible strategies to realize all-solid-
state pouch cells are highlighted. This review seeks to guide the
research and development of inorganic SSE-based all-solid-state
pouch cells with high energy density and inherent safety.

2. Timeline of All-Solid-State Pouch Cells with
Inorganic Solid-State Electrolytes

In 2009, Kanno et al. developed the first 30 X 30 mm? all-solid-
state pouch cell prototype (Figure 1), demonstrating high cycling
stability at a current of 0.1 mA.2Y In 2015, Jung et al. developed
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Figure 1. Timeline of inorganic all-solid-state pouch cells. Image for “Wet slurry + Dry film”: Adapted with permission.?l Copyright 2009, Elsevier.
Image for “Nonwoven-support”: Adapted with permission.?2l Copyright 2015, American Chemical Society. Image for “Tape casting”: Adapted with per-
mission.[?3l Copyright 2018, Elsevier. Image for “Dry film”: Adapted with permission.?l Copyright 2019, Elsevier. Images for “Dry film + Tape casting”:
Adapted with permission.[?’l Copyright 2020, Springer Nature. Images for “Electrospinning + liquid infiltration”: Adapted with permission.[2%l Copyright
2021, Wiley-VCH. Images for “Electrospinning + Infiltration + Hot-pressing”: Adapted with permission.l?’} Copyright 2022, Wiley-VCH. Images for “Dry
film technology”: Adapted with permission.[?8l Copyright 2022, American Chemical Society.
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a bendable and thin SSE membrane reinforced with a mechani-
cally compliant poly(paraphenylene terephthalamide) non-
woven substrate. Coupled with LiTiS, and Li,Ti;O, electrodes,
a sheet-type all-solid-state pouch cell was demonstrated.?? In
2017, a practical slurry coating process was reported, which uses
styrene-butadiene-based binders (i.e., styrene ethylene butylene
styrene copolymer [SEBS] and styrene butadiene styrene copol-
ymer [SBS]) and non-polar solvents (i.e., heptane for SEBS and
anisole for SBS). Based on this process, sheet-type all-solid-state
pouch cells with a reversible areal capacity of 1.5 mAh cm™ was
demonstrated.?’! To facilitate the fabrication of sheet-type solid-
state electrodes, Jung's group developed various soluble SSEs,
such as Li,SnS,~Lil,PY LisPSsCLPY2 and LigPSsClysBry s,
These soluble SSEs can easily infiltrate conventional sheet-type
electrodes, enabling easier solid-state battery manufacturing.*!l
In 2018, a tape-casting process was developed to fabricate all-
solid-state pouch cells.?*3*1 A 80 x 60 mm? NCM622/graphite
solid-state pouch cell fabricated by the slurry coating process
showed a high cell-based energy density of 184 Wh kg™ and a
volumetric energy density of 432 Wh L1 Following this work,
more studies that use the slurry coating process to fabricate all-
solid-state pouch cells have been reported, paving the way for
the large-scale production of ASSBs.1?>3¢%] However, some inor-
ganic SSEs, such as sulfides and halides, are chemically sensi-
tive to polar solvents and binders. Therefore, a solvent-free dry
film process to fabricate solid-state sheet-type electrodes and
ultrathin SSE membranes is highly desired. In 2019, Hippauf
et al. developed a solvent-free dry film process using polytetra-
fluoroethylene (PTFE),? enabling a 3 x 3 cm? all-solid-state
pouch cell that can stably cycle for 100 cycles. Following this
work, Samsung Advanced Institute of Technology developed a
0.6 Ah pouch cell using silver—carbon composites as the anode
and a high-Ni cathode (Li,O-ZrO,-coated LiNijy gMny g5C00050;),
fabricated using both the tape casting process and the dry
film method. This work represents a significant milestone for
inorganic all-solid-state pouch cells.””! Our group also devel-
oped a solvent-free method to fabricate halide-based all-solid-
state pouch cells with a configuration Li;InCl@LiCoO,/
Li;InClg+LigPSsCl/graphite@LigPSsCl, delivering an initial
capacity of 121.2 mAh g™ and a capacity of 83.1 mAh g after
50 cycles.?8] Moreover, Zhao's group demonstrated a scalable
cathode-supported fabrication process where an ultrathin and
robust SSE film was directly coated on top of the cathode layer
in 2021. This integrated cathode/SSE process enables an inti-
mate interface and continuous Li-ion transport within entire
electrodes.?! Recently (in 2022), Nan et al. fabricated a thin
(3040 um) and flexible LizPSsCl membrane via an electro-
spinning-infiltration-hot-pressing method.””} Coupled with an
NMCS811 cathode, a 6 X 6 cm? all-solid-state pouch cell delivered
a high-capacity retention of 81% after 200 cycles at 1.0 mA cm™.
As endeavors to develop all-solid-state pouch cells continue, a
viable path toward their commercialization will become clearer.

3. Fabrication of Ultrathin Yet Robust Inorganic
Solid-State Electrolyte Membranes

Arguably, the SSE membrane is the most crucial component in
an all-solid-state pouch cell. Developing feasible methods that

Adv. Mater. 2023, 35, 2209074

2209074 (3 of 18)

www.advmat.de

can be used to fabricate ultrathin yet robust SSE membranes
is critical to enable large-scale processing and manufacturing
of all-solid-state pouch cells.’¥! In contrast to solid polymer
electrolytes that have innate flexibility, achieving flexible and
freestanding inorganic all-solid-state pouch cells is more chal-
lenging because of the fragile nature of inorganic SSEs and
their chemical vulnerability with polar solvents and polymeric
binders.

To overcome these challenges, substantial efforts have been
devoted to screening solvents and binders that are compatible
with inorganic SSEs, especially sulfide SSEs. So far, various
methods including tape casting,3%4% solution infiltration,**!
dry film technology,?*?#] vacuum infiltration,*? hot/cold
press with polymers,®* and 3D printing*’! have been applied
to fabricate ultrathin SSE membranes. The recent progress of
ultrathin SSE membranes has been reviewed.”) Table 1 sum-
marizes technologies to fabricate ultrathin SSE membranes. To
avoid repetition, we highlight several typical SSE membrane
fabrication methods compatible with large-scale roll-to-roll
manufacturing processes (Figure 2).

Tape casting is a feasible method widely used to fabricate
thin SSE membranes. For example, Wang et al. prepared
large-sheet perovskite-type Lij34Lay56110; membranes on a
poly(ethylene terephthalate) (PET) substrate via a tape-casting
process (Figure 2A).5% In this approach, the PET substrate
should be removed when integrating the SSE membrane into
practical large-format pouch cells, which is not beneficial for
forming intimate electrode—electrolyte interface contact. To
avoid such a drawback, a cathode-supported SSE membrane
was fabricated to reinforce interfacial adhesion and minimize
interfacial ion transport resistance between the electrode and
SSE (Figure 2B).253 Doeff et al. developed a scalable freeze-
tape casting process to fabricate 3D porous LLZO, which can be
potentially used for cathode composites in ASSBs.¥ In addi-
tion, Finsterbusch et al. presented a water-based tape-casting
process for garnet-supported solid-state lithium batteries
featuring a LiFePO,-poly(ethylene oxide) (PEO) composite
cathode, which delivered a high capacity of 136 mAh g™ with
good cycling stability for 50 cycles. Water-based tape casting
represents an economically and environmentally benign path,
which is highly desired for the large-scale production of ASSBs.
Therefore, more efforts are encouraged to develop greener,
safer, and cheaper manufacture for ASSBs. %]

SSE solution infiltration into a flexible substrate is another
strategy to obtain ultrathin SSE membranes. Many sulfide SSEs
can be dispersed into some organic solvents (i.e., tetrahydro-
furan, acetonitrile, and ethyl acetate) to form an SSE suspen-
sion or dissolved in some strong polar solvents (i.e., methanol,
ethanol, and N-methyl formamide) to form a homogenous
SSE solution.3%#5¢ This liquid-processable strategy opens an
avenue for producing SSE membranes via infiltrating SSE into
flexible porous substrates and removing organic solvents by
heating. Some examples include Li,SnS,Lil,B% LigPS;Cl,13%32
and LigPSsCly sBro 5.3 A typical example is infiltrating soluble-
processable LigPSsCly sBrg s into an electrospun polyimide sub-
strate (Figure 2C). Due to the high thermal stability of polyimide
and inorganic SSE, as-prepared 40 um membranes are ther-
mally stable up to 500 °C and exhibit a high ionic conductivity
of 2.0 mS cm™ (Figure 2D).3% In addition, a thin (30-40 um)

© 2023 Wiley-VCH GmbH
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Table 1. The thickness of ultrathin SSE membranes fabricated by different methods.

Solid-State Electrolyte Binder/Solvent SSE membrane lonic conductivity at room Fabrication Ref.
thickness [um] temperature [S cm™] Method
LigsLasZrysTagsOq, Poly(vinylpyrrolidone) (PVP)/isopropanol 10-100 1.0x1073 Printing and rapid sintering [45]
LigPSsCl Polydopamine 35 2.0x107* Cold pressing [43]
LigPSsCl Poly (ethylene oxide) 65 2.83x107* (40°C) Wet-slurry coating [46]
BLisPS, Acetonitrile 8-50 1.2x107* Evaporation-induced self-assembly  [47]
(dip-coating)
BLisPS, Acetonitrile 6-35 7.2%x107* Dip coating + hot press [48]
LizP3Sy; SEBS/xylene =50 7.0x 107 Tape casting [49]
Lig.sLasZry sTag 501, Poly(tetrafluoroethylene) (PTFE) 100 1.2x107* Solvent-free process [41]
77.5Li,5-22.5P,S; Seal-healing polymers 64 1.0x 107 Hot press [44]
Li3InClg Poly tetrafluoroethylene) (PTFE) 15 1.0x 1073 Solvent-free process [28]
Lig.34Lag 56 TiO3 Poly(vinyl butyral) (PVP) and butyl benzyl 25 2.0x107° Tape casting [39]
phthalate (BBP)
LigPSsClo.sBro s Anhydrous EtOH 40-70 2.0x107? Solution infiltration [33]
Lis4PS44Cli g Poly(tetrafluoroethylene) (PTFE) 30 8.4x1073 Solvent-free process [50]
LisOClosBros NBR-dibromoethane 310 2.6x107° Tape casting [51]
LLTO/PVDF Polvinylidene fluoride (PVDF)/NMP 9.6 47x107* Tape casting [40]
LigPSsCl Silicon-rubber-chloroform cellulose 70 6.3%x1073 Tape casting + infiltration [52]

LigPSsCl membrane was fabricated via an electrospinning-infil-
tration-hot-pressing method (Figure 2E).”’] The interaction
between LigPSsCl and polymeric framework (poly[vinylidene
fluoride-co-trifluoro ethylene], P[VDF-TrFE]) ensures a high
room-temperature ionic conductivity of 1.2 mS cm™ and excel-
lent mechanical ductility. The resulting ASSBs demonstrated
high capacity retention of 92% after 1000 cycles and 71% after
20 000 cycles at 1.0 mA cm™ at room temperature.

Both the tape casting and SSE infiltration methods are wet-
chemistry processes that require excellent (electro)chemical
compatibility between SSEs and organic solvents/binders to
maintain the high conductivity of the inorganic SSE mem-
branes. However, sulfides and halides SSEs are chemically
vulnerable to polar solvents/binders. Therefore, using the
wet-chemistry process to develop SSE membranes sometimes
decreases the high conductivity of these inorganic SSEs. In the
future, it is essential to develop chemically compatible binders
and solvents for processing SSEs without compromising their
room-temperature ionic conductivity. In addition, it is worth-
while to investigate why the ionic conductivity of inorganic
SSEs obtained by the wet-chemistry method is lower than that
via solid-state reactions. This mechanistic insight would accel-
erate the development of the wet-chemistry process.

Recently, solvent-free dry film technology has received
increasing attention for fabricating SSE membranes and sheet-
type solid-state electrodes because of its advantages concerning
environmental friendliness, low cost, enhanced (electro)chem-
ical compatibility, high production efficiency, and enhanced
electrode performance.?#284:5859 Yao and co-workers reported
a 30 um Lis 4PS,4Cl; ; membrane fabricated by solvent-free dry
film approach (Figure 2F,G). The solvent-free fabrication pro-
cess enables a large dimension of Lis 4PS, 4Cl; ; membrane that
exhibits a high room-temperature conductivity of 8.4 mS cm™2
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(Figure 2H).5% In view of the superiorities of solvent-free dry
film technology, we also demonstrated several freestanding
inorganic SSE membranes (LigyslasZryy5Tag,501,(LLZTO),
LigPSsCl, and Li;InClg) with controllable thicknesses from 15 to
30 um.?%4 To improve the air stability of sulfide SSE mem-
branes, a Li*-conductive superhydrophobic protection layer is
spray-coated on a 100 um LigPSsCl membrane fabricated by the
solvent-free dry film method.®%

Besides the wet-chemistry approach and dry film technology,
a few other methods were also used to fabricate thin SSE mem-
branes. For instance, Zhu and co-workers prepared a 47 pm
freestanding LigPSsCl membrane using an amphipathic binder
(ethyl cellulose) through vacuum filtration and cold pressing
(Figure 21).2l Furthermore, a seal-healing polymer was syn-
thesized to fill the pores of cold-pressed SSE pellet (Figure 2J),
which not only realizes fast Li-ion transport between inorganic
SSE particles but also exhibits excellent mechanical strength.
Though several reports demonstrate ultrathin SSE mem-
branes with decent ionic conductivity at room temperature,
the mechanical strength of the SSE membrane cannot be over-
looked, particularly considering the high-efficiency roll-to-roll
manufacturing.'¥! To our understanding, the mechanical prop-
erty of inorganic SSE membranes should be on par with that
of commercial Celgard 2400 separators (stress 70 MPa with
less than 3% elongation)l®! so that ASSBs can be efficiently
produced via the high-throughput roll-to-roll technology.l?*l For
this purpose, introducing a proper amount of organic poly-
meric binders seem essential to enable SSE membranes with
favorable mechanical properties. However, most polymeric
binders used for fabricating inorganic SSE membranes are
ionically non-conductive, restricting ion transport between SSE
particles and thus decreasing the otherwise high conductivity
of the SSE. Therefore, developing ion-conductive binders that

© 2023 Wiley-VCH GmbH
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Figure 2. Various strategies to fabricate thin inorganic solid-state electrolyte membranes. A) Schematic for preparation of LLTO film using a tape-
casting method. Adapted with permission.l Copyright 2020, Wiley-VCH. B) Schematic of the continuous manufacturing process of cathode-supported
ultrathin SSE membranes for ASSBs. Adapted with permission.[?6l Copyright 2021, Wiley-VCH. C) The infiltration of sulfide electrolyte solution into a
polyimide substrate. Adapted with permission.133l Copyright 2021, American Chemical Society. D) A thin LisInClg membrane was fabricated by infiltrating
its solution into a glass fiber substrate. Adapted with permission.’”) Copyright 2022, Elsevier. E) Schematic illustration for the fabrication procedure of
the interpenetrating LPSCI@P(VDF-TrFE) CSEs via an electrospinning—infiltration-hot-pressing method. Adapted with permission.[?’l Copyright 2022,
Wiley-VCH. F) A schematic illustration of the dry-film process for fabricating SSE membranes. G,H) Digital photos showing SSE thickness (G) and
final status (H). F-H) Adapted with permission.l’% Copyright 2021, American Chemical Society. |) Schematic of the binder-assisted vacuum infiltration
method in fabricating the thin SE membrane. Adapted with permission.*2 Copyright 2021, Wiley-VCH. |) Schematic for forming the SSE membrane
with self-healing polymers. Adapted with permission.l*l Copyright 2015, Wiley-VCH.

are also compatible with SSEs or volatile binders that enable 4, Fabrication of Thick Solid-State Electrode Films
binder-free electrodes is highly desired.®2%3 Overall, thin inor-

ganic SSE membranes should simultaneously possess high  4.1. Fabrication Methods for Thick Solid-State Electrode Film
ionic conductivity, wide electrochemical stability window,

excellent mechanical flexibility and strength, low electronic ~ As crucial as inorganic SSE membranes, solid-state electrodes
conductivity, and outstanding capability to suppress lithium  with a high areal capacity (>4 mAh cm™?) are indispensable for
dendrite formation. all-solid-state pouch cells with high energy density. However,
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they have been impeded by mainly poor electrode—electrolyte
interface contact, significant interfacial side reactions, and
poor charge transfer kinetics originating from high tortuosity
of Li*/e™ transport pathways in the thick electrode (>70 pm).
Over the past few years, relentless efforts have been devoted
to improving solid—solid contact at the electrode—electrolyte
interface,®%l preventing interfacial side reactions,”864 and
designing thick solid-state electrodes with fast electrochem-
ical reaction kinetics.[) Many review papers have discussed
interface challenges in ASSBs.[2%%%l Here, we focus on prom-
ising manufacturing processes for thick solid-state electrodes
(Figure 3), including tape casting,[®”) soluble/melt SSE infiltra-
tion,[3%8 and dry electrode technology.+28.69]

Establishing a scalable manufacturing scheme for thick solid-
state electrodes is challenging because of the chemical sensitivity
of SSEs, especially solvent-sensitive sulfides and halides.(07%]
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Tremendous efforts have been made to screen solvents and
binders that are compatible with inorganic SSEs. For example,
Zhang et al. successfully fabricated a sheet-type solid-state sulfur
electrode for all-solid-state lithium—sulfur (Li-S) pouch cells
(Figure 3A,B) by the screening of various solvents and appropriate
binder contents,*’] delivering a discharge capacity of 2.3 mAh cm™
(Figure 3C). Jung and co-workers fabricated an 8 x 6 cm? all-solid-
state pouch cell using a sulfide SSE via the tape-casting process.
Apart from the typical tape-casting process, Jung et al. developed
a series of soluble sulfide SSEs, which can be infiltrated into con-
ventional sheet-type electrodes via a dip-coating process. Followed
by isostatic pressing, ASSBs can be realized (Figure 3D).BU It
should be highlighted that this soluble SSE dip coating process
is compatible with existing LIB fabrication processes. Recently,
Yushin et al. demonstrated a melt-infiltration strategy for scal-
able ASSB fabrication (Figure 3E).%® They utilized SSEs with low
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Figure 3. Advanced technologies for fabricating sheet-type cathodes for all-solid-state pouch cells. A) Schematic for preparation of solid sulfur elec-
trode film by the slurry coating process. B) A photo of all-solid-state Li—S pouch cells. C) A discharge curve of all-solid-state Li-S pouch cells with a
sulfur loading of 1.8 mg cm=2. A-C) Adapted with permission.[”] Copyright 2020, Wiley-VCH. D) Schematics of infiltrating soluble SSEs into traditional
electrodes. Adapted with permission.Pl Copyright 2017, American Chemical Society. E) Schematic illustration of melt infiltration strategy. Adapted with
permission.[®® Copyright 2021, Springer Nature. F) Schematic diagram of a dry-film process to fabricate sheet-type cathode electrodes. Adapted with
permission.? Copyright 2019, Elsevier. G) Cycling stability of LiNig;Cog;Mng,0, cathode composites fabricated by a Li*-conducting ionomer binder.
Adapted with permission.®2 Copyright 2022, American Chemical Society.
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melting (=300 °C or below) points that can be infiltrated into elec-
trodes at moderately elevated temperatures in a liquid state, which
can solidify solid-state electrodes during cooling.%®]

With the potential to streamline production while addressing
problems with the traditional slurry casting method, including
solvent sensitivity and ion-transport blockage, dry electrode
technology that can offer a “powder to film” path is gaining
attention from both academia and industry.’#%% In addition,
the wet-chemistry process faces a challenge in fabricating thick
high-capacity electrodes. To realize thick electrodes, solvent-free
dry electrode technology has been applied to fabricate thick
solid-state electrodes for ASSB manufacturing.l*®%% Recently, we
engineered the first all-solid-state pouch cell prototype using a
bilayer SSE (halide Li;InClg + sulfide LigPSsCl), exhibiting excel-
lent electrochemical performance and safety.?8! We also fabri-
cated a quasi-solid-state pouch cell with a 20 um LLZTO mem-
brane, demonstrating a high energy density of 280 Wh kg and
a high capacity retention of 94.4% after 250 cycles.*] Hippauf
et al. utilized a dry film process to develop a 3 x 3 cm? all-solid-
state pouch cell using a sulfide SSE (LigPS;Cl),?* which exhib-
ited stable cycling over 100 cycles (Figure 3F).*4 B. Ludwig
and co-workers proposed a new dry powder painting process,
which has better economic benefits and shows greater adhe-
sion force with current collectors compared to the conventional
slurry coating process.”!! Currently, dry electrode technology
mainly relies on the fabrication of PTFE, a polymer that is
reactive with Li metal.’% Although some other binders, such
as styrene-butadiene rubber (SBR) and silicone rubber, have
also been attempted for the dry-film process in 2003,7% their
viscosities are not as good as PTFE. Recently, a new chemical
process was developed to improve the binder property of SBR
for the dry-film process.”3l Most polymer binders in the com-
posite electrode are ionically insulative, which restricts the ion
transport of thick electrodes. To resolve this issue, a Li*-con-
ducting ionomer binder poly(tetrafluoroethylene-co-perfluoro(3-
oxa-4-pentenesulfonic acid)) lithium salt was designed for the
solvent-free dry film process, demonstrating excellent Li* trans-
port and good interfacial contact in composite electrodes con-
sisting of LiNi,;Co,;Mny,0,, conducting carbon, and LigPSsCl
during cycling (Figure 3G).[°2 Also, the mechanical strength of
sheet-type solid-state electrodes and SSE membranes manufac-
tured by dry film technology should also be carefully investi-
gated. Moreover, new facilities and compatibility with existing
LIB production facilities should be developed and considered.

4.2. Innovative Diffusion-Dependent Solid-State Electrodes

In a typical thick composite electrode, SSEs and conductive
agents are added to construct an ion and electron transport
network. The active material content in the composite elec-
trode is usually about 70-85%, which limits the energy density
of all-solid-state pouch cells. Recently, an innovative concept of
diffusion-dependent solid-state electrodes has been reported
in which no SSE is added to the electrode. This strategy maxi-
mizes energy density and simultaneously relieves the concerns
about chemical reactivity between inorganic SSEs and solvents/
binders that are indispensable for sheet-type electrode fabrica-
tion.””l Furthermore, many challenges originating from the
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composite electrodes, such as interfacial side reactions between
electrode materials and SSEs, SSE decomposition caused by
carbon additives, and extra surface coating on active materials,
are prevented. Consequently, diffusion-dependent solid-state
electrodes have demonstrated higher areal capacity and better
cycling stability than classic composite electrodes, despite an
elevated temperature (60-80 °C) required to facilitate Li-ion dif-
fusion in diffusion-dependent electrodes.’+”"]

Inspired by these advantages, tremendous efforts have
been devoted to developing diffusion-dependent solid-state
cathodes and anodes. For instance, Sakuda et al. designed
an ion and electron mixed conductor as the cathode material
(Li;Ru¢S0,03.) for ASSBs,7¥ where the Li,RuggSg,03, does
not require any extra carbon additives or SSEs. The diffusion-
dependent electrode exhibits satisfactory rate performance
and a high reversible capacity of about 200 mAh g™! under a
current density of 0.64 mA cm™. This capacity exceeds the
theoretical capacity of Li,RugS0,03, (141 mAh g™), which is
related to the anionic oxygen redox reaction in addition to the
Ru’*/Ru* redox reaction. The Coulombic efficiency reaches up
to 99.8%, indicating the high reversibility of anionic oxygen
redox reactions. The overlapping and negligible voltage decay of
charge/discharge curves at different cycles also reveals the high
reversibility of Li,RuygSy,03, diffusion-dependent electrode
in ASSBs. In another study, Lee et al. designed a diffusion-
dependent solid-state TiS, electrode (Figure 4A), which delivers
high areal and volumetric capacities of =9.43 mAh cm™ and
=578 mAh cm™3, respectively, at a loading level of 45.6 mg cm™2
(Figure 4B,C). This excellent performance is attributed to the
excellent mechanical ductility, high electronic conductivity, and
stable Li-ion storage capability realized by the morphological
change of TiS, from 2D flakes to 0D nanograins.””!

Along with the cathode, diffusion-dependent solid-state anodes
have also been developed. For example, Meng’s group reported a
micro silicon diffusion-dependent electrode for ASSBs by virtue
of high electronic conductivity (=3 x 10 S cm™) of micro sil-
icon and high Li-ion diffusivity of Li-Si (Figure 4D). This micro
silicon solid-state electrode exhibited a high reversible capacity
of 2 mAh cm™ with a high capacity retention of 80% after
500 cycles.”?l However, high pressure is required, which needs
to be reduced for commercialization. Lee’s group made great
efforts in this direction. In 2020, his group first proposed a dif-
fusion-dependent graphite electrode using a conventional slurry
casting method. Utilizing Li-ion self-diffusion inside graphite
electrodes, an areal capacity of 2-6 mAh cm™ can be obtained
under an elevated temperature in a high-loading graphite elec-
trode.” Following this work, they further presented a graphite-
silicon diffusion-dependent electrode with a short effective dif-
fusion length for ASSBs (Figure 4E).”’) Recently, a hybrid solid-
state electrode (composite electrode and diffusion electrode)
strategy exhibited high normalized capacities of 5.83 mAh cm™
and 1300 mAh cm™, which are among the highest values
reported to date for ASSBs (Figure 4F).7®!

Diffusion-dependent solid-state electrodes provide a prom-
ising avenue for developing high-energy-density ASSBs. The
key challenge is how to reduce the required pressure and oper-
ating temperature. We believe there are still many materials that
can be designed and applied for diffusion-dependent electrodes.
Currently, many studies report the electrochemical performance

© 2023 Wiley-VCH GmbH
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Figure 4. A) Schematic illustration of the all-solid-state lithium battery employing the TiS, diffusion-dependent cathode. B) Cross-sectional
SEM image of the pelletized electrode of ball-milled TiS,. C) Charge—discharge voltage profiles of ball-milled TiS, diffusion-dependent electrode.

A-C) Adapted under the terms of the CC-BY Creative Commons Attribution 4.0 International license (http://creativecommons.org/licenses/by/4.0/).7]
Copyright 2021, The Authors, published by Elsevier. D) Schematic of 99.9 wt% uSi electrode in an ASSB full cell. During lithiation, a passivating SEI is
formed between the puSi and the SSE, followed by the lithiation of uSi particles near the interface. The highly reactive Li-Si then reacts with Si particles
within its vicinity. The reaction propagates throughout the electrode, forming a densified Li-Si layer. Adapted with permission.”®l Copyright 2021, American
Association for the Advancement of Science. E) Schematic illustration of the structure and lithium-ion transport of the composite electrode, the graphite
diffusion-dependent electrode, and the graphite-silicon diffusion-dependent electrode. Adapted with permission.”’l Copyright 2021, Wiley-VCH. F) Sche-
matic illustration of Li-ion transport mechanism in a composite-diffusion hybrid electrode. Adapted under the terms of the CC-BY Creative Commons

Attribution 4.0 International license (http://creativecommons.org/licenses/by/4.0/).7% Copyright 2022, The Authors, published by Elsevier.

of diffusion-dependent electrodes at elevated temperatures
(60100 °C) because of limited ion transport kinetics. Therefore,
seeking and designing new electrode materials with high Li-ion
diffusivity and excellent electronic conductivity so that ASSBs
with diffusion-dependent electrodes can operate at room tem-
perature or even low temperature is encouraged in the future.

5. Bipolar Stacking of All-Solid-State Pouch Cells

With great success in thin SSE membranes and thick solid-
state electrodes, all-solid-state pouch cells can be fabricated
via a roll-to-roll process and assembled by bipolar stacking, as
shown in Figure 5A.8% Unlike conventional LIBs that require
each unit to be packed and then connected in series to form a
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module, ASSBs can use bipolar stacking to realize high voltage,
thus providing significant benefits in terms of safety, thermal
management, energy density, and cost.B18>8 Generally, there
are two configurations of all-solid-state pouch cells (Figure 5B):
bipolar and parallel stacking. In bipolar stacking, each unit
cell is connected in series through the bipolar plate. Cathode
materials are coated on one side of the plate, while anode mate-
rials are coated on the opposite side of the plate. The electron
flows from one unit cell to the adjacent through the bipolar
plate. In this case, the plate must be chemically and electro-
chemically stable with both cathode and anode materials. In a
parallel stack, two electrodes with current collectors are sepa-
rated by SSE membranes. Electrons flow in-plane along the
current collector to the external tabs.B!l Offer et al. compared a
bipolar and a parallel stack and found that Joule heating effects

© 2023 Wiley-VCH GmbH
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Figure 5. A) Schematic of large-scale manufacturing of ASSBs. Adapted with permission.® Copyright 2020, Springer Nature. B) Schematic illustra-
tion of bipolar stacking compared to parallel stack. Adapted under the terms of the CC-BY Creative Commons Attribution 4.0 International license
(http://creativecommons.org/licenses/by/4.0/).B Copyright 2021, Electrochemical Society. C) The open-circuit voltage (OCV) plot versus temperature
for the three-cell bipolar ASSB with a biphasic SSE (LLTO + PEO) and its galvanostatic charge—discharge profiles. Adapted with permission.® Copyright 2018,
Wiley-VCH. D) Charge/discharge curves of bipolar-stacked ASSB with sulfide SSE (LigPSsCl). Adapted with permission.[®3l Copyright 2022, Elsevier.
E) Cross-sectional SEM image of the pouch-type LMO/LLZO-LTO bipolar solid-state battery wetted by the ionogel at the interface and powering a 5V
blue LED. Adapted with permission.® Copyright 2022, American Chemical Society.

are negligible for bipolar stacks but are dominant for parallel
stacks, which indicates that the bipolar stack is preferred for the
simple thermal management system.[8

Several review papers have summarized recent progress on
bipolar stacking technologies.B"#>%] Here, we show several
examples of bipolar stacking with different SSEs. Lee et al.
demonstrated a proof-of-concept bipolar-stacked ASSB using
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a biphasic solid electrolyte membrane consisting of inorganic
Ligy9Lags;Ti0; and PEO and Al/Cu-cladded bipolar plates
(Figure 5C). With three cells connected in series, this bipolar-
stacked ASSB exhibited a stable output voltage of 7.6 V under dif-
ferent temperatures, indicating no short-circuiting and excellent
thermal stability. Furthermore, this bipolar-stacked ASSB exhib-
ited stable operation in a voltage range of 9.2V-12 V at 60 °C,

© 2023 Wiley-VCH GmbH
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delivering a specific capacity of 125 mAh g™ and a capacity
retention of 83% over 50 cycles.®” Based on sulfide SSE mem-
branes, Zhu and co-workers constructed bipolar stacked ASSBs,
which deliver a high voltage of 8.2 V and cell-level energy den-
sity of 204 Wh kg™!, much higher than that of a single cell
(189 Wh kg™!) (Figure 5D).®% With an in situ formed non-
flammable ion gel at the particle-to-particle interface, Li et al.
constructed a bipolar-stacked solid-state pouch cell with two
cells connected in series, which exhibited superior power capa-
bility and functioned well at various temperatures (i.e., 0, —10,
and -18 °C).BY Recently, a 24 V bipolar Li-metal pouch
cell was demonstrated with an ultrathin solid polymer electro-
lyte (8 um), which is fabricated by in situ polymerization of car-
bonate ester vinyl ethylene carbonate and poly(ethylene glycol)
diacrylate on commercial porous polypropylene membrane.®’!

Though bipolar stacking technology can enable ASSBs with
high energy density, good thermal stability, and high power
density, bipolar stacking for all-solid-state pouch cells is still in
its infancy because several technical challenges remain unre-
solved.®] First, new (electro)chemically stable current collec-
tors compatible with both cathode and anode materials should
be developed, such as bilayered bipolar plates and dual-metal
cladded plates. Second, a proper thermal management system
should be developed for bipolar stacked ASSBs. Third, an
advanced stacking design with high precision should be devel-
oped to efficiently fabricate bipolar stacked all-solid-state pouch
cells without internal circuit shorts.

Other than bipolar stacking, other parameters, including
manufacturing scalability,®¥ process cost,®) and fabrica-
tion and testing pressurel®®° have also been investigated for

Table 2. Summary of solid-state electrodes with high areal capacity.

www.advmat.de

ASSBs. Recent studies have shown that fabrication pressure
has a significant influence on material utilization because of
its effect on the porosity of electrodes and SSEs.” In addi-
tion, increasing external testing pressure is usually beneficial
for the long-term cycling stability of ASSBs, especially using
large-volume-change electrode materials (e.g., silicon, sulfur,
and selenium).”%2 However, different materials have various
mechanical properties, thus requiring skillful fabrication design
for achieving intimate interfacial contact while preventing fabri-
cation failures.™ This would be more challenging when using
ultrathin SSE membranes. Furthermore, pressure-effect on the
electrochemical lithium deposition and stripping is expected to
be studied in ASSBs.”)l Now it seems like both high fabrication
pressure and high operation pressure is required for all-solid-
state pouch cells. However, these high-pressure processes and
inert fabrication environments undoubtedly increase the cost
and low manufacturing efficiency.® Therefore, innovative
strategies to reduce pressure and improve fabrication efficiency
should be developed in the future.

Regarding temperature, more of the ASSBs reported in pre-
vious references were evaluated under room temperature or
high temperature (60-100 °C) with a low or moderate current
density (0.1-1C) (Table 2). Comparatively, low-temperature and
fast-charging ASSBs have not been fully developed, even though
a few previous studies performed low-temperature or high-rate
testing.™ In addition, the testing protocol used for ASSBs is
primarily constant current charging and discharging. The effect
of the constant voltage process on ASSB’s performance has not
been studied yet. Therefore, more efforts are needed to estab-
lish standard testing protocols for all-solid-state pouch cells.

Electrode material Areal capacity [mAh cm™]  Current density [mA cm™ Cycle life Testing temperature Ref.
Solid-state positive electrode

LiFePO, (LFP) 1.52 0.15 50 30 [95]
LiCoO, (LCO) 4 12 500 25 6]
LiNig 5C0g1Mng;0; (NMC811) 5 3 1000 60 [96]
LiNig 55C001Mng 050, (NMC85) 4 0.49 500 25 6]
LiNigsMno,05C00.050; 6.8 6.8 1000 60 25]
(NMC9055)

Li,Ru5S0203 .2 53 0.64 95 100 74]
TiS; 7.5 2.18 100 60 [75]
Li,S 10 0.5 100 25 [97]
s 7.8 0.12 10 25 [98]
Solid-state negative electrode

Graphite (Gr) 5.541 0.5 30 60 79]
Graphite—silicon (Gr-Si) 3.53 0.353 40 60 7]
Silicon (Si) 2 5 500 25 76]
Li metal 2 2 1200 25 [99]
Li-Al 3 10 266 25 [98]
Li-In 1 1 100 25 [100]
Li-Sn 1 1 500 25 [101]
Ag—C 6.8 6.8 1000 60 25]
AgF 9.7 0.97 50 25 [102]
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6. Energy Density of All-Solid-State Pouch Cells

6.1. Electrochemical Performance of Solid-State Electrodes

and All-Solid-State Pouch Cells

Table 2 summarizes the current progress on the electrochem-
ical performance of typical solid-state electrodes reported in
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[ Areal capacity
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[ Cycle number
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previous references. Figure 6A,B highlights the areal capacity
and cycle life of various cathode materials in a solid-state config-
uration. Intercalation-type cathodes such as LiNij,Co,,Mn ;0,
(446 mAh cm™)# LiNijgMn,,Co,,0, (NMC811),° and
LiNig oMnyg ¢5C0g 050, (NMC9055)?°! have already demonstrated
high areal capacity (>4 mAh cm™) and excellent cycling stability
(>1000 cycles). Not only intercalation-chemistry-based all-solid-state
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LIBs but conversion-chemistry-based solid-state electrodes also
demonstrated high areal capacities of 7-10 mAh cm™ with
100 cycles, such as TiS,,” 1i,S,”} and S.'"% On the anode
side, typical commercially available anode materials have
been attempted in solid-state electrodes and presented sat-
isfactory results (Figure 6C,D). For example, Gr and Si-Gr
composite solid-state electrodes showed 3-6 mAh cm™ with
excellent cycling stability based on diffusion-dependent elec-
trode structure.’77°l 1t should be mentioned that diffusion-
dependent solid-state electrodes were evaluated under elevated
temperatures (60-100 °C) because of sluggish Li-ion transport
kinetics.*74 More impressively, a carbon-free high-loading Si
solid-state electrode with an areal capacity of 2 mAh cm™2 can
be stably cycled over 500 cycles with a capacity retention over
80%. Li-metal anodes have also demonstrated great success in
ASSBs. For example, Zhong et al. demonstrated stable Li-metal
cycling under a large capacity of 2 mAh cm™ for 2400 h using
garnet SSEs.”! Zhao et al. reported stable Li-metal cycling
with a high capacity of 5 mAh cm™ using fluorinated sulfide
SSE.I%I Along with the success of pure metallic Li anodes,
Li-alloy anodes such as Li-AL% Li-In,M1% and Li-Sn['U have
recently shown great progress in ASSBs. Among them, Li-Al
alloys demonstrated excellent cycling stability with LigPSsCl
under a high capacity of 3 mAh cm™ at a high current den-
sity of 10 mA cm™20 Remarkably, silver—carbon (Ag—C)
composite anodes have realized a capacity of 6.8 mAh cm™ for
1000 cycles, as demonstrated by Samsung.””) Recently, Chio
et al. exploited the conversion reaction of AgF for anode-less
ASSBs and realized a high areal capacity of 9.7 mAh cm™ for
50 cycles. It should be mentioned that silver is a costly metal,
which may not be beneficial for realizing the cost-effective-
ness of all-solid-state pouch cells. These encouraging lab-scale
demonstrations literally inspire a new wave of developing
enthusiasm to commercialize game-changing ASSBs with
intrinsic safety and overwhelming energy density.

6.2. Energy Density of All-Solid-State NMC811/Li Pouch Cells

Using commercial standards as a baseline, we performed
numerical analysis to examine various solid-state electrode
parameters (i.e., areal capacity, SSE thickness, N/P ratio,
and Li-metal thickness) and their influence on the energy
density of all-solid-state pouch cells. The energy density cal-
culation method is the same as our previous reports.81%]
1) Areal capacity: Evidently, high areal capacity leads to high
energy density (Figure GE,F). An areal capacity of less than
1 mAh cm™2 limits the energy density of all-solid-state pouch
cells below 200 Wh kg, even when using ultrathin SSE mem-
branes and Li-metal foils. To obtain a competitive energy den-
sity (>400 Wh kg™), the areal capacity of solid-state electrodes
should reach 4 mAh cm™. At 4 mAh cm™2, the volumetric
energy density can reach 980 Wh L7l Considering current
LIB’s roll-to-roll fabrication technology, a solid-state electrode
with an areal capacity of 4 mAh cm™ is practically achievable
when using NMC811 and Li;InClg as the cathode and SSE,
respectively, with a mass ratio of 85%:15%. When the tap
density of the cathode composite is 3.4 g cm™, and the mass
loading is 26 mg cm™2, the cathode thickness is 77 um, which
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is close to the current LIB’s technology. 2) SSE thickness: Set-
ting 4 mAh cm™2 solid-state electrode as the target, we further
evaluate the influence of SSE thickness on the energy den-
sity. Generally, energy density decreases as the SSE thickness
increases (Figure 6G,H). A 30 um SSE is required to achieve
an energy density of 400 Wh kgL 3) N/P ratio: The N/P ratio is
the areal capacity ratio between the negative and positive elec-
trodes. Here we also evaluate the effect of the N/P ratio on the
energy density of all-solid-state pouch cells. It turns out that,
due to the low density (0.534 g cm™3) of Li metal, the N/P ratio
has less of an influence on the gravimetric energy density than
it does on the volumetric energy density (Figure 61,]). When
the N/P ratio goes to 0, such as in anode-free configurations,
the volumetric energy density can reach up to 1300 Wh L%
However, anode-free all-solid-state pouch cells have a stringent
requirement on the Coulombic efficiency of Li metals with cur-
rent collectors.'%8 4) Li-metal thickness: So far, most studies have
been carried out based on thick Li-metal (>400 pum) anodes in
a mold cell, which is far from practical engineering and dilutes
the energy density. To secure 400 Wh kg, 40 um Li-metal foil
should be integrated into pouch cells (Figure 6K). The corre-
sponding volumetric energy density is 980 Wh L' (Figure 6L).
However, thin Li metal normally suffers from short cycle life
because of its low Coulombic efficiency and dendrite forma-
tion. Therefore, it is important to adopt advanced strategies,
such as a fluorinated interphase and LiF-rich interface with
high interface energy,'’ to realize high Coulombic efficiency
(ideally >99.98%) and suppress lithium-dendrite formation.
Therefore, future efforts should be devoted to developing
4 mAh cm™2 solid-state electrodes with ultralong cycling sta-
bility, 30 um SSE membranes with high ionic conductivity
and excellent mechanical strength, and 40 um Li-metal foils
with ultrahigh Coulombic efficiency (>99.98%). In addition,
advanced strategies to enable all-solid-state pouch cell cycling
at low pressure are desirable.

6.3. Energy Density of All-Solid-State Li—-S Pouch Cells

All-solid-state Li-S batteries based on conversion chemistry
possess a high theoretical energy density (2600 Wh kg™!) and
low cost because of cost-effective and earth-abundant sulfur
resources, thus being regarded as a disruptive energy storage
technology. However, several grand challenges hinder the
development of all-solid-state Li-S batteries, including: 1) the
ionically and electronically insulative nature of sulfur
(5 x 1073° S cm™ at 25 °C), 2) significant volume change-
induced physical contact loss at the interface, 3) interfacial
reactions and SSE degradation, and 4) Li dendrite issue.”11%l
Over the past years, several practical strategies have been pro-
posed to tackle these challenges. For example, homogeneously
mixing sulfur with a proper amount of SSEs and conductive
carbon can improve its discharge capacity and reversibility (aka
conversion efficiency).!'!l In addition, the sufficient interfacial
tri-phase area between SSE, carbon, and sulfur is crucial for
high active material utilization in all-solid-state Li—S batteries.
To secure long-term cycling stability, external pressure is usu-
ally required to suppress the volume change.®?l Moreover, using
high-voltage stable SSEs is beneficial for avoiding interfacial

© 2023 Wiley-VCH GmbH
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Figure 7. Energy-density analysis of all-solid-state Li=S pouch cells (sulfur + carbon + SSE/SSE/Li, SSE = LisInClg). S = 1400 mAh g".

reactions and SSE degradation.'? With these tremendous
successes, solid-state S electrodes have already demonstrated
high areal capacities in the range of 7-10 mAh cm™27>97:104
as highlighted in Table 2. Thus, it is worth evaluating the
gravimetric and volumetric energy densities of all-solid-state
Li-S pouch cells.

Here we utilize several parameters, such as sulfur content
in cathode composites, the mass loading of cathode compos-
ites, the areal capacity of solid-state S electrodes, and SSE thick-
ness to evaluate the energy density of all-solid-state Li—S pouch
cells. 1) Sulfur content and utilization: As shown in Figure 7A,
an energy density over 500 Wh kg™ can only be achieved when
the sulfur content in the cathode composite is at least 60%, and
the cathode material loading is 9.6 mg cm~2. The specific sulfur
capacity is 1400 mAh g~!, corresponding to a high sulfur utiliza-
tion of over 83.6%. The corresponding volumetric energy density
is 670 Wh L (Figure 7B). The low ratio of the volumetric to the
gravimetric energy density of solid-state Li—S pouch cells stems
from the low tap density of the sulfur electrodes."3 2) Sulfur
loading: Other than sulfur content, the mass loading of cathode
composites also significantly influences the attainable energy
density of all-solid-state Li-S pouch cells. 10 mg cm cathode
composites (S content = 60%) are required for realizing
500 Wh kg all-solid-state Li-S batteries (Figure 7C). The corre-
sponding volumetric energy is around 680 Wh kg™! (Figure 7D).
3) Areal capacity: Furthermore, the solid-state sulfur electrodes
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with an areal capacity of 8 mAh cm™ should be guaranteed to
obtain 500 Wh kg™! (Figure 7E) and 680 Wh L™ (Figure 7F). 4)
SSE thickness: Similarly, 30 um thin SSE should also be realized
for all-solid-state Li-S pouch cells (Figure 7G,H). Based on this
analysis, we set a research target (sulfur content > 60%, specific
capacity > 1400 mAh g7, sulfur utilization > 83.6% loading >
10 mg cm™2, areal capacity = 8 mAh cm™, and ultrathin
SSE < 30 um) for future efforts in the field of all-solid-state Li—S
batteries. Li metal is essential in all-solid-state Li-S batteries
using elemental sulfur as the cathode. Therefore, thin Li-metal
foil with a thickness of 40-80 um is desirable for Li-S batteries.
Similarly, high Coulombic efficiency (>99.98%) is also essential
for the long-cycling stability of all-solid-state Li-S pouch cells.

7. Summary and Perspectives

In summary, we provide a comprehensive overview of recent
advancements in all-solid-state pouch cells, particularly with
inorganic SSEs, covering thin and robust SSE membranes,
thick solid-state electrodes with both composite electrode and
innovative diffusion-dependent electrode microstructures,
and bipolar stacking (see Figure 8). In addition, critical engi-
neering parameters (areal capacity, active material content
and utilization, mass loading, SSE thickness, N/P ratio, and
Li-metal thickness) are thoroughly examined regarding their

© 2023 Wiley-VCH GmbH
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Figure 8. A summary of all-solid-state pouch cells.

effect on the attainable energy density of all-solid-state pouch
cells. Although substantial achievements have been made so
far, there is still a long way to successfully realize industrial-
able all-solid-state pouch cells with competitive energy density
and inherent safety. Below are several promising directions to
which future efforts should be devoted.

1) Thin and robust SSE membranes: Developing thin and robust
SSE membranes is crucial for attaining high energy density
all-solid-state pouch cells. So far, most efforts have been devot-
ed to decreasing the thickness of inorganic SSE membranes
with decent ionic conductivity at room temperature. Other
properties, such as low electronic conductivity, good electro-
chemical stability, and excellent mechanical flexibility, should
not be ignored. A proper amount of polymeric binders seems
necessary to obtain a thin, flexible, and robust SSE mem-
brane, whether using a slurry coating or a dry film process. As
such, Li-ion conductive polymers that can be used as binders
for SSE membrane fabrication are highly desired. Meanwhile,
the SSE membrane’s environmental stability (a.k.a. moisture
stability) is crucial for industrial mass production. Therefore,
developing air-stable SSEs membranes by directly synthesiz-
ing air-stable SSEs or designing a surface protection layer
should be attempted.'™ Besides, exploring new (i.e., fluoride,
mixed anions, and high entropy) anion-framework-based
superionic conductors with holistic properties exploiting is
highly recommended.' Some fundamental questions, such
as ion transport behavior across the inorganic and organic
material interface are of great interest to investigate."°!

2) High-areal-capacity thick solid-state electrodes: Thick solid-
state electrodes are a critical component in high-energy-den-
sity all-solid-state pouch cells.°) Though several methods
(i-e., tape casting, melt infiltration, and dry film technology)
have been demonstrated to fabricate sheet-type thick solid-
state electrodes, critical parameters that heavily influence
the electrochemical performance of all-solid-sate pouch cells
such as tape density, flexibility, porosity, and slurry viscosity
are often overlooked. In addition, a standard protocol, in-
cluding binders and solvents, should also be established in
the future. As a guideline, thick solid-state electrodes with
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areal capacities ranging from 4 to 8 mAh cm™ and high
utilization of active materials should be developed. Regard-
ing diffusion-dependent solid-state electrodes, fast-charging
electrode materials with high ion diffusivity at room tem-
perature should be exploited. Besides, the influence of the
volume change of active materials upon cycling on the elec-
trochemical performance of ASSBs should be carefully ex-
amined, and proper strategies such as optimal external pres-
sure should be defined.
3) Bipolar stacking with bipolar plates: To achieve multilayer all-
solid-state pouch cells via bipolar stacking, bipolar plates
should exhibit excellent (electro) chemical stability toward
both the positive and negative electrodes. In this regard, me-
tallic bipolar plates such as dual-metal cladded plates (not
form alloys or compounds) and ultrathin Ti or stainless-steel
plates are promising options. Furthermore, metallic bipolar
plates should be corrosion-resistant to various SSEs, such
as sulfides and halides. Finally, a suitable thermal manage-
ment system should be developed to cater to bipolar-stacked
ASSBs.
Optimized pressure and wide temperature windows for ASSB
operation: Currently, many studies report ASSBs tested at
room or high temperatures (25-100 °C). However, the low-
temperature performance of ASSBs should also be examined
to resemble practical working conditions. In addition, the
self-discharge behavior of all-solid-state pouch cells needs to
be examined, particularly for their application in electric ve-
hicles and grid-scale energy storage stations. ASSBs are often
tested using high external pressure, which is often extremely
challenging to reach for large-format all-solid-state pouch
cells. Therefore, the optimized and viable pressure for the
fabrication and operation of all-solid-state pouch cells should
also be defined in the future.

=

Though the widespread adoption of all-solid-state pouch
cells with high energy density, excellent safety, and good eco-
efficiency remains far from fruition, we firmly believe that both
the fundamental insights and practical perspectives discussed
in this review can help accelerate the commercial application
of ASSBs.

© 2023 Wiley-VCH GmbH
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