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Solid-state lithium batteries (SSLBs) are promising next-generation energy storage devices due to their
potential for high energy density and improved safety. The properties and physical parameters of the
solid-state electrolyte (SSE), as a critical component of the battery, have a significant effect on the
electrochemical performance and energy density. In recent years, thick SSEs have been widely used in
SSLBs but present several drawbacks in terms of increased internal resistance, additional inactive
material content, low practical energy densities, and higher battery manufacturing costs. Reducing the
thickness of SSEs and developing high-performance thin SSE-based SSLBs are essential for the
commercialization of SSLBs. In this review, we comprehensively summarize the fabrication methods of
thin SSEs, their rational design, and their manufacturing processes and applications in different
SSLB systems. Moreover, advanced characterization techniques for understanding the Li* transport
kinetics and structural evolution of SSEs at the interface are introduced. Additionally, the gravimetric/
volumetric energy densities for various SSLB pouch cells with SSEs less than 100 pm thick are
evaluated. Lastly, other cell design parameters are tuned to achieve gravimetric/volumetric energy
densities over 300 W h kg~%/500 W h L% and the future directions of thin SSEs in SSLBs are
speculated upon.
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Broader context

Solid-state lithium batteries (SSLBs) have been regarded as one of the most promising alternatives to state-of-the-art lithium-ion batteries due to their
advantages in terms of improved energy density and safety. In the last few decades, tremendous efforts have been devoted towards exploring new solid-state
electrolytes (SSEs) with high ionic conductivity and good compatibility with electrodes. Nevertheless, the thick electrolytes used in most studies result in large
interfacial resistance, limited energy/power density and high battery manufacturing costs that can significantly slow down their industrialization. Thus, it is
urgently required to develop thin SSEs and understand the important role they played in the electrochemical performance of SSLBs. In this review, we provide a
comprehensive summary of the fabrication methods of thin SSEs and their rational design, compatibility with electrodes, and advanced characterization
techniques to study the Li" transport kinetics and interface evolution at the SSE/electrode interface. Moreover, the effect of SSE thickness on energy density at
the cell level was assessed and perspectives towards high-energy-density SSLBs based on thin SSEs are offered.

1. Introduction

In the last few decades, lithium-ion batteries have dominated
the energy storage market for applications such as portable
electronic devices due to their high energy/power density.'™
However, the use of liquid electrolytes has limited the potential
for Li metal anodes and has hindered further improvements
in energy density. To pursue next-generation energy storage
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devices with higher energy density and improved safety, liquid
electrolytes must be replaced with thin solid-state electrolytes
(SSEs).*” Recently, several types of SSEs have been developed,
including solid polymer electrolytes (SPEs), and oxide-based,
sulfide-based, and halide-based SSE systems.® Significant
efforts have been devoted towards developing new SSEs and
improving their ionic conductivities based on a good under-
standing of the Li" transport mechanisms. For instance, poly-
ethylene oxide (PEO) is one of the most widely used SPEs, and
the Li* transport along the polymer chain from one coordina-
tion site to another is associated with the breakage/formation
of Li-O bonds. The long-range Li" transport is realized by local
relaxation and continuous segmentation rearrangement of the
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polymer chains.’ The widely accepted concept is that the Li*
transport mainly occurs within the amorphous area, while the
crystalline phase will hinder Li* transport. Thus, strategies
including incorporation of inorganic fillers, use of organic
plasticizers, and salt design have been focused on reducing
the crystallinity of PEO to achieve higher ionic conductivity.'®
For ceramic SSEs, the ionic conductivity is highly dependent on
the concentrations of both Li" and vacancies. Use of Li-rich
materials and elemental doping to create more vacancies are
two effective strategies to improve the ionic conductivity. For
instance, the introduction of Li into the A site of perovskite type
ABO; (A = La, Sr, or Ca; B = Al or Ti) can create a perovskite
type SSE and Ligz4La,56TiO; (LLTO), as a representative,
achieved a high ionic conductivity of over 10> S ecm™* at room
temperature (RT). Another example is Li;LazZr,0;, (LLZO),
which is a garnet-type Li-rich material. The intrinsic ionic
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conductivity is 3 x 107* S em™"' at RT, which can be further
improved to 10™° S em ™" with a small amount of Al**, Ta>",
Te®", Ga**, or Sc** doping."" Alternatively, the development of
new crystalline structures with fast Li' transport channels
is another strategy to improve the ionic conductivity. For
instance, a one-dimensional (1D) lithium conduction pathway
exists in the three-dimensional (3D) structure of Li,oGePSi,
(LGPS), enabling fast Li" diffusion and endowing it with a high
ionic conductivity of over 10> S em™"."> Kanno’s group found
that building 3D conduction pathways based on LGPS-type
crystal structure can further improve the ionic conductivity.
The as-prepared Lig 5,Si; 74P1.44511.7Clo. 3 demonstrated an ultra-
high ionic conductivity of 2.5 x 107> S em™"."> Moreover,
halide electrolytes, as a new class of SSEs with high oxidation
potentials and air-stability, have received great interest.'*™”
Recent results have shown that the Li* migration rate in a
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cubic-closed-packed (ccp) anion sublattice is much faster than
that of a hexagonal-closed-packed (hcp) anion sublattice. Creating
ccp structures via anion and cation radius adjustment has
demonstrated to be effective in achieving high RT ionic conduc-
tivities of over 107> S ecm™"."®'® The enhanced ionic conductivity
and unique properties of various SSEs have given rise to several
distinct advantages. For instance, several sulfide superionic
conductors possess extremely high ionic conductivities of
over 10> S ecm ' at RT (e.g., Lio54Si1.74P1.44511.7Clos, 2.5 X
1072 S em ' LGPS, 1.2 x 107> S cm™ '), which are comparable
to liquid electrolytes.">"® Other SSEs such as the halide-based
Li;InCls electrolyte have demonstrated scalable production
methods, high ionic conductivity, improved air-stability and
electrochemical stability up to 4.2 V.'**° Moreover, oxide-based
SSEs such as Lij,ALTi, »(PO4); (LATP), Li; Al Ge, »(PO4)3
(LAGP), and LLZO exhibit excellent properties in terms of
oxidation stability and thermal stability, while solid polymer
electrolytes (SPEs) are associated with lower processing costs
and better device integration.®

More recently, solid-state lithium batteries (SSLBs), which
utilize solid-state electrolytes, have become one of the hottest
areas of research for next-generation energy storage. The feasi-
bility and safety of SSLBs assembled with Li anodes have been
successfully proved in Li-LiFePO, (LFP), Li-LiCoO, (LCO),
LiNi,M,;Co;_,_,0, (NMC), Li-S and Li-O, battery systems."*>"*?
Moreover, important battery evaluation indicators such as long
cycling lives and high C-rates have also been achieved.”** SSLBs
may also prove to be more effective than their liquid counterparts,
as exemplified by the cycling performance of solid-state Li-S
batteries (SSLSBs) where their cycle lives can be expected to be
longer than those of liquid electrolyte systems due to the absence
of shuttling effects.**® It seems that the transition from batteries
with liquid electrolytes to solid electrolyte systems is no longer far
away. However, the development of high-energy-density SSLBs still
remains challenging. The thickness of the SSEs used in many
studies, especially for ceramics, has surpassed over 500 pm and
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can't meet the requirements for practical application.'”””*®
In order to clearly understand the effect of electrolyte thickness
on energy density, we simulated the practical energy density of
SSLB pouch cells based on the method proposed by Li’s group and
detailed information can be seen in Section 2.5.*° LGPS and Li-rich
(discharge capacity: 300 mA h g, discharge voltage: 4.0 V) are
chosen as the representative SSE and active material, respectively.
The active material content in the cathode is controlled to be
90 wt% and the negative electrode (Li) capacity/positive electrode
capacity (N/P) ratio is fixed at 2. The cathode areal capacity is set as
4 mA h em 2% As can be seen from Fig. 1A and B, when the SSE
thickness is 500 pm, the cathode composite (including inactive
materials in the cathode) content is only 15 wt%, while the inactive
SSE is as high as 77 wt%. The low active material proportion
results in a low energy density of ~100 W h kg™ ". Upon further
reducing the thickness of SSE to 100 pm, the proportion of the
cathode material is increased to 39 wt% and the energy density
increases to ~300 W h kg . If the thickness of SSE can be
brought down to 30 pm, a relatively high cathode material content
of 54 wt% can be achieved. Under this condition, a high energy
density of ~460 W h kg™ is expected to be obtained, which is able
to supply power for EVs up to over 500 km driving distance. In this
regard, the fabrication of thin SSEs is of significance for promoting
the development of high-energy-density SSLBs.

Compared with thick SSE-based SSLBs, thin SSE-based
SSLBs have several merits. Firstly, reducing the thickness of
SSEs can improve the gravimetric/volumetric energy density
due to the decreased weight/thickness of the pouch cells.
Moreover, the thickness of the SSE layer affects the internal
resistance, and thus a thin SSE is beneficial for enhancing the
rate performance and power density. Additionally, reducing the
thickness of SSEs can reduce the cost of SSLBs, which is of
significance for promoting commercialization. In addition, the
structural design of SSEs to match the anode and cathode
materials is equally important. The undesirable electrochemical
stability window (ESW) is a common problem faced by SSEs.

O\ 100 um B 30um

~300 Wh kg™ ~460 Wh kg

2 wt.% 2 wt.%
B Electrolyte v
W Cathode materials 'e
N Anode materials
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Current collectors
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Fig. 1 (A) The effect of electrolyte thickness on the energy density and driving distance for electric vehicles on one charge. (B) The relative weight
fractions of SSLB components with electrolyte thicknesses from 500 um down to 30 pm. The electrolyte and cathode material used here are LGPS and

Li-rich, respectively.
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For instance, SPEs (typically PEO electrolyte) and sulfide SSEs
show oxidation stability potentials of around 4 V and less than
2.5V, respectively, which hinders their application in high-
voltage SSLBs and limits the improvement of energy density.
On the other hand, high-valence metal-ion-containing SSEs
(e.g. LizInCls, LGPS) display poor stability to Li anodes. The
mixed ionically-electronically conductive interface promotes
continuous SSE decomposition and results in increasing
interfacial resistance. Moreover, the interfacial issues and Li
dendrite formation related to solid-solid contact and grain
boundaries also need to be taken into consideration during
SSE design. In this review paper, we will summarize recent
progress in the fabrication of SSEs and their application in
SSLBs. Firstly, different methods for the fabrication of thin
film SSEs and their manufacturing process in SSLBs will be
summarized. Then, the rational design of thin SSEs and their
application in different SSLB systems such as Li-ion, Li-S and
Li-O, batteries will be introduced. Subsequently, advanced
characterization techniques for understanding the Li" trans-
port rules in SSEs, the structure/composition evolution of SSEs
at the interface and their response to ionic conductivity and
battery performance are clarified. Then, the gravimetric/volu-
metric energy densities of SSLB pouch cells with SSEs with
thicknesses less than 100 um will be evaluated. Lastly, the
combination of other key parameters with thin SSEs to achieve
the target of practical gravimetric/volumetric energy densities
over 300 W h kg™ '/500 W h L™ will be clarified and the future
directions of thin SSEs in SSLBs will be speculated upon.

2. Recent progress of thin solid-state
electrolytes in solid-state lithium
batteries

2.1 Fabrication of thin solid-state electrolytes

As aforementioned, the development of thin SSEs is of signifi-
cance to ensure high energy density/power density output for
SSLBs. However, before understanding the challenges in realizing
thin SSEs, we must first introduce their common fabrication
methods. All the fabrication methods mentioned here are aimed
towards bulk SSLBs with high-energy-density and the popular
methods for nano-scale layer fabrication (e.g. physical vapor
deposition, atomic layer deposition) for thin-film SSLBs are not
included. Fig. 2 illustrates seven common methods including
solution/slurry casting, tape casting, solution infusion, hot/cold
pressing, extrusion, 3D printing and other methods. Each method
will be discussed in detail in the following sections. A summary of
thin SSEs with thicknesses of no more than 100 pm based on the
aforementioned fabrication methods and their applications is
provided in Table S1 (ESI).

2.1.1 Solution/slurry casting. Among the various fabrica-
tion methods, solution/slurry casting has been widely adopted
and has been regarded as an available and scalable method
for practical application. Solution casting is suitable for the
preparation of SPEs and polymer-containing composite
electrolytes,®*> while the slurry casting method is suitable
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for the fabrication of ceramic SSEs with binders that can
interconnect the SSE particles. Generally, there are two types
of products obtained by the solution/slurry casting method:
(1) free-standing SSEs and (2) cathode-supported SSEs. The
former is realized by simply pouring the solution/slurry into
an inert mold or by blade casting on an inert substrate, and
then evaporating the solvents. The thickness can be controlled
by adjusting the volume and concentration of the solution/
slurry. For instance, Yang’s group and Wei’s group successfully
obtained 70 pm and 80 pm PEO-based hybrid SPEs via a
solution casting method and applied them in Li-S batteries
and Li-LFP batteries.>*>* In another case, Lee et al. fabricated a
40 pum LigPS;Cl SSE based on a slurry casting method.>® The
cathode-supported SSE can be achieved by casting the slurry
directly on the surface of the cathode. For the free-standing
SSE, a layer with a relatively high thickness of over 30 um is
necessary to ensure sufficient mechanical integrity when
detaching the solidified SSE from the mold or substrate.
For the cathode-supported SSE, the thickness can be further
reduced to 5-10 pm. Wang and co-workers repeated the
solution casting process on a cathode and achieved an ultrathin
cathode-supported SSE film (Fig. 2A). The SSE film was determined
to be 9.5 pm according to the scanning electronic microscopy
(SEM) images. In another study, an ultrathin LLZO SSE layer with a
thickness of 5 um was realized via this method.*®> Moreover, the
cathode/SSE interfacial resistance is further reduced, thus enabling
better electrochemical performance.®

Solvents, as an important component of the fabrication
process, should be carefully chosen during solution/slurry
casting. An ideal solvent should have a low boiling point in
order to be easily removed after the casting process. Moreover,
it should be chemically inert towards the material being
dispersed and have good solubility for polymers and Li salts.
For instance, in the widely used poly(ethylene oxide) (PEO)
system, acetonitrile is the most commonly used solvent due to
its ability to dissolve PEO and chemical inertness towards
inorganic fillers such as LLZO and Si0,."° In the sulfide SSE
system, non-polar solvents such as xylene and n-hexane are
chosen as the common solvents.?**” Moreover, the selection
of binders and their content in the electrolyte is another
consideration. Conventional binders such as polyvinylidene
fluoride (PVDF) and carboxymethyl cellulose (CMC) are extruded
due to their poor solubility in non-polar solvents. Rubbers such
as styrene-butadiene rubber (SBR) and silicon rubber (SR) have
been widely adopted as the binders with xylene as the solvent for
the fabrication of sulfide SSEs.?” Additionally, the ionic conduc-
tivity of SSEs will be affected by non-conductive binders to some
extent, thus resulting in increased impedance in SSLBs. With
this in mind, it is necessary to control the binder content by
balancing the ionic conductivity and adhesion strength.

2.1.2 Tape casting. Tape casting, also known as doctor
blading or knife coating, has been widely used to produce
large, thin ceramic layers (Fig. 2B).>® Firstly, the ceramic SSE
powders along with an organic binder should be dispersed or
dissolved into a solvent. Subsequently, the homogenous slurry
is loaded into the flexible substrate through the use of an

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Fabrication methods for thin SSEs. (A) Solution/slurry casting method. Reproduced with permission from ref. 36. Copyright (2019) Royal Society of
Chemistry. (B) Tape casting method. Reproduced with permission from ref. 41. Copyright (2020) Wiley-VCH. (C) Solution infusion method. Reproduced
with permission from ref. 50. Copyright (2020) American Chemical Society. (D) Cold/hot pressing method. Reproduced with permission from ref. 55.
Copyright (2015) Wiley-VCH. (E) Extrusion method. Reproduced with permission from ref. 58. Copyright (2018) Elsevier. (F) 3D printing method.
Reproduced with permission from ref. 59. Copyright (2019) American Chemical Society. (G) Other methods. Reproduced with permission from ref. 60.

Copyright (2016) Royal Society of Chemistry.

adjustable doctor-blade. Followed by evaporation of the
solvent, flexible ceramic films with thicknesses in the range
of 20-1000 pm are obtained. To further improve the inter-
connectivity of the ceramic particles, a hot press process is
typically used to reduce the interfacial resistance after solvent
evaporation. During the annealing process, the organic compo-
nents are evaporated whereupon a thin and dense ceramic SSE
film is obtained.*®** For instance, Wang and his co-workers
reported a series of thin LLTO SSEs with thicknesses in the
range of 25-160 pm.*!

One advantage of the tape casting technique is that it is not
limited to the preparation of single-layer ceramic SSEs. Simply
repeating the casting steps or laminating single-layer tapes can
lead to multi-layered ceramic SSEs with different functionalities.
Hu’s and Wachsman’s groups have successfully realized

This journal is © The Royal Society of Chemistry 2020

bi-layered and tri-layered Li,La, ;5Cag 25Zr; 75Nbg 2501, (LLCZNO)
and LLZO SSEs.**™*® With the introduction of poly(methyl metha-
crylate) (PMMA) into the top and bottom layers, which acted as
the pore forming agent, porous SSE layers with controllable pore
distribution were achieved. Thus, an electrolyte layer with a
porous—-dense-porous structure was obtained. The dense middle
layer acts as the primary SSE layer, while the top and bottom
porous layers act as hosts for Li and active materials.*>*®
According to their results, the thicknesses of the dense layer
and porous layer are ~15 um and 50-70 pm, respectively.
2.1.3 Solution infusion. Solution infusion is another
method for thin SSE fabrication, which is based on the infusion
of a SSE-containing slurry or solution into a porous substrate.*” >
After removing the solvent or inactive organic components, a thin
SSE film is achieved. Generally, the thickness of the as-prepared
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SSE film is determined by the porous substrate, while the ionic
conductivity is greatly affected by the SSE and the substrate.
Recently, this method has been successfully applied in the pre-
paration of both SPEs and ceramic SSEs. For SPE fabrication,
an ideal substrate is an interconnected inorganic ionic conductor,
which can provide continuous channels for SPE infusion. On one
hand, the SPE improves the flexibility of the composite, while the
inorganic component enhances the mechanical strength. On the
other hand, the continuous inorganic and SPE ion transport
pathways are necessary to achieve high ionic conductivity.
Yu's group designed a three-dimensional (3D) nanostructured
hydrogel-derived LLTO host for polymer infusion and achieved
a high RT ionic conductivity of 8.8 x 10~> S em . In another
study, Hu and his coworkers developed a thin interconnected 3D
LLZO host via an electrospinning method for SPE infusion. The
as-prepared hybrid SSE possessed a high RT ionic conductivity of
2.5 x 10°* S em ™! with a thickness of 40-50 pm.*”

For thin film ceramic SSE fabrication, finding a suitable
solvent for dissolving ceramic SSEs is important. Moreover, the
substrate should be chemically inert to the solvent and SSE at
RT or annealing temperatures. Moreover, in order to reduce the
effect of the substrate (if it is a non-ionic conductor) on
the ionic conductivity, the substrate should have significant
porosity. More importantly, the substrate should have a high
thermal tolerance and maintain its flexibility under the annealing
conditions. By taking all the features into consideration, Jung’s
group fabricated a sulfide SSE based on the solution infusion
method. Firstly, they dissolved the LigPSsClysBrys SSE into an
ethanol solvent (Fig. 2C). Subsequently, they infused the solution
into electrospun polyimide (PI) nonwovens, where the PI can
tolerate a high temperature of 400 °C, which was used during the
SSE annealing process. Afterwards, 40-70 pm LigPSsCl, 5Br, 5 SSEs
with a high ionic conductivity of 2.5 x 107> S cm ' were
achieved.>

2.1.4 Cold/hot pressing. Cold/hot pressing is another
popular method for thin SSE fabrication. Cold pressing is a
simple method that mechanically presses SSEs (typically a soft
sulfide SSE) into a porous host at RT.>*">* However, it is difficult
to achieve uniform distribution of the SSE particles throughout
the host with this method. Generally, a solvent-assisted disper-
sion process is required to ensure a uniform thin sulfide SSE
film. In most cases, non-polar solvents such as toluene and
heptane are chosen to prevent the structural change because of
side reaction between SSEs and solvents. For instance, Jung’s
group cold-pressed LizPS, and LGPS into nonwoven scaffolds
and achieved sulfide SSEs with high ionic conductivities of
73 x 100" Sem ' and 4 x 107* S em ™', respectively.”® The
thickness of the SSEs was determined to be 70 pm. A similar
process was reported by Wang’s group, where the cathode-
supported SSE was around 100 um.>*

In contrast, hot pressing is a heat-assisted process, which is
applied in SPE and binder-containing ceramic SSE fabrication
(Fig. 2D). The applied heat can melt the polymers or binders
and eliminate the use of solvents. Before the hot press process,
thorough mixing of the polymers/Li salts and ceramic SSEs/
binders is required to form a homogeneous mixture. For ceramic
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SSE fabrication, the introduction of a binder can enhance the
flexibility of the SSE, which is of significance in large-scale
production. Nevertheless, the addition of a binder will reduce
the ionic conductivity of the SSE after hot pressing. Hence, for
practical applications, the binder content in the SSEs should be
minimized to balance the ionic conductivity and flexibility.
Recently, both free-standing SPEs and ceramic SSEs with thick-
nesses less than 100 pm have been successfully fabricated by the
hot pressing method, proving it is a promising method for thin
SSE preparation.””>’

2.1.5 Extrusion. The extrusion process is another scalable
method to fabricate thin SSEs from high-viscosity mixtures.>®*°*
Before the extrusion process, it is necessary to obtain a homo-
genous viscous paste by mixing the polymers/Li slats or binder/
ceramic SSEs at elevated temperatures in a mixing chamber.
Subsequently, the electrolyte slurry is fed through a flow channel
and the electrolyte slurry is extruded into a thin electrolyte
sheet. With this process, Passerini’s group developed a hybrid
LLZO-P(EO);sLiTFSI (LiTFSI is the abbreviation for lithium
bis(trifluoromethanesulfonyl)imide) SSE with a thickness of
less than 100 um.°* In another case, the same group developed
a 90 pm PEO-LiN(SO,CF,CF;), (LiBETI) electrolyte and applied
it as the SSE in a 0.6 A h Li/V,05 pouch cell. The pouch cell
demonstrated a low capacity decay of 0.3% per cycle within
140 cycles.®® During this process, small amounts of solvents
could be used to process sulfide electrolyte powders, enabling
the production of binder-free sulfide electrolyte layers.®
Moreover, the extrusion process can also be used to fabricate
cathode-supported SSEs by extruding the cathode and SSE con-
currently. The process is also known as a co-extrusion process
(Fig. 2E). The advantage of this process is the solvent-free
processing and the formation of low porosity, flexible mem-
branes, thus eliminating the deteriorate effect of solvents on the
ionic conductivity of some SSEs. Compared with the solution/
slurry casting method, a limited throughput is a disadvantage.>®

2.1.6 3D printing. 3D-Printing has received significant
attention in the field of energy storage devices due to its ability
to construct 3D-structured electrodes and electrolytes with
micro-scale precision.®>®® Benefitting from its accuracy in
printing micro-scale patterns, its application has been extended
to the design of thin SSEs.’>®”® Printing a SSE slurry onto a
substrate is a simple and effective fabrication strategy. The
thickness of the as-prepared SSEs can be easily adjusted by
controlling the concentration of SSE in the slurry and the
number of layers in the printed pattern. Recently, as shown
in Fig. 2F, Hu and his coworkers developed a flexible electrolyte
membrane (thickness: 50-250 um) with a tile-and-grout pattern
via 3D printing, where the garnet-type electrolyte tile-like chips
are joined together without gaps using styrene-butadiene
copolymer. The garnet chips act as fast lithium-ion transport
channels, while the polymer grid serves as a buffer to reduce
the stress among the garnet chips.*® In another study, Kim et al.
developed an ultraviolet (UV) curing-assisted 3D printing
method to form a thin SPE layer on the surface of a sulfur
cathode. They first printed the photosensitive SPE precursors
on the printed sulfur cathode and then exposed the electrode

This journal is © The Royal Society of Chemistry 2020
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to UV light. The precursors were polymerized on the sulfur
cathode and functioned as a SPE. According to their SEM
image, the thickness of the SSE is around 40 pum.®®

2.1.7 Other methods. Besides the aforementioned methods,
some other techniques for the fabrication of thin SSEs have been
reported. For instance, a hydrothermal method was utilized to
grow thin LATP SSE layers on the surface of graphite. The
thicknesses of the LATP SSE could be adjusted in the range of
40-90 um by controlling the hydrothermal process from 15 to
24 h.*® Solvent evaporation has also proven to be an effective
technique in fabricating thin SSEs with thicknesses less than
50 um (Fig. 2G).*>”>”* Moreover, in situ polymerization is also
a popular method to form thin film polymer SSEs between the
anode and cathode.”>”® This technique typically entails the
assembly of an unsealed cell followed by infusion of the SPE
precursors. The cell is then treated with suitable conditions to
induce polymerization of the SPE precursors, which have intimate
contact with other cell components. The in situ formed SSE can
significantly reduce the interfacial resistance as well as act as an
interconnected ion conducting network in the electrodes. The
thickness of the SPE layer is largely determined by the gap
between the cathode and anode.”

In summary, the fabrication of thin SSEs with thicknesses
less than 100 pm benefits the energy density of SSLBs. Slurry/
solution casting is a promising method to fabricate scalable
thin SSEs. However, the method still faces challenges in the
selection of suitable solvents and binders, especially for sulfide
SSE systems. Tape casting, a widely used thin oxide SSE
fabrication method, has shown promise in fabricating oxide
SSEs with thicknesses of less than 20 um, but the complicated
process and limited throughput hinder its practical application
to some extent. Embedding SSEs into porous hosts via solution
infusion and cold pressing methods shows advantages such
as improved mechanical strength. However, the use of non-
conductive hosts will decrease the ionic conductivity. With this
in mind, ionically conductive hosts or hosts with high porosity
are suggested. Moreover, the solution infusion method is
only compatible with a few candidate SSEs such as LiP¢SsCl,
Li;P3S;;, and Li;InCls, which can be synthesized in
solvents.'*?%7#77® Additionally, in order to achieve crystal struc-
tures with high ionic conductivities, an annealing process is
necessary. Thus, the host must be able to tolerate high tem-
peratures. Polymers such as PI, polyethyleneimine (PEI), and
polyethylene terephthalate (PET) are good choices.>® Compared
with solvent-based solution/slurry casting and solution infu-
sion methods, the solvent-free hot pressing and extrusion
methods could effectively circumvent the deteriorating
effect of solvents on the ionic conductivity. For ceramic SSE
fabrication, the introduction of non-conductive binders will
reduce the ionic conductivity. Hence, for practical application,
it is suggested that non-conductive binders are replaced
with ionically conductive alternatives or minimize the binder
content. Additionally, other methods such as 3D printing,
solvent-thermal, and in situ polymerization methods show
promise in specialized systems. We believe that it is still of
significance to develop more thin SSE fabrication methods
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by taking scalability, cost, ionic conductivity, and thickness
into consideration.

2.2 Manufacturing of lithium batteries with thin solid-state
electrolytes

The manufacturing process for thin SSEs and their integration
in SSLBs, especially for practical pouch cells, are critical to their
commercialization. With this in mind, before talking about
the application of thin SSEs in different SSLB systems, the
manufacturing and assembly processes of full cells based on
the fabrication methods mentioned in Section 2.1 will be
discussed below.

2.2.1 Stacking manufacturing process. The stacking
manufacturing process is one of the most popular methods
for SSLBs and is similar to that of state-of-the-art Li-ion
batteries. As illustrated in Fig. 3A, the cell assembly can be
easily realized by stacking of the cathode, electrolyte, and
anode layers. Generally speaking, this manufacturing process
is suitable for the aforementioned free-standing thin SSEs
obtained in Section 2.1. However, the interfacial issues asso-
ciated with prefabrication of individual layers and subsequent
stacking may be problematic. For SPEs, the interfacial resis-
tance between electrode and electrolyte can be relieved by a
heating process, where semi-melted SPEs can wet both anode/
electrolyte and cathode/electrolyte interfaces. For soft sulfide
SSEs, a pressing process is needed to improve the mechanical
contact between electrolyte and electrodes. For rigid oxide SSEs,
a small amount of liquid electrolyte, ionic liquid, or SPE should
be introduced into the electrolyte/electrode interfaces to reduce
the interfacial resistance.

2.2.2 Slurry cast manufacturing process. As mentioned in
Section 2.1.1, the thin SSEs obtained by the solution/slurry
casting method can be classified into two categories: free-
standing SSEs and cathode-supported SSEs. Free-standing SSEs
can be used to assemble SSLBs with the stacking manufac-
turing method, while cathode-supported SSEs are more suitable
for the slurry casting manufacturing process. As illustrated in
Fig. 3B, automated manufacturing is expected to be applied for
large-scale SSLB fabrication.”” Firstly, a slurry casting method is
used to fabricate the cathode. Subsequently, another SPE or
sulfide SSE layer will be cast on the dried cathode surface. In this
process, homogeneous electrode/electrolyte distribution and
suitable binders/solvents are crucial factors that will inevitably
affect the ASSB performance. After casting of the electrolyte on
the cathode surface, a Li anode layer will be calendered on the
cathode-supported SSEs. In the final stage of the assembly
process, the tri-layered cathode-SSE-anode structure will be
cut using a laser in preparation for stacking and packaging.
Compared with the stacking manufacturing process in
Section 2.2.1, wet manufacturing can significantly reduce the
interfacial resistance. However, this method is still not suitable
for oxide SSE-based SSLBs due to their intrinsically large
contact resistance. Nevertheless, this manufacturing process
can be extended to quasi-SSLBs with the introduction of small
amounts of liquid electrolytes or ionic liquids to accelerate Li"
transport between the oxide SSE powders.
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2.2.3 Extrusion manufacturing process. The extrusion
manufacturing process is another method of engineering
SSLBs that is suitable for high-viscosity systems.”® As men-
tioned in Section 2.1.5, the co-extrusion process can be applied
to fabricate cathode-supported SSEs, which is very similar to
the slurry/solution casting process. Upon further pressing or
calendering a Li anode layer on the surface, a trilayer cathode-
SSE-anode structure can be achieved, which can be further cut
into small units for stacking and packaging (Fig. 3C). This
manufacturing process can be automated and has been
adopted by Palo Alto Research Center (PARC) and Bathium
Canada Inc.”®”? PARC has demonstrated a high capacity of over
120 mA h g~ " at C/3 with a thick electrode of 62.5 pm within
polymer electrolyte.””

Energy Environ. Sci.

2.2.4 Tape casting manufacturing process. Section 2.1.2
has shown that tape casting can be used to fabricate bi-layer
porous-dense and tri-layer porous-dense-porous structures.** *®
In the former case, a cathode-SSE-anode unit can be assembled
by introducing Li foil on the surface of the dense SSE layer, while
the porous structure is used for cathode material infusion
(soluble active materials such as sulfur). For insoluble active
materials such as LCO and V,0s, it is more practical to sinter the
cathode with electrolyte during the annealing process.®*!
To reduce the interfacial resistance between the electrolyte and
SSE, small amounts of liquid electrolytes should be added.
Compared with the bi-layer structure, the tri-layer structure can
further reduce the interfacial resistance of the anode/electrolyte
side by infusing molten Li into the porous structure (Fig. 3D).
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Afterwards, a SSLB pouch cell can be obtained by packaging the
cathode-SSE-anode units. This technique is among the most
popular methods for fabricating oxide-based SSLBs. However,
compared with slurry casting and extrusion manufacturing, the
tape casting manufacturing process is more complicated and
has limited throughput potential.

2.2.5 Electrolyte infusion manufacturing process. The elec-
trolyte infusion manufacturing process is similar to the injec-
tion process in liquid electrolyte batteries. Firstly, the cathode,
anode and separator (works as the electrolyte host) are stacked
and then stored in a package with one side unsealed. Subse-
quently, electrolyte solution (electrolyte dissolved into a solvent
or small molecule monomers and Li salts for polymerization)
is infused into the package to wet the cathode, anode and
separator. For the in situ polymerization process, the package
can be directly sealed and then treated with suitable conditions
(e.g- thermal polymerization) to let the monomers polymerize
into SPEs.”® For solvent-containing electrolytes, it is necessary
to remove the solvents before sealing the package. Generally,
the electrolyte fills the pores in the cathode and separator,
acting as the Li" transport channels to facilitate the Li" trans-
port between the anode and cathode. Moreover, benefitting
from the good wettability of the electrolyte solution, the inter-
facial resistance can be significantly reduced. During this
process, several factors should be carefully taken into consi-
deration: (1) solvents and electrolytes should be stable to
electrode materials, current collectors and package materials;
and (2) for ceramic electrolytes such as LigPSsCl and Liz;InClg,
a relatively high post-treatment temperature is necessary to
recover the high-ionic conductivities of the electrolytes.?%>°
In this regard, it is important to choose suitable electrode
materials, separators, and package materials to meet the
requirements of post-treatment. Another option is to sacrifice
the ionic conductivity of the electrolyte by using a low post-
treatment temperature to ensure the stability of electrode
materials, separators and package materials. In practical
application, the two choices should be balanced: (3) for ceramic
electrolytes, the precipitation of electrolytes still shows high
contact resistance and external pressure should be applied to
ensure good Li" transport; and (4) this process is not suitable
for multi-layer electrolyte systems.

In summary, battery manufacturing is a very important step
towards realizing thin SSEs in SSLBs, especially for large-size
pouch cells. The stacking, slurry casting and extrusion manu-
facturing processes show promise in engineering SPE, SPE-
based hybrid SSE, and sulfide SSE-based SSLBs. More attention
should be focused on solving the interfacial issues of the
stacking manufacturing process due to the individually fabri-
cated components. Post-treatment processes such as heating,
pressing, and infusing liquid electrolyte/ionic liquid should be
considered in different systems. Slurry casting and extrusion
are automatic manufacturing processes, which can be used to
continuously produce cathode-SSE-anode layers. Suitable SSE
systems should be explored based on these two methods.
Considering the better mechanical properties and environmental
stability, SPEs and SPE-based hybrid SSEs are likely the first step
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for SSLB manufacturing. Tape-casting is one of the best methods
for the fabrication of thin oxide SSEs and oxide SSE-based SSLBs
with high ionic conductivity. Nevertheless, its scalability and
manufacturing costs are still not comparable to the afore-
mentioned processes. In this regard, more efforts should be
devoted towards exploring alternative battery manufacturing
processes for oxide SSEs. The electrolyte infusion manu-
facturing process is a similar process to that of the injection
process in liquid electrolyte systems. Nevertheless, the stability
of electrode materials, separators and packaging materials
to solvents and electrolytes should be carefully considered.
Moreover, the contradiction of the thermal stability of the
battery materials and high ionic conductivity of the electrolyte
under high temperature post-treatment is another factor that
should be taken into consideration. Additionally, it is still
challenging to realize uniform multi-layer electrolyte distribu-
tion in battery systems based on this manufacturing process.
Therefore, one suitable electrolyte system should be chosen to
meet all the requirements of both the anode and cathode.

2.3 Application of thin solid-state electrolytes in lithium
batteries

SSLBs assembled with thin SSEs and Li metal have the potential to
deliver high energy densities with improved safety. In Section 2.1,
we have introduced several methods for fabricating thin SSEs.
However, these methods alone are not enough to achieve high-
energy-density SSLBs. Rational design of SSEs with multi-
structures, functions and properties to meet the various
requirements of different SSLB systems is also very important.
In this section, we will introduce the rational design of thin
SSEs and their application in different SSLB systems. According
to the different types of cell configurations, they can be
classified into coin/model cells and pouch cells. In Sections
2.3.1-2.3.4, we will introduce the application of thin SSEs in
coin/model cells, including Li-LFP, Li-LCO/NMC, Li-S and
Li-O, batteries. In Section 2.3.5, pouch cell designs closer to
practical application will be summarized.

2.3.1 Solid-state Li-LFP batteries. Li-LFP batteries are one
of the most popular SSLB systems due to the use of nano-sized
active materials which can facilitate Li*/e” transport, as well as
the lower operating voltage range (typically 2.5-4.0 V) which is
within the ESWs of many SSEs.*®>%72:8278¢ pEQ, one of the most
widely used SPEs, possesses considerable ionic conductivity at
a working temperature of over 60 °C, high flexibility, and good
interface wettability in Li-LFP SSLBs. Moreover, its high stabi-
lity to Li metal and oxidation potential of 4.0 V are also
desirable properties for PEO’s application in Li-LFP SSLBs.
If the Li metal anode is combined with a thin SSE, Li-LFP SSLBs
have the potential to deliver a high energy density of over
200 W h kg™, which has been confirmed by Huang’s group.®”
An ultrathin PEO SPE with a thickness of 7.5 pm was developed
by infusion of a PEO and Li salt solution into a commercial
polyethylene separator (labeled PPL, Fig. 4A). Benefitting from
the shortened Li" diffusion distance within the PPL electrolyte,
the assembled Li-LFP cell showed improved rate performance.
At a high rate of 10C, the Li-LFP cell assembled with the PPL
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LizP3S1; host for PEG-Ti SPE infusion. Reproduced with permission from ref. 86. Copyright (2019) Elsevier. (G) Schematic diagram of the LLZO/LFP
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assembled with LLTO SSE at 65 °C. Reproduced with permission from ref. 41. Copyright (2020) Wiley-VCH.

electrolyte delivered a high capacity of over 50 mA h g™ * at 60 °C,
which is almost two times higher than its counterpart with the
solution cast PEO electrolyte (120 pm) at 5C. Moreover, a high
active material loading Li-LFP SSLB (LFP loading: 7.0 mg cm ?)
was shown to have stable electrochemical performance for
50 cycles. More importantly, their results showed that the
as-prepared thin PPL had a low areal density of less than
1 mg cm?, which is almost 10 times lower than those of
previously reported SPEs (Fig. 4B). Combined with a Li metal
anode, the assembled Li-LFP cell has the potential to deliver a
high gravimetric/volumetric energy density of 216 W h kg™ '/
317 W h L " (excluding packaging, Fig. 4C). In order to achieve
better electrochemical performance, it is critical to search for
strategies which can improve the ionic conductivity of SPEs.
Considering the effect of tortuosity on the Li" transport and ionic
conductivity in SPEs, Cui’s group developed a PI membrane with
vertically-aligned channels for PEO SPE infusion (labeled PI-PEO,
Fig. 4D and E). Compared with the pure PEO SPE (130 um)
obtained from blade-casting, the as-prepared PI-PEO SPE
(8.6 pm) displayed a high RT-ionic conductivity of 2.3 X
10* S em ', which is over 4 times higher than its counterpart

Energy Environ. Sci.

(5.4 x 107° S ecm ™ ").*® Introducing inorganic fillers is another
effective method to improve the ionic conductivity.>>%>8¢
Lin et al. developed a 3D SiO,-aerogel scaffold as the PEO SPE
host and the obtained SiO,-aerogel-PEO composite electrolyte
exhibited a high RT ionic conductivity of 6 x 10™* S cm ™. The
high ionic conductivity enabled stable cycling of the Li-LFP cells
for over 200 cycles with a capacity of over 100 mA h g™ " at 0.5C
(LFP loading: ~1 mg cm™?). Moreover, Li-LFP SSLBs with a high
LFP loading of 13.6 mg cm™ 2 delivered a high areal capacity of
2.1 mA h ecm ? (cycling life: 13 cycles, operating temperature:
55 °C). In another case, carbon quantum dots (CQDs) were
introduced to improve the ionic conductivity of SPEs. The
results showed that the CQDs can act as Lewis acids to
increase the dissociation degree of lithium salts, the adsorp-
tion of anions and the amorphicity of the PEO matrix. As a
result, the PEO/CQD electrolyte delivered a high ionic con-
ductivity of 1.39 x 10°* S em " and a high lithium trans-
ference number of 0.48 at RT. Benefitting from the improved
ionic conductivity, the assembled Li-LFP SSLB demonstrated
excellent rate performance and improved power density.
At a high rate of 8C, the SSLB using the PEO/CQD electrolyte
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delivered a high capacity of 88 mA h g~', which is much
higher than its counterpart using PEO electrolyte (13 mA h g™,
operating temperature: 60 °C)** Compared with non-ionically-
conductive inorganic fillers, inorganic SSE fillers are more
promising in enhancing the ionic conductivity of thin SPEs.
For instance, a thin 3D Li,P3S;, host (~ 10 pm) was fabricated by
a slurry coating method for PEG-Ti SPE infusion and achieved an
improved RT ionic conductivity of 1.6 x 10~* S cm™*. Benefitting
from the thin SSE and high ionic conductivity, the assembled
Li-LFP SSLB delivered a high discharge capacity of 125 mAh g™*
at RT (rate: 0.05C). A good interface also plays an important role
in enhancing the battery performance. In situ polymerization of
polymer precursors and coating the SPE solutions on a cathode
have proven to be effective in developing interfaces with intimate
contact due to the complete wetting of both the surface and
internal particles of electrodes with the liquid precursors. In this
regard, the in situ formed SPEs play two roles: (1) on the surfaces
of the electrodes, the SPEs act as the ionically conductive
separators to transport Li' and physically separate the anode
and cathode; and (2) within the electrodes, the SPEs function as
ionic transport pathways to facilitate Li* transport among active
material particles. The interconnected Li" transport pathways
from the bottom of the electrode to the surface leads to a
significant reduction in the electrolyte/electrode impedance.*®”>
Hence, improved electrochemical performance can be expected.
For instance, Duan et al. polymerized poly(ethylene glycol) methyl
ether acrylate in situ on the interface of a LLZO/LFP cathode,
forming a 5.7 um SPE on the surface (Fig. 4G).”> With the
introduction of the SPE layer, both the bulk resistance and
charge-transfer resistance were reduced, enabling the assembled
Li-LFP SSLB to stably cycle for 120 cycles with a high capacity
retention of 94.5%. In another case, Wang’s group developed a
two-step slurry coating method and coated SPE solution on a LFP
cathode (labeled cathode-supported SPE).*® The results showed
that the SPE can wet both the surface and internal particles of the
LFP cathode, thus significantly reducing the interfacial resistance.
Moreover, by avoiding delamination of SPE from the substrate,
the SPE thickness can be reduced to 9.5 pum. The Li-LFP SSLB
assembled with cathode supported SPE demonstrated improved
rate-performance compared with conventional electrodes due
to the reduced interfacial resistance and thin SSE (Fig. 4H).
Additionally, a battery pack made of 3 SSLB units was assembled
and integrated in a coin cell format, which delivered an open
circuit voltage of 9.12 V, demonstrating its potential for practical
application.

Besides the aforementioned SPEs, some thin ceramic SSEs
have also been reported in Li-LFP SSLBs. Wang and co-workers
demonstrated that an ultrathin LLTO SSE can be realized by a
tape casting technique (Fig. 4I). According to their simulations,
such a thin LLTO SSE (25 um) applied in Li-LFP SSLBs has the
potential to deliver a high energy density of over 300 W h kg™ ™.
In practical application, due to the relatively low ionic con-
ductivity of 2.0 x 107> S ecm ™', the assembled cells should be
operated at a high temperature of 65 °C. As shown in Fig. 4],
the Li-LFP cell delivers capacities of over 150 mA h g~ " and
55 mA h g~' at 0.1C and 0.5C, respectively.*’ This work
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demonstrated that thin oxide SSE-based SSLBs are possible.
Of course, further improving the electrochemical performance
is needed by enhancing the ionic conductivity and building
better interfaces.

2.3.2 Solid-state Li-LCO and Li-NMC batteries. One of the
main goals for SSLBs is to increase the potential energy density
of the battery system. Compared with the Li-LFP system, SSLBs
coupled with high-voltage cathodes such as LCO and NMC are
more beneficial towards achieving higher energy densities.
Nevertheless, these cathodes introduce new challenges, especially
with respect to the ESWs of the SSEs. Generally speaking,
a relatively high oxidation stability of over 4.2 V is required
for compatibility with these cathodes. Most oxide- and halide-
based SSEs show good stability towards high voltages and can
be directly used as the SSEs in conjunction with high-voltage
cathode materials.®'*> With this in mind, the primary issues of
oxide/halide type SSEs are associated with the interface and
anode stability. However, PEO-based SPEs and sulfide SSEs still
can’t tolerate a voltage of over 4 V, which hinders their
compatibility with LCO and NMC cathode materials.®®*° Until
now, the application of ultrathin SSEs in high-voltage SSLBs
has remained challenging. For SPEs, one of the most widely
adopted strategies to enable PEO-based SPEs in high voltage
SSLBs is through the introduction of another high-voltage
compatible SPE towards the cathode. For instance, Guo’s
group proposed a heterogeneous multilayered solid electrolyte
(HMSE) with oxidation-resistant poly(acrylonitrile) (PAN)/
reduction-resistant polyethylene glycol diacrylate (PEGDA) for the
cathode and anode, respectively, with a PAN@LI; 4Al 4Ge; 6(PO4)3
(LAGP, 80 wt%) intermediate layer to inhibit Li dendrite
penetration (Fig. 5A). Benefitting from the combined
functionality of each SPE layer, the HMSE with a thickness of
25 um presented excellent high-voltage performance in Li-NMC
cells (operating voltage window: 2.8-4.3 V). At a C-rate of 0.2C,
the assembled Li-NMC-811 cell exhibited a high initial capacity
of 184 mA h g ' and a capacity retention of 94.4% after
175 cycles.”® In another study, Cui’s group extended the
electrochemical window of PEO SPE via modification of the Li
salt composition. They found that Li[(CF;);COBF;] (LITFPFB)
salt is beneficial for building a solid-electrolyte interlayer (SEI)
on the anode surface and another cathode-electrolyte interface
(CEI) on the cathode surface (Fig. 5B), thus realizing the stable
use of PEO (40 um) in a Li-LCO SSLB at 4.3 V.”"

Despite its positive effect in enhancing the electrochemical
performance of high-voltage SSLBs, the multi-layered structure
will no doubt increase the difficulty and cost of manufacturing
thin SPEs. Moreover, the multi-layered structure will increase
the thickness of SPEs and have negative effects on energy
density. With this in mind, our group found that the terminal
—-OH group in PEO-based SPEs is the limiting factor of the ESW.
Replacing the terminal -OH groups with more stable functional
groups can further extend the ESW, enabling the application of
PEO-based SPEs in high-voltage SSLBs. For instance, we found
that replacing the -OH groups in polyethylene glycol (PEG)
SPE with -OCHj; groups (the polymer is labeled PEGDME) can
extend the oxidation stability voltage from 4.05 V to 4.3 V (Fig. 5C).
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Royal Society of Chemistry. (D) Schematic of in situ polymerizing polyDOL and the relevant polymerization mechanism. Reproduced with permission
from ref. 73. Copyright (2019) Nature Publishing Group. Schematics of the (E) freeze casting apparatus and (F) formation of the porous LLZO by freeze
drying. Reproduced with permission from ref. 92. Copyright (2019) Royal Society of Chemistry. (G) Schematic diagram showing the fabrication process
for binder-free sheet-type SSLBs. Reproduced with permission from ref. 93. Copyright (2018) Nature Publishing Group. (H) Schematic diagram of a free-
standing LCO-LTO SSLB. (I) The energy density of the SSLB as a function of the overall weight fraction of SE varied by electrode chemistry, the presence
of SE coating, and a NW-SE film. Reproduced with permission from ref. 53. Copyright (2015) American Chemical Society.

The high oxidation stability is suitable for realizing the combi-
nation of PEGDME SPE with high voltage cathodes. The
Li-NMC532 cell assembled with PEGDME SPE (thickness:
50 um) delivered a high capacity of over 120 mA h g " and a
high capacity retention of 80 wt% after 100 cycles at 0.2C
(operating voltage window: 2.5-4.3 V). In contrast, only a
capacity of 19 mA h g~' was retained after 100 cycles and a
serious increase in overpotential can be observed during
cycling for its counterpart (PEG SPE).*® In addition, some
new SPEs with higher ESWs have been developed to improve
compatibility with high-voltage cathodes. For instance, Archer’s
group developed poly(1,3-dioxolane), labeled polyDOL, via
in situ ring-opening polymerization of DOL with the assistance
of Al(OTf); initiator (Fig. 5D). The results showed that the
polyDOL SPE exhibited a high oxidation stability of greater
than 5V, enabling the assembled Li-NMC622 cell to stably cycle
for over 700 cycles at 1C.”>

Recently, some thin ceramic SSE-based high-voltage SSLBs
have also been reported by coupling thin SSE preparation
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technology innovation and functional/structural innovation
with SSEs/cathode materials. Compared with SPEs, oxide SSEs
have higher oxidation stability windows, which enables their
compatibility with high-voltage cathodes. As mentioned in
Section 2.1.2, tape casting is a good method to achieve thin
oxide SSEs with thicknesses less than 100 um. However, the
fabrication of a thin SSE through this method is not enough
on its own to drive good electrochemical performance. It is
necessary to construct interconnected Li* transport channels in
the cathode to facilitate Li* transport and ensure high capacity
output, especially for electrodes with high active material
loadings. With this in mind, Shen et al. developed a freeze
casting technique to obtain a porous LLZO pellet with
vertically-aligned channels, which acted as an interconnected
Li" conductive host for the infusion of active materials. During
the synthesis process, tert-butyl alcohol (TBA) was chosen as the
solvent, which could be frozen in place and functioned as the
in situ template (Fig. 5E). After evaporating the TBA solvent,
a porous LLZO pellet with vertically-aligned channels was

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0ee02714f

Published on 07 December 2020. Downloaded by University of Western Ontario on 01/17/2021 18:50:43.

Energy & Environmental Science

obtained (Fig. 5F). Coupling the porous LLZO host with a
NMC622 cathode and a dense LLZO film (20 um) obtained by
tape casting, oxide SSE-based Li-NMC622 cells demonstrated
good electrochemical performance. With an ultrahigh NMC622
loading of 15.7 mg cm ™2, the cells delivered an initial capacity
of 175 mA h g~" and a high capacity retention of 72% after
90 cycles, even with a high cutoff voltage of 4.7 V.°> Among the
various types of SSEs, sulfide-based SSEs possess the highest
ionic conductivities and are regarded as one of the most
promising candidates for the realization of SSLBs operating
at low temperatures. However, their narrow ESWs significantly
hinder their practical applications. Prevention of direct contact
between SSEs and high-voltage cathode materials with protec-
tive coating layers on cathode materials is currently the most
popular and effective strategy to stabilize sulfide-based
SSEs.?”** For instance, as shown in Fig. 5G, Yamamoto et al.
developed a binder-free sheet-type SSLB with a multi-step slurry
coating process followed by removal of the binder with a heat
treatment. On the cathode side, the NMC111 cathode materials
are protected with a LINbOj; coating to prevent the side reactions
between sulfide SSE and NMC111. Benefitting from the reduced
interfacial resistance with the continuous casting process and
suppressed side reactions, the assembled NMC111/Li;PS,/Li-In
cell delivered a high initial capacity of 149 mA h g " and a high
capacity retention of 84% after 175 cycles. The operating voltage
window is 2.0-3.7 V, corresponding to a voltage window of
2.6-4.3 V vs. Li'/Li.>® Moreover, the binder-free SSE structure
showed advantages in Li" transport and enhanced the rate
performance of SSLBs. The SSLBs using binder-free SSE deliv-
ered a high capacity of roughly 100 mA h g~ ! at 1.5 mA cm 2,
which is double that of the binder-containing SSE, and
are expected to achieve higher power density for practical
application. Despite the achievements using thin SSE in high-
voltage SSLBs, few examples of successful integration of Li
metal anodes exist. Using alternative Li alloys or other anode
materials will no doubt reduce the energy density. For instance,
Jung’s group developed a nonwoven (NW) scaffold-reinforced
LizPS, film (labeled NW-SE) with a thickness of 70 um and
applied it as the electrolyte in a Li,TisO;, (LTO)-LCO system
(Fig. 5H). Despite the relatively high LCO and LTO loadings of
10.5 mg em > and 12 mg cm™ > used in this system, only a low
energy density of less than 50 W h kg™ " can be realized (Fig. 5I).
If the LCO cathode is combined with a graphite anode, the
energy density can be further increased to around 200 W h kg™ .
Alternatively, replacing the cathode and anode materials with
sulfur and Li metal, respectively, can lead to ultrahigh energy
densities greater that 900 W h kg™ .>® In this regard, the use of a
thin SSE is still not enough to achieve high energy density. Thus,
the combination of thin SSEs with a Li metal anode and a
rationally designed SSLB structure is required to ensure high
electrochemical performance output.

2.3.3 Solid-state Li-S batteries. The SSLSB is another high-
energy-density system (theoretical energy density: 2600 W h kg™ )
based on the multi-electron reaction of active sulfur. According to
their different reaction mechanisms, SSLSBs can be categorized
into two systems: solid-liquid dual-phase reaction systems and

This journal is © The Royal Society of Chemistry 2020

View Article Online

Review

solid-phase reaction systems.* Generally, in SSLSBs, solid-liquid
dual-phase reactions can only occur in SPE and SPE-based hybrid
systems, while a polysulfide-free solid-phase reaction occurs in
ceramic SSE systems. However, due to their rigidity, most oxide
SSEs can’t be used as single components in SSLSBs, and a
small amount of liquid electrolyte or SPE is required to modify
the interface, and thus induce the transfer from a solid-phase
reaction into a solid-liquid dual-phase reaction. In SSLSBs, the
issues of polysulfide shuttling and mismatched interfaces are of
significance. Many strategies have been developed to solve the
aforementioned issues, which has been summarized well in
previous reviews.»?> Herein, we only briefly introduce some
solutions that have been used in conjunction with thin SSE-
based SSLSBs (typically SSE < 100 pm).

In SPE-based SSLSBs, the issues associated with interfacial
contact are not as problematic as those observed in ceramic
systems. Rather, the critical issue is the polysulfide shuttling
due to the high solubility of polysulfides in the polymer matrix.
To solve this issue, the introduction of polar functional groups
has been widely adopted, where the polar function groups are
capable of adsorbing polysulfide species and preventing their
shuttling. Moreover, various polar functional group-containing
ceramic fillers/additives have proven to be effective in SPE
systems and serve multiple functionalities. Firstly, the intro-
duction of ceramic SSEs can enhance the mechanical strength,
which helps suppress Li dendrite formation. Secondly, ceramic
SSE fillers induce higher ionic conductivities. Lastly, similar
to other additives/fillers, the polar functional groups on
their surfaces promote polysulfide shuttling suppression. For
instance, as shown in Fig. 6A, Tao et al. reported the incorpora-
tion of LLZO as a filler into a PEO SPE and realized high-
performance SSLSBs operating at 37 °C. By optimizing the filler
content in the SPE, they found that the PEO electrolyte with
15 wt% LLZO filler achieved the highest ionic conductivities,
which are 1.1 x 10™*Sem™"at40°Cand 1.9 x 10 *Sem ™" at
70 °C. Benefitting from the improved ionic conductivity and
polysulfide shuttling suppression, the assembled SSLSBs with a
S@LLZO@C cathode delivered a reversible capacity of around
900 mA h ¢! and a high coulombic efficiency (CE) of 100%
within 200 cycles at 0.05C.°® Another method of suppressing
polysulfide shuttling is through the addition of electrolyte
additives into SPEs which can modify the SEI. As shown in
Fig. 6B, lithium bis(fluorosulfonyl)-imide (LiFSI) instead of the
widely used bis(trifluoromethanesulfonyl)imide (LITFSI) was
chosen as the Li salt for SPE preparation. The results showed
that LiFSI is capable of forming a more stable SEI on the anode
surface, thus alleviating polysulfide shuttle and achieving high
CEs during cycling. In contrast, overcharging was observed for
SSLSBs assembled with LITFSI salt.’” In another study, LiN;
was proposed as an electrolyte additive by Armand’s group.
According to their concept, LiN; can be oxidized into N, on the
cathode, which can then shuttle across the electrolyte to form
an ionically conductive layer (Li;N) on the Li anode surface
(Fig. 6C). Even though LiTFSI was used as the Li salt, the
assembled SSLSBs still delivered high CEs and a reversible dis-
charge capacity of approximately 800 mA h g™ after 30 cycles.”®
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Fig. 6 (A) Schematic illustration of a SSLSB based on PEO-LLZO hybrid electrolyte. Reproduced with permission from ref. 96. Copyright (2017)

American Chemical Society. (B) Schematic illustration of SSLSBs with LIFSI as Li salt. Reproduced with permission from ref. 97. Copyright (2017) American
Chemical Society. (C) Schematic illustration of electrochemical reactions in SSLSBs with LiN3 additive. Reproduced with permission from ref. 98.
Copyright (2017) Wiley-VCH. (D) Schematic of the novel bilayer solid-state electrolyte framework in comparison with traditional soft polymer separators
(~20 pum) and rigid solid-state membrane architectures (~100 pm). Reproduced with permission from ref. 44. Copyright (2017) Royal Society of
Chemistry. (E) Schematic illustration and (F) cycling performance of all-in-one SSLSBs. (G) Optical photograph of an all-in-one SSLSB soft package.
Reproduced with permission from ref. 45. Copyright (2018) Elsevier. (H) Schematic of a cathode-supported SSLSB. () SEM image of the cathode-
supported SSE. (J) Electrochemical performance of cathode-supported SSLSBs with various Li,S loadings. Reproduced with permission from ref. 54.

Copyright (2019) American Chemical Society.

Limiting the polysulfide shuttling effect via the addition
of inorganic fillers and electrolyte additives has proven to be
effective in improving the cycling stability of SPE-based SSLSBs.
However, due to the slow diffusion rate of polysulfides in SPEs
and the electronically insulating nature of SPEs, polysulfides
anchored in the polymer matrix can’t participate in electro-
chemical reactions and lead to active material loss and capacity
decay. With this in mind, oxide SSEs have been proposed as
physical barriers to inhibit polysulfide diffusion. Of the various
oxide SSEs, garnet-type SSEs typically show higher stability than
NaSICON-type (LATP, LAGP) and perovskite-type (e.g. LLTO)
SSEs. Hence, many researchers have focused on the application
of garnet SSEs in SSLSBs. For instance, Hu’s group proposed a
bi-layered LLCZNO SSE with a porous layer sintered on a dense
supporting electrolyte (Fig. 6D). The bi-layered structure
was fabricated by tape-casting. The thicknesses of the porous
layer and dense layer were controlled to be 35 pm and 70 pum,
respectively. The dense electrolyte layer functioned as a physical
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barrier to suppress polysulfide shuttling, while the porous struc-
ture was applied as a host for sulfur accommodation and liquid
electrolyte infusion. As a result, with a high sulfur loading of
7.5 mg cm™ >, the assembled SSLSB delivered a capacity of around
600 mA h g ' as well as a high average CE of 99% at
0.2 mA cm~>.* In another case, a similar bi-layered LLZO struc-
ture was reported by Wachsman’s group, where a porous LLZO
textile was fabricated by a templating method. Due to the inter-
connected Li" conductive network built with the LLZO fibers, the
assembled SSLSB exhibited improved electrochemical performance.
The assembled SSLSB delivered a reversible capacity of over
1000 mA h g after 40 cycles at 0.1C, when the sulfur loading
was 10.8 mg cm™ 2 Upon further increasing the sulfur loading to
18.6 mg cm™ 2, a high capacity of over 800 mA h g~ ! was maintained.
The high performance obtained with a thin SSE (20 pm) makes it
possible to achieve a high energy density of 352 W h kg~ ~.%

To further decrease the interfacial resistance, an all-in-
one SSLSB was reported with a porous-dense-porous layered
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structure for Li melting and sulfur infusion (Fig. 6E).*>*
Interestingly, the results showed that the thickness of the
dense/porous structure can be controlled within the range of
~15/50-70 um, respectively. The all-in-one structure showed
several advantages in terms of Li‘/e” transport, low localized
current densities, volume change confinement and cell manu-
facturing. As a proof of concept, a high discharge capacity of
1200 mA h g ' was realized by 5.4 mg cm > sulfur loaded
SSLSBs with less than 1 pL mg ™' S within 50 cycles (Fig. 6F).
Moreover, the potential of an all-in-one structure for practical
application was also proven through pouch cell manufacturing
(Fig. 6G).*>

Compared with the aforementioned SSLSB systems, the
sulfide SSE-based SSLSB is a polysulfide-free system, where the
sulfur is directly reduced to Li,S during discharge. The biggest
challenge that hinders its application is its large interfacial
resistance. To solve this problem, Wang and coworkers devel-
oped a cathode-supported SSLSB (Fig. 6H) with a thin Li;PS, SSE
(100 um, Fig. 6I). As mentioned in Section 2.3.1, a cathode-
supported structure can significantly reduce the resistance of the
electrolyte/electrode interface, thus enhancing electrochemical
performance. As shown in Fig. 6], the 3.82, 5.10, and 7.64 mg cm™>
Li,S-loaded SSLSBs delivered a high initial capacity of around
900 mA h g~ " at 0.05C, corresponding to high areal capacities of
3.59, 4.80 and 6.97 mA h cm ™. According to their simulations, the
SSLSB assembled with a 7.64 mg cm™> Li,S cathode has the
potential to deliver a high energy density of 370.6 W h kg™ '.>*
However, it should be noted that the cycling performance is still
insufficient. More effort should be focused on addressing the
cycling stability, understanding the structure/interface change
and structure-performance relationships.

Li metal
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2.3.4 Solid-state Li-O, batteries. Solid-state Li-O, batteries
(SSLOBs) are different from the previously discussed SSLB
systems and have open cell configurations to allow external
O, to penetrate the cathode side and act as an active material
source. Due to their different reaction mechanisms, the struc-
tural design of SSLOBs shows several new features. (1) A porous
electrode. Unlike other SSLBs, where the active materials are
directly added into the slurry during electrode preparation, the
discharge product (Li,O,) is formed in situ during electro-
chemical cycling. With this in mind, a porous electrode is
essential to accommodate the discharge product. (2) Construc-
tion of dual Li* and electron conductors. In general, the
electrochemical reactions can only occur at the tri-phase inter-
face of the active material, Li" conductor and electronic conductor.
Hence, building an effective tri-phase interface is required for
promoting the electrochemical reactions. In the SSLOB system,
active O, is provided through an external environment, which
can react with Li" at the phase boundary of the Li" conductor
and electronic conductor. (3) High-oxidation-resistance SSE. The
discharge plateau of SSLOBs is around 4.2-4.3 V. In order to
achieve high cycling stability, the SSE should tolerate a high
voltage of at least 4.3 V. Moreover, it should be chemically inert
to O,, which is another issue that needs to be overcome for
some electrolyte systems. Due to the aforementioned issues, the
development of SSLOBs has been much slower than the other
systems and is still in an early exploration stage.

Among the various SSEs, oxide SSEs with wide ESWs and air
stability show promising application in SSLOBs.'**'°* The
configuration of SSLOBs is similar to that of oxide SSE-based
SSLSBs in Section 2.3.3. As shown in Fig. 7A, a dense oxide SSE
(LAGP) is used to transport Li" and separate the anode from the
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with permission from ref. 102. Copyright (2015), Royal Society of Chemistry.

(B) Schematic illustration of a SSLOB with CoO catalyst. Reproduced with permission from ref. 100. Copyright (2019) Royal Society of Chemistry.

(C) Schematic illustration of in situ growing CNTSs in the porous LATP. (D)

SEM images of a bi-layer LATP structure. Reproduced with permission from

ref. 101. Copyright (2016) Elsevier. (E) Schematic illustration of a liquid-free SPE-based SSLOB. Reproduced with permission from ref. 103. Copyright
(2015) Wiley-VCH. Comparison of (F) a limited 2D active reaction zone in a conventional CNT and SPE sandwiched structure with (G) an enlarged 3-D
active reaction zone in a 3-D CNT/SPE architecture. Reproduced with permission from ref. 104. Copyright (2014) Nature Publishing Group.
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cathode while suppressing O, diffusion. A porous oxide SSE
layer with a thin carbon coating is applied as the cathode,
which supplies space for electrochemical reactions and discharge
product accommodation. Based on the high ionic conductivity of
LAGP SSE (36 um) and dual-phase interface construction, a SSLOB
delivered a high discharge capacity of 14200 mA h g~* carbon
at 0.15 mA cm >, and could sustain 100 cycles at a fixed
capacity of 1000 mA h g~ carbon.'® To further improve the
electrochemical kinetics, Park’s group developed a CoO
catalyst. SSLOBs with a thin LLTO SSE (thickness: 19.8 pum,
Fig. 7B) showed good cycling stability for 132 cycles at a current
density of 500 mA h gcicoo -'°° To avoid detachment of the
electronic conductor SSE that would limit the cycling life of
SSLOBs, Zhao’s group developed a chemical vapor deposition
(CVD) method to grow CNTs in situ on the surface of porous
LATP (Fig. 7C). The stable dual-phase interface enabled Li'/e”
with fast transport pathways. As a result, SSLOBs with a 20 pm
LATP SSE (Fig. 7D) delivered excellent cycling stability for
1174 cycles (150 days) in O, and 450 cycles (75 days) with
degradation of <3% in ambient air (with RuO, and NiO as the
catalysts). Moreover, the charge/discharge rate reached as high
as 15 mA cm ™, which is 2-4 orders of magnitude higher than
that of conventional SSLOBs."*

Besides oxide SSE-based SSLOBs, a few reports have focused
on SPE-based SSLOBs. As an example, Balaish et al. developed a
PEO SPE-based SSLOB (Fig. 7E). At 80 °C, where PEO SPE
(thickness: 150 um) has an acceptable ionic conductivity, the
SSLOB displayed a higher cell discharge voltage of ~80 mV
compared to liquid electrolyte (1 M lithium triflate/triethylene
glycol dimethyl ether)-based SSLOBs.'”® The above successes
provide key evidence that SPE-based SSLOBs deserve to be
considered as promising battery systems for EVs due to their
high energy density and safety.

As previously mentioned, in SSLOBs, the construction of a
porous cathode with a dual-phase interface is of significance to
enhance the discharge capacity and cycling life. With this
in mind, Byon’s group developed a SSLOB based on a 3D
structured CNT/SPE (Fig. 7G), where the void spaces in the
porous CNT/SPE film afford an enlarged interfacial reaction
zone for Li’, O, gas and electrons. Thus, a larger discharge
capacity is obtained for the 3D structured CNT/SPE cell than the
conventional CNT and SPE sandwiched structure which had
a limited 2D active reaction zone (Fig. 7F).'®* Additionally,
SPEs with high ionic conductivity are critical to achieving high
capacity output. A plasticized PEO-based SPE (named PPE) with
increased ionic conductivity was proposed to improve the electro-
chemical performance of SSLOBs. Accordingly, the as-prepared
PPE displayed an almost linear trend and conductivity values
ranging from 3 x 107* S em "' to around 107° S cm™ " in the
temperature window of 25 °C to 95 °C. As a result, a SSLOB
delivered a good cycling stability of over 20 cycles at 100 mA g~ *
with a limited capacity of 500 mA h g '. Moreover, practical
energy densities greater than 300 W h kg™ ' could be achieved
through battery optimization.'® Despite these great achieve-
ments, decomposition of SPEs under high voltages due to their
narrow ESWs should be taken into consideration. Moreover, their
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semi-molten state, especially at high operating temperatures, will
block the porous channels.

2.3.5 Solid-state lithium pouch cells. As promising energy
storage systems, SSLBs are aimed to supply energy to portable
electronic devices and EVs. Therefore, it is of great significance
to find suitable processing techniques for mass production.
Compared with coin cells and model cells, pouch cells are more
suitable for the evaluation of fabrication techniques’ potential
in industry application. Recently, some thin SSE-based pouch
cells have been reported and have demonstrated excellent
electrochemical performance. For instance, as shown in Fig. 8A,
the researchers from the Institut de Recherche Hydro-Québec
reported a 3.8 cm?® Li-LFP SSLB pouch cell, where a 29 pm
polyether-LiTFSI SPE worked as the SSE and a 46 um Li foil
functioned as the anode. The small pouch cell demonstrated
80% capacity retention with over 1400 cycles at C/3.'°°
In another study, Sakuda et al. reported a 22 x 22 mm~
graphite-NMC111 pouch cell with an ~ 50 pum Li;PS, SSE based
on a conventional slurry coating method. With a high capacity
of over 1.5 mA h cm 2, the graphite-NMC111 pouch cell
delivered an energy density of 155 W h kg™, where the weight
of the current collectors and the exterior package was excluded
from the weight for calculation.*® The slurry coating method
was further adopted by Jung’s group for the fabrication of
graphite-NMC622 pouch cells. With a thinner LigPSsCl SSE,
an 80 x 60 mm® SSLB pouch cell delivered a gravimetric energy
density of 184 W h kg™ ' and a volumetric energy density of
432 W h L™.'%7 To further enhance the energy density and
realize the combination of a Li anode with high voltage
cathodes, our group developed a PEGDME SPE with an improved
oxidation resistance and combined it with a NMC532 cathode.
As shown in Fig. 8B, the assembled Li-NMC532 pouch cell
demonstrated a high capacity retention of 90% after 110 cycles
with a negligible overpotential increase at 0.2C (Fig. 8C).
In another study, Guo’s group applied the HMSE discussed in
Section 2.3.2 as the SSE and assembled a Li-NMC-811 SSLB
pouch cell. Benefitting from the extended ESW, the Li-NMC-811
SSLB pouch cell showed a highly reversible capacity of
191 mA h g~ " within 10 cycles at 0.1C.°° To avoid using Li alloy
or graphite that would reduce the energy density of the cells,
researchers from Samsung Electronics Co., Ltd, developed
an anode-free SSLB pouch cell. In their case, a Ag-C composite
layer on the anode side was used to regulate Li deposition.
Accordingly, a dense Li layer could be repeatedly formed and
dissolved between the Ag-C composite and anode current
collector. Moreover, Ag nanoparticles were alloyed with Li in
the early stage of the charging process, but a significant fraction
of Ag was found to migrate towards the current collector and
assist the uniform and dendrite-free plating of Li metal. As a
result, a 0.6 A h Li-NMC9.5.5 (active area: 6.7 x 11.2 cm?,
Fig. 8D) SSLB pouch cell assembled with a 30 um LigPS5Cl
SSE exhibited a high energy density (>900 W h L"), stable CE
(over 99.8%) and long cycling life (1000 cycles, Fig. 8E).>

Compared with Li-ion SSLBs, SSLSBs have the potential
to deliver higher energy density due to the high theoretical
capacity of sulfur. Recently, some SSLSB pouch cells using thin
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Fig. 8 (A) Cycling stability of a Li—LFP SSLB pouch cell at C/3; the inset shows a cross-sectional SEM image of the cell. Reproduced with permission from
ref. 106. Copyright (2015) American Chemical Society. (B) Schematic illustration and (C) charging—discharging profiles of a Li—-NMC532 SSLB pouch cell
assembled with a PEGDME SPE. Reproduced with permission from ref. 88. Copyright (2020) Royal Society of Chemistry. (D) Schematic illustration and
X-ray computed tomography and (E) cycling stability of a 0.6 A h Li—LiNip.9oMng.05C00.0502 SSLB pouch cell. Reproduced with permission from ref. 23.
Copyright 2020, Nature Publishing Group. (F) Schematic illustration of a Li—S trilayer cell. (G) Charging—discharging profile of a Li-S trilayer pouch cell.
Reproduced with permission from ref. 46. Copyright (2019) Elsevier. (H) Optical image and (I) charging—discharging profiles of a SSLSB pouch cell based
on a slurry coating method. Reproduced with permission from ref. 37. Copyright (2020) Elsevier.

oxide- and sulfide-SSEs have already been reported. For
instance, Wachsman’s group developed a tri-layered garnet-
based SSE with a dense layer sandwiched between two porous
layers. As shown in Fig. 8F, the dense middle layer (20 pm)
acted as the SSE, while the porous layers (50 um) functioned as
the hosts for Li and sulfur accommodation. Benefitting from
the “all-in-one” feature, the pouch cell could be easily sealed
in a pouch cell. The SSLB pouch cell demonstrated a high
reversible capacity of over 1200 mA h g~ ' within 8 cycles at
0.1C (Fig. 8G).*® In another study, Zhang and his coworkers
developed a 33 x 33 mm? sulfide-SSE-based Li-S SSLB pouch
cell via a slurry coating method. With a LigPS5Cl SSE thickness
of 380 um, the assembled Li-S SSLB pouch cells deliver
reversible capacities of over 1200 mA h g~ at 0.01C, where
the sulfur loadings were controlled to be 0.5 and 1.8 mg cm ™ >.>”
The aforementioned achievements indicate promising proto-
types for high energy density SSLBs.

In summary, to realize practical SSLBs with thin SSEs, the
methods listed in Section 2.1 may still not be enough. Thin
SSEs should be endowed with different physical, chemical, and
electrochemical properties to meet the requirements of indivi-
dual SSLB systems and the detailed requirements and suitable
SSE systems can be seen in Table S2 (ESIt). All SSLB systems

This journal is © The Royal Society of Chemistry 2020

need good interfacial contact between SSE and electrode to
reduce the interfacial resistance and battery impedance.'*®'
For example, a small amount of liquid electrolyte/ionic liquid
or a thin layer of SPE is necessary to reduce the interfacial
resistance and improve the electrochemical performance of
thin oxide SSE-based SSLBs.***> Cathode-supported SSEs are
more desirable than free-standing SSE due to their better
interface contact.’®** Additionally, melting Li is beneficial
towards reducing the Li/SSE interfacial resistance.*>*® Another
important parameter for SSLBs is the ESW. Generally, a rela-
tively low oxidation stability potential of 3 V is required by Li-S
batteries; thus almost all kinds of SSEs can be used in this
system. In this regard, most of the efforts are focused on
solving the shuttling effect and interfacial issues.” In contrast,
Li-LCO, Li-NMC, and Li-O, batteries have higher requirements
on the ESW of SSEs. A higher oxidation stability potential of
4.3 V is needed to ensure high capacity output. Among the
various SSEs, only some oxide and halide SSEs with oxidation
stability limits of over 4.2 V can be directly used as the ionic
conductors in cathode composites.>'® For SPE and sulfide
SSEs, the active materials should be protected to prevent side
reactions between cathode materials and SSEs under high
voltages.””*>'1° Moreover, extending the ESW of SPEs and
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sulfide SSEs via structural design to match compatibility with
high voltage cathode materials is another good direction.®**°
Last but not least, rational electrode and battery structural design
beyond SSEs also has a great effect on battery performance. With
this in mind, to maximize the electrochemical performance of
SSEs, both the anode and cathode should be properly designed.
For instance, 3D Li structures can be used to prevent Li dendrite
growth,*** interconnected Li* transport channels built within the
cathode may facilitate Li* transport,”* and the introduction of
electrocatalysts to enhance the electrochemical reaction kinetics
should be beneficial to the overall SSLB performance.'*>**

2.4 Advanced characterization techniques for solid-state
electrolyte and interface studies

As discussed above, the properties of SSEs and their compati-
bility with electrodes have a great influence on the electrochemical
performance of SSLBs, including their ionic conductivity and
interfacial transport kinetics. Understanding the Li" transport
and interface evolution in depth is of significance for guiding the
design of SSEs and their combination with electrodes in SSLBs.
With this in mind, the development of advanced characterization
techniques to reveal the buried mechanisms is urgently required.
So far, some ex and in situ characterization techniques have been
developed to identify the Li* transport pathway in SSEs as well as
the structural evolution of SSEs at the SSE/electrode interface."" """
For instance, Cheng et al. reported that SSLBs using small particles
of LLZO (1 pm) showed better electrochemical performance than
those using large particles of LLZO (10 pm). To clarify the roles of
grain orientations and grain boundary distributions in determining
their electrochemical performance, high-resolution synchrotron
polychromatic X-ray Laue microdiffraction was carried out to
examine the differences between the two types of LLZO particles.
As shown in Fig. 9A, the results suggested that there is a negligible
difference in grain orientation between the two particle sizes and
most of the grain orientations are randomly distributed. In other
words, the grain orientation is not the determining factor towards
the better electrochemical performance of SSLBs using small-
grained LLZO. The electrochemical performance could be strongly
affected by the microstructures and grain boundaries at the
interfaces.""®

Moreover, the Li' transport rate within the lattice and across
the grain boundary also has a big effect on the ionic conduc-
tivity of SSEs and the electrochemical performance of SSLBs.
Recently, nuclear magnetic resonance (NMR) was applied as a
powerful tool for studying the Li" transport behavior. A good
example is the study of the doping effect on the ionic con-
ductivity of NaSICON-type electrolyte LATP. As shown in
Fig. 9B, the effect of Al doping on ionic mobility in Li;.,Al-
Ti (PO,); (With x = 0.0, 0.1, 0.2, 0.35, 0.5, 0.7 and 1.0) was
investigated by NMR to trace the structural changes. The
temperature dependences of ‘Li NMR spin—lattice relaxation
rates for the different compositions indicated that lower tem-
peratures were required for x = 0.35 and 0.5 to achieve a Li'
ionic jump rate of ~4 x 10° s, The results demonstrated that
the optimal Al doping concentrations were 0.35 and 0.5, where
Li" exhibited maximum ionic mobility."** Apart from the Li"

Energy Environ. Sci.

View Article Online

Energy & Environmental Science

transport rate within the SSE lattice, the total ionic conductivity
of the SSE will be limited by the transport rate across the grain
boundary, which has been considered the slowest step in long-
range diffusion.®® Lotsch et al performed temperature-
dependent pulsed field gradient (PFG) NMR spectroscopy to
probe Li" diffusion processes at shorter and longer ranges in
Li,SiPS; electrolyte. They found the presence of an amorphous
thiophosphate side phase that hindered the intergrain conduc-
tivity, resulting in poor total ionic conductivity."*® In another
case, Wagemaker’s group explored the Li* motion at the grain
boundary between LigPSsBr and LigPSsCl powders using two-
dimensional °Li-°Li exchange NMR. As displayed in Fig. 9C, the
®Li-°Li exchange spectra showed obvious Li shift from LigPS;Br
to LigPS5Cl and vice versa within a mixing time of over 100 ms.
The activation energy at the grain boundary was 0.27 eV, which
is comparable to the value obtained in bulk LigPSs;Br and
LigPS5Cl SSEs (~0.2 eV). In other words, in the argyrodite
SSE system, the Li" transport at the boundary is not the rate-
limiting step.’'® The NMR “labeling” method makes it possible
to attain the Li* movement behavior in the lattice or at the grain
boundaries, which has the potential to be shifted to other SSE
systems in the future.

Besides the effect of the Li" transport rate in the lattice and
at the boundary, the ionic conductivity of SSEs is also related to
the crystallinity. In situ X-ray diffraction (XRD) is a powerful
tool for tracking the evolution of crystal structure during the
synthesis process. For instance, Adams’s group optimized the
synthesis process of LAGP based on the analysis of in situ
synchrotron XRD. As shown in Fig. 9D, the XRD results showed
that the lowest crystallization temperature is 570 °C, while a
higher heating temperature of over 730 °C is required to ensure
the effect of Al doping into the LAGP structure, where obvious
splitting of (214) and (300) peaks appeared in the XRD patterns.
Additionally, the in situ XRD also provided a detailed phase
change during Al doping. At the early stages of crystallization,
Al-poor LGP is the dominant phase. When further heating the
samples, the Al-poor LGP phase gradually disappeared, attri-
buted to a more homogenous structure. In contrast, if heating
the samples to higher temperatures of over 950 °C, the extrac-
tion of Al from the outer shell of LAGP particles was observed
and followed by the formation of a germanium mullite impurity
phase. The impurity phase decomposed into AIPO, upon
cooling, which resulted in deviations of the Al-content in the
final products. With this in mind, during LAGP synthesis, it is
of significance to control the annealing temperature in the
range of 730-950 °C to realize high-crystallinity pure phase
LAGP."" Following this work, this technique has been shifted
to other SSE systems (LLZO, B-LizPS,) to study the phase
evolution during the annealing process."'®>''® Recently, in
operando XRD was also used to investigate the air- and
humidity-stability of LizInClg by our group. The results showed
that Li;InCls presented high stability in dry-air, where the peaks
belonging to LizInClg did not change during exposure to dry-air
for over 24 h. In contrast, in the air with 30% humidity,
the peaks belonging to Li;InCls became weak and gradually
disappeared after exposure for 10 min. Subsequently, a new set
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Fig. 9 (A) Histograms of angles and grain orientation mappings of different LLZO particles. Reproduced with permission from ref. 113. Copyright (2015)
American Chemical Society. (B) “Li spin—lattice relaxation rates against the measurement temperatures for LATP samples with different amounts of Al
doping. Reproduced with permission from ref. 114. Copyright (2016) American Chemical Society. (C) Schematic illustration of Li* motion at the grain
boundary and relative two-dimensional ®Li-°Li exchange spectra of mixtures of LigPSsBr and LigPSsCl nanopowders with different mixing times.
Reproduced with permission from ref. 116. Copyright (2019) American Chemical Society. (D) In situ XRD patterns of LAGP during the annealing process.
Reproduced with permission from ref. 117. Copyright (2016) Royal Society of Chemistry. (E) Phase evolution during LLZO-A[24 garnet synthesis identified
by in situ neutron diffraction. Reproduced with permission from Oak Ridge National Laboratory*?®> and ref. 121. Copyright (2015) Royal Society of
Chemistry. (F) The Li* transport pathways in the models of high ionic conductivity LLZO-Al24 and low ionic conductivity LLZO-Zn60. Reproduced with
permission from Oak Ridge National Laboratory*?? and ref. 123. Copyright (2015) American Chemical Society. (G) Pore-size color maps and distance
maps for SSE microstructures sintered at different temperatures. Reproduced with permission from ref. 124. Copyright (2019) American Chemical
Society. (H) Schematic illustration of in situ optical microscopy used to probe Li dendrite propagation in SSE. Reproduced with permission from ref. 131.
Copyright (2020) Cell Press. (I) Structural evolution of LLZO at the interface revealed by scanning transmission electron microscopy coupled with
electron energy loss spectroscopy (STEM-EELS). Reprinted with permission from ref. 132. Copyright 2016, American Chemical Society. (J) Schematic of
and a real cylindrical cell for 3D MRI. ’Li 3D MRI images and normalized ’Li densities of cycled LGPS pellets with and without PEO coating. Reprinted with
permission from ref. 133. Copyright 2018, American Chemical Society. (K) XPS spectra recorded during the deposition of Li metal on LGPS. Reprinted with
permission from ref. 134. Copyright 2016, American Chemical Society.
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of peaks belonging to Li;InCls-xH,O and LiCl appeared, indi-
cating the occurrence of side-reactions. Based on the XRD
results, it is believed that LizInCl, is a dry air-stable SSE, and
its humidity-stability should be further improved. This conclu-
sion was further consolidated by in situ Raman and in situ X-ray
absorption near-edge structure (XANES)."*°

As we mentioned in the Introduction, elemental doping is
an effective strategy to improve the ionic conductivities of SSEs.
To deeply understand the roles of dopants during the synthesis
process, in situ neutron diffraction allows for a direct observa-
tion of the doping effects by monitoring the phase evolutions.
An and his-coworkers from Oak Ridge National Laboratory
found that a phase evolution to low-conductivity tetragonal
phase occurred during the cooling process at around 630 °C for
LLZO synthesis, resulting in low ionic conductivity. With the
introduction of Al dopant, the high-conductivity cubic phase
(named LLZO-Al24) could be stabilized and the formation of

This journal is © The Royal Society of Chemistry 2020

the low-conductivity phases was supressed (Fig. 9E). However,
small amounts of intermediate phases (e.g. LaAlOs, LiAlO,)
and a low-conductivity tetragonal phase were detected in the
as-synthesized bulk. The intermediate phases can be attri-
buted to the liquid Li,CO; evaporation that results in non-
stoichiometric composition, while the residual tetragonal
phase forms because of diffusion processes."*""** It is a widely
adopted concept that creating more Li vacancies is beneficial
for increasing the ionic conductivity. For instance, in An’s work,
both Al and Zn doped LLZO SSEs (labeled LLZO-Al24 and LLZO-
Zn60) showed positive effect in increasing Li vacancy concen-
tration. However, LLZO-Al24 delivered a high ionic conductivity
of 107" S em™', while LLZO-Zn60 only showed a low ionic
conductivity of 1077 S ecm . To reveal the relationship between
Li vacancies and ionic conductivity with different elemental
doping, neutron diffraction was further applied to identify the
Li state in the doped LLZO SSEs. As illustrated in Fig. 9F, in the
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LLZO-AlI24 system, a number of vacancies were observed in the
active octahedral sites, which bridged the two neighboring
tetrahedral sites and enabled a fast Li" pathway. The fast
pathways throughout the garnet 3D framework were attributed
to the high conductivity of LLZO-Al24. In contrast, in LLZO-
Zn60, nearly all the vacancies were located at the inactive
octahedral sites and lacked vacancies in the active sites. The
fully occupied octahedral sites supplied less opportunity for Li"
hopping and led to a slow transport pathway.">>'** Based on
the neutron diffraction results, we believe that the ionic con-
ductivity of SSEs has the potential to be further improved by
exploring new doping elements to further reduce the residual
tetragonal and intermediate phases while increasing vacancies
in active octahedral sites.

Apart from the aforementioned factors, the porosity and
tortuosity of SSEs also have significant effects on the ion-
transport behavior in 3D SSE structures. Accurate 3D recon-
struction with fine microstructure resolution obtained by X-ray
computed tomography (CT) can be used to experimentally
observe the continuous ionic transport paths in SSEs. Hatzell’s
group investigated the tortuosity of LLZO with different sintering
temperatures from 1050 °C to 1150 °C based on X-ray CT.
As shown in Fig. 9G, they found that the electrolyte tortuosity
and the tortuosity directional anisotropy gradually increased
with increasing sintering temperature.’** The high tortuosity
and large grain boundaries in SSEs promote Li dendrite growth
and propagation, resulting in low critical current densities (CCD).
The LLZO SSE annealed at 1050 °C could tolerate a current
density of 0.025 mA cm™>, while a short-circuit was observed at
0.013 mA cm > for the LLZO obtained at 1100 °C and 1150 °C."*
To promote the utilization of SSEs in practical application, the
mechanical properties are another important consideration. The
mechanical strength of SSEs plays an important role in suppres-
sing the growth of lithium dendrites, increasing the interfacial
stability and even avoiding the propagation of cracks.'*® Young’s
modulus has been recognized as one of the most significant tools
for evaluating the mechanical strength of SSEs. For instance,
oxide- and sulfide SSEs possess Young’s moduli of 90-155 GPa/
8-30 GPa, respectively, which are strong enough to suppress Li
dendrite growth in principle.’*® Nevertheless, the short-circuit
phenomenon is a common issue in SSLBs based on oxide- and
sulfide-SSEs. The grain boundaries and voids in the bulk SSEs
deteriorate the mechanical strength and Li dendrite suppression
capability. One of the most promising strategies is to reduce the
voids and increase the tap density of SSEs, which has been
demonstrated to be effective in increasing the mechanical
properties and Li dendrite suppression as well as reducing
the interfacial resistance.'®”'*® To identify the role of voids in
Li dendrite growth and deterioration of SSE performance, X-ray
CT was applied to observe the Li dendrite growth process in
B-LizPS, electrolyte. During the Li plating/stripping process, the
highly mobile Li atoms were forced into the void spaces within the
SSE. Once the void space was occupied, continued Li growth could
damage the B-LizPS, grains, resulting in structural deformation
and battery failure.'* These results further emphasize the impor-
tance of developing high-density SSEs and minimizing the grain
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boundary resistance. In another case, X-ray CT was applied to
image interphase growth and its effect on the mechanical degra-
dation of LAGP. The results showed that the interphase growth
accompanied by volume expansion forced large crack formation in
LAGP. The formation of large cracks is the root cause of an
increase in Li" transport resistance and the chemomechanical
degradation of the SSE layer."*°

To achieve high-performance SSLBs, the interface informa-
tion at the SSE/electrode interface beyond the intrinsic proper-
ties of SSEs should be further clarified. In situ optical
microscopy (OM) and scanning transmission electron microscopy
coupled with electron energy loss spectroscopy (STEM-EELS) were
developed to probe the structural evolution of the Li-LLZO
interface."**> As shown in Fig. 9H, Dasgupta et al. detected
multiple Li morphologies (straight, branching, spalling, and
diffuse) penetrating the SSE by in situ OM, demonstrating that
Li propagation is a complex process. Moreover, they found that
the different Li morphologies are recyclable during the plating/
stripping process. At high current densities, the mechanical
cracking of SSE is the most common cause of Li filament
propagation, and the propagation rate is proportional to the
current density. Additionally, the unstable Li stripping at high
current densities results in void formation and increased
contact resistance, which was considered to be the reason for
the increased overpotential. In other words, both the Li plating
and stripping processes should be taken into careful considera-
tion during the rational Li/SSE interface design.'*' In another
case, as shown in Fig. 91, Chi’s group developed in situ STEM-
EELS equipment to study the interfacial stability of the Li/LLZO
interface. Upon contact with Li metal, the reduction reaction of
LLZO was observed followed by the formation of a tetragonal-
like LLZO interface with a thickness of about 5 unit cells. Such a
thin interface has a negligible influence on the ionic conduc-
tivity of bulk LLZO but can inhibit further interfacial reactions
between Li and LLZO. This work provided new insight into the
reactivity of the Li/SSE interface.'®?

Besides Li dendrite growth in SSEs, the unstable Li/SSE
interface is another challenge that has hindered the practical
application of SSLBs. In this regard, understanding the inter-
facial reactions between Li and SSE in detail is of significance
in paving the way for high-performance SSLBs. Very recently,
3D ’Li magnetic resonance imaging (MRI) was developed to
evaluate Li distribution homogeneity at the Li/LGPS interface
within Li-Li symmetric cells. As shown in Fig. 9], the 3D
“Li MRI images demonstrated that a large amount of Li was
consumed at the Li/LGPS interface, attributed to the hetero-
genous Li distribution during cycling. The formation of Li
deficiency at the Li/LGPS interface was considered to be the
main reason for the continuous increase of interfacial resistance.
The situation of significant Li consumption at the interface could
be alleviated by the introduction of a PEO/LiTFSI SPE to stabilize
the interface."** This work proved that 3D “Li MRI is a powerful
tool for monitoring the Li distribution at the interface. The
unstable Li/LGPS system was further clarified by Janek’s group.
The in situ X-ray photoelectron spectroscopy (XPS) spectra
in Fig. 9K display the decomposition products of LGPS
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(Li,S, Ge and LisP), indicating the instability of LGPS to Li.
This finding coincides well with the 3D “Li MRI result and can
be used to explain the consumption of Li at the Li/LGPS
interface.”** A similar decomposition reaction of SSEs at the
Li/SSE interface was also detected in other SSE systems such
as LLTO and Li,S-P,S; by in situ XPS. Reduced Ti species (Ti*",
Ti*" and Ti metal) were detected at the Li/LLTO interface during
cycling, indicating the electrochemical instability of LLTO to
Li."*® In another case, Teeter and his coworkers studied the
effect of oxygen contaminations on Li' transport at the Li/
Li,S-P,Ss interface. The oxygen contaminants can react with
Li,S-P,Ss and initially result in Li;PO, phase segregation and
subsequent Li,O formation. Li;PO, exhibited the largest over-
potential, which was considered to be the determining factor
leading to irregular Li deposition and deterioration of the
battery performance.*®

In summary, advanced ex situ and in situ characterization
techniques play very important roles in understanding the
Li" transport mechanisms in SSEs as well as the structural
evolutions of SSEs at the interface. These characterization
techniques are beneficial for revealing the underlying mecha-
nism behind the limited ionic conductivity and interface
instability, thus providing guidelines for designing higher ionic
conductivity SSEs and more favorable interfaces for SSLBs.
More efforts should be devoted towards developing advanced
characterization techniques for anodes, cathodes, and SSEs and
their interfaces concurrently. Due to the limited information
obtained from any single characterization technique, we strongly
recommend the combination of multiple in situ characterization
techniques to provide a more comprehensive understanding to
aid in the development of high-performance SSLBs.

2.5 Energy density evaluation for thin SSLBs

As previously mentioned, thin SSEs are critical for achieving
SSLBs with high energy density. In practical application,
the energy density, including gravimetric energy density and
volumetric energy density, should be evaluated based on the
cell-level packaging rather than just a rough estimation from
cathode/anode active materials. In a typical cell, the compo-
nents that contribute to weight (or volume) include active and
non-active materials in both the cathode and anode, electrolyte,
current collectors, tabs and packaging materials. With this in
mind, there is a significant difference between the package
weight and active material weight, resulting in a large gap
between practical energy density and theoretical values based
on active materials alone.

Considering the fact that the development of SSLOBs is still
in a state of infancy and the open system requires drastically
different cell configurations compared to other systems (Li-ion,
Li-S batteries), we chose to simulate the gravimetric/volumetric
energy densities of SSLBs with 5 common cathode materials
(LFP, LCO, NMC-811, Li-rich and S), where metallic Li was
chosen as the anode material. To evaluate the effect of different
SSEs, three typical SSEs, including LGPS (sulfide, 2.05 g cm ™),
LLZO (oxide, 5.10 g cm %), and PEO (polymer, 1.24 g cm ™) were
chosen for simulation. Detailed parameters of the selected

This journal is © The Royal Society of Chemistry 2020

View Article Online

Review

electrodes and SSE systems are listed in Table S3 (ESIt). The
parameters in Table S3 (ESIT) for Li-LFP, Li-LCO, Li-NMC-811
and Li-Li-rich SSLBs are calculated based on the method
reported in Chen’s review paper,® while the parameters for
the Li-S system are according to our previous reports.>* The
areal capacities of the LFP, LCO, NMC-811 and Li-rich cathodes
are controlled to be 4 mA h cm > for the energy density
calculations, corresponding to active material loadings of
23.53, 21.05, 19.05 and 13.33 mg cm . For Li-S batteries, the
areal capacity is controlled to be 6 mA h cm™?, equaling to a
sulfur loading of 4.49 mg cm > based on 80% sulfur utilization
(1338 mA h g~ '). The gravimetric and volumetric energy den-
sities of the SSLBs are calculated based on a pouch cell format,
where the pouch cells are assembled by repeatedly laminating
the anode, SSE and cathode layers. In this review, the configu-
ration of the pouch cells includes 22-layers of a double sided
cathode, similar to Chen’s review paper.>® A 16 pm Al foil and
an 8 um Cu foil are chosen as the cathode and anode current
collectors, respectively. The size of the pouch cell is fixed
at 138 mm x 81.8 mm x thickness (mm) (including package
(152 pm for each layer)). Considering that the weights/
thicknesses of the anode, cathode and sealing package are
fixed, the total weight/thickness of the pouch cell will vary
depending on the SSE weight/thickness. Table S4 (ESIf) lists
the detailed cell parameters used for constructing a Li-LCO
pouch cell with a gravimetric/volumetric energy density of
365.0 W h kg~ '/784.5 W h L ™" based on a 30 um LGPS SSE layer.

The effect of SSE thickness on the gravimetric/volumetric
energy densities in different SSLB systems is shown in Fig. 10A-1.
The thickness of the SSE layer varies from 5 um to 100 pm. For
the calculations, the contents of LFP, LCO, NMC-811 and Li-rich
active materials in the cathodes are set at 80 wt%, 85 wt% and
90 wt%. Considering the poor electron transport in sulfur
cathodes, additional conductive carbon is required in the
cathode mixture and the sulfur content is set at 50 wt%,
60 wt% and 70 wt%. The areal capacity ratio of the negative
to positive electrodes (N/P ratio) is set at 2. Among the five
SSLB systems, the Li-S batteries show the highest gravimetric
energy density due to their high discharge capacity. They can
achieve high gravimetric energy densities of over 500 W h kg™'/
450 W h kg~' when the thickness of the PEO/LGPS layer is
controlled to be less than 30 um. Even when further increasing
the thickness of PEO/LGPS to 100 um, high energy densities of
around 288 (50 wt% S, LGPS) to 389 W h kg~ " (70 wt% S, PEO)
can be achieved. In contrast, when replacing the PEO/LGPS
SSEs with LLZO, which has a much higher density (5.10 g cm™?),
the gravimetric energy density of the Li-S cells will decrease to
340 W h kg™" and 160 W h kg™ for electrolyte layers of 30 pm
and 100 pm thicknesses, respectively. Besides, the Lirich
material as a representative of a high-capacity cathode material
in Li-ion batteries enables SSLBs with high energy densities
comparable with Li-S batteries. Generally, they can achieve high
energy densities over 450 W h kg™ ! when the thickness of the
PEO/LGPS layer is controlled to be less than 30 um and the active
material content in the cathode is higher than 85 wt%. When
using LLZO as the SSE, a thickness of lower than 20 pm is
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Fig. 10 Gravimetric and volumetric energy densities of SSLBs as functions of SSE thickness. (A—C) PEO, (D-

F) LLZO, and (G-1) LGPS. The LFP, LCO,

NMC-811, Li-rich and S contents in the cathodes are (A, D and G) 80 wt%, 80 wt%, 80 wt%, 80 wt%, and 50 wt%; (B, E and H) 85 wt%, 85 wt%, 85 wt%,
85 wt%, and 60 wt%; and (C, Fand 1) 90 wt%, 90 wt%, 90 wt%, 90 wt%, and 70 wt%. (J) Gravimetric energy densities and (K) volumetric energy densities of
SSLBs based on target SSEs (PEO, LLZO, LGPS = 30 um) and widely reported SSEs (PEO = 100 pm, LLZO, LGPS = 500 um). The active material contents
are 85 wt¥% for the LFP, LCO, NMC-811 and Li-rich cathodes and 60 wt% for the S cathode.

essential to achieve a high energy density of over 400 W h kg '
It should be mentioned that the capacity for Li-Li-rich SSLBs we
set here is only 4 mA h cm ™2, corresponding to an active material
loading of 13.3 mg cm™>. There is still large room for further
improvement of the energy density, even over 500 W h kg '
Among all four SSLB systems, Li-LCO and Li-NMC-811 present
similar energy densities regardless of the set parameters.
To realize an energy density of over 300 W h kg™ ", the thickness
of the PEO, LGPS and LLZO SSEs should be no more than 100, 50
and 30 um, respectively. Moreover, if the thickness of PEO can be
controlled to be less than 30 um and the LCO/NMC-811 content
up to 90 wt%, the Li-LCO/NMC-811 has the potential to realize an

Energy Environ. Sci.

energy density of over 400 W h kg™". One point that should be
mentioned is that the LCO and Li-rich materials chosen here are
high-voltage materials. A high charging voltage of greater than
4.5 V is needed to ensure the capacity output (LCO: 1990 mA h g™ %;
Li-rich: 300 mA h g™ ). Nevertheless, the use of high-voltage LCO
and Lirich puts forward more stringent limitations on the
electrochemical stability of both the cathode material and SSEs
under high voltages. With this in mind, Li-NMC-811 may be a
more suitable system in the near future. Among the four
SSLB systems, Li-LFP displays the lowest energy densities. Even
with a low SSE thickness of 30 pm, a high energy density of over
300 W h kg~ can only be achieved by combining PEO electrolyte
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and 90 wt% active material content. However, due to the nano-
sized LFP particles which has a higher specific surface area, a
higher SSE content is required to maintain interconnected Li"
transport pathways. Moreover, it is difficult to ensure high
capacity output with an active material content of 90 wt%.
In other words, the Li-LFP SSLB is not a suitable system for high
energy density cell designs.

Besides the gravimetric energy density, the volumetric
energy density is another important parameter to evaluate for
practical SSLB application. As shown in Fig. 10A-I, the Li-LCO
and Li-Li-rich SSLBs present the highest volumetric energies.
In the fixed SSLB system, the volumetric energy density is
affected by the thickness of SSE and active material contents,
while the SSE type has a negligible impact. According to our
simulations, the Li-LCO and Li-Li-rich SSLBs can deliver high
volumetric energy densities of over 500 W h L' with the
parameters provided in Fig. 10A-I. If the SSE thickness is 30 pm,
higher energy densities in the range of roughly 750 W h L™*
(80 wt% LCO or Li-rich) to 810 W h L™" (90 wt% LCO or Li-rich)
can be achieved. As mentioned above, the LCO and Li-rich chosen
here are high-voltage cathode materials, which are unlikely to be
realized in SSLBs in the near future. With this in mind, we further
calculated the volumetric energy densities of the Li-NMC-811
SSLBs. The volumetric energy densities of the Li-NMC-811 SSLBs
are a bit lower than those of the Li-LCO and Li-Li-rich SSLBs with
the same parameters. Nevertheless, with a SSE thickness of 30 um,
high volumetric energy densities in the range of 675 W h L™"
(80 wt% NMC-811) to 725 W h L™" (90 wt% NMC-811) can be
achieved. Among the four SSLB systems, Li-S and Li-LFP show the
lowest volumetric energy densities due to the nano-sized active
materials and the low density of the cathode composite. It is
very difficult to achieve a high volumetric energy density of over
500 W h L™ " when the thickness of the SSE is greater than 50 um.

To understand the gap between the energy density goals
(300 W h kg'" and 500 W h L") and the current state of
research more intuitively, the gravimetric and volumetric
energy densities of the aforementioned SSLB systems with a
30 pm SSE compared to some of the most widely reported SSEs
(PEO: 100 pm, LGPS/LLZO: 500 pum) are listed in Fig. 10J and K
respectively. The active material contents of the cathodes are
85 wt% for LFP, LCO, NMC-811 and Li-rich and 60 wt% for S.
For the polymer electrolytes, the widely reported thicknesses
are around 100 pm, which enable the Li-LFP, Li-LCO, Li-NMC-
811, Li-Li-rich and Li-S SSLBs with gravimetric energy densities
of 242, 304, 314, 370 and 377 W h kg '. Moreover, the
relevant volumetric energy densities are 345, 479, 537, 520
and 342 W h L™, respectively. In other words, if we ignore
the electrochemical performance and practical issues of
PEO electrolyte, the recently reported PEO electrolyte in the
literature can almost meet the requirements of both high
gravimetric energy density and volumetric energy density in
Li-Li-rich, Li-NMC-811 and Li-LCO systems. In contrast, in
most cases, the reported oxide- and sulfide-SSEs in SSLBs are
over 500 pum. According to our simulations, the gravimetric
energy densities are in the range of 40-104 W h kg™ ', while the
volumetric energy densities are in the range of 143-191 W h L™,
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which are significantly lower than the desired energy density goals.
In this regard, we can conclude that thin SSEs are of significance
for pursuing high energy density SSLBs. For polymer electrolyte,
we should be focused on enhancing the electrochemical
performance of SSLBs, such as extending the ESW to match
the high-voltage cathodes, and enhancing the Li dendrite
suppression capability of the electrolyte layer. For ceramic
SSEs, more effort should be devoted towards developing thin
SSEs with thicknesses less than 30 um.

3. Conclusions and perspectives

The pursuit of high safety and high energy density has accel-
erated the development of thin SSE-based SSLBs, especially for
EV applications. As illustrated in Fig. 11, compared with thick
SSEs, thin SSEs reduce the inactive material content and the
thickness of the pouch cells, thus improving the gravimetric/
volumetric energy density. Moreover, thin SSEs reduce internal
resistance, which is beneficial towards enhancing the rate
performance and power density. Additionally, the cost of SSLBs
can be reduced with thin layered SSEs, which is of significance
for promoting their commercialization. In this review, we
summarized the recent progress in thin layered SSE fabrication.
The rational structural/functional design of thin SSEs and their
application in different SSLB systems, including coin cells,
model cells and pouch cells, were introduced. Moreover, the
underlying Li" transport rules and the evolution of the SSE/
electrode interface were clarified via ex and in situ advanced
characterization techniques. Additionally, the gravimetric and
volumetric energy densities of SSLBs as functions of SSE
thickness with three types of SSEs (polymer, oxide and sulfide
SSEs) were evaluated. Through analysis of the battery components,
the target thicknesses of SSEs required to achieve practical gravi-
metric/volumetric energy densities over 300 W h kg™ /500 Wh L™*
were clarified. Although promising results have been achieved
using thin SSEs in SSLBs, there are still significant challenges

Mechanical
Properties
High
Energy Density

Li Dendrite
Formation
High
Power Density

Scalability
Low Cost

Fig. 11 Summary of the advantages and challenges of thin SSE-based
SSLBs.
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(in terms of mechanical strength, Li dendrite suppression,
scalability, etc.) that need to be overcome. The potential direc-
tions and outlook for SSLBs can be summarized as follows.

(1) The development of efficient fabrication strategies for thin
SSEs

Further effort is required to develop simple and scalable
fabrication methods for thin SSEs that can be used for indus-
trial applications. As we mentioned in Section 2.1, many
methods such as solution/slurry casting, hot pressing, solution
infusion, extrusion and 3D printing have been developed for
thin SSE fabrication. Among these methods, solution casting
has already been demonstrated to be an effective, simple and
scalable strategy to develop thin SPEs with thicknesses less
than 100 pm.**'°® However, for ceramic SSEs, it remains
challenging to fabricate large sheets of thin SSEs. For instance,
as listed in Table S1 (ESIt), tape casting is the most widely
adopted method for oxide-SSE fabrication and several reports
have proved its potential for scalability.*’***® Nevertheless,
there have yet to be reports on free-standing oxide SSEs over
10 cm 2 after annealing. Moreover, the brittleness of oxide
SSEs, especially for thin SSEs, is another problem for battery
manufacturing. Thin SSEs have been prepared using a slurry
coating method, which is the most popular method for sulfide
SSE fabrication. During slurry preparation, the choice of sui-
table solvent and binder is critical for electrolyte compatibility
and mechanical properties. Moreover, the appropriate propor-
tion of binder in the slurry is also important. The SSE particles
will have poor interconnectivity if the binder proportion is too
small. On the other hand, a high binder proportion will lead
to discontinuous Li" transport pathways and poor ionic
conductivity.’”** The dry film method should be a very impor-
tant direction in the future though it hasn’t been used for thin
SSE fabrication. It has already demonstrated its ability in the
fabrication of large-size cathodes with thicknesses less than
100 pum.*>"*” It is also worth mentioning that it is a solvent-free
process and the binder content can be controlled as less than
0.1 wt%, which is of significance for producing large size SSE
sheets with the well-maintained intrinsic ionic conductivity of
SSEs. Equally important, a suitable transfer technique should
be developed simultaneously to transfer the SSEs from the
substrate to the surfaces of the electrodes. Despite the positive
effect of reduced SSE thickness on improving both energy
density and power density, the safety concerns associated with
worsened mechanical strength should be taken into consideration.
Thin SSEs should be endowed with strong mechanical strength to
prevent electrode material penetration during battery assembly,
especially under high-pressure to ensure good contact between
electrodes and electrolyte. For the practical application of SSLBs,
a single SSE may not meet the all the requirements in terms of
flexibility, Young’s modulus, interfacial compatibility, ESW, ionic
conductivity, etc. To compromise the drawbacks of single-
component SSEs, the rational design of hybrid SSEs by combining
two or more SSEs to balance the properties of each component
may be a good solution. For instance, the introduction of SPEs can
enhance the flexibility as well as solve the interface issues, while

Energy Environ. Sci.

View Article Online

Energy & Environmental Science

ceramic SSEs are able to improve the ionic conductivity and
mechanical strength to some extent. Additionally, most of the
SPEs are stable to the Li anode, while oxide and halide SSEs
show higher oxidization potentials. Their combination is expected
to extend the ESW of composite SSEs and enables their successful
application in high-voltage SSLB systems.

(2) Improving the compatibility between thin SSEs and
anodes/cathodes

According to the simulation results presented in Section 2.5, in
order to achieve an energy density of 300 W h kg™ '/500 Wh L™,
thin SSEs should couple with high areal capacity cathodes (e.g.
LFP, LCO and NMC8-11; Li-rich: 4 mA h cm 2, S: 6 mA h cm ™).
The thickness change of the electroactive Li during plating/
stripping is in the range of 20-30 um. Moreover, consideration
of the volume change of the cathode should not be neglected,
especially for sulfur (80 vol%). Whether the mechanical strength
of thin SSEs can tolerate the volume change during cycling
should be further explored. To solve the issues with electrode
volume fluctuation, several potential solutions are suggested.
(1) The positive effect of externally applied pressure in improving
the cycling performance should be considered, and smart
package designs with applied pressure on pouch cells may be
beneficial."****° (2) Electrode design with void space for volume
expansion. (3) Balancing the net volume change between two
cathode materials with opposite volume expansion trends. For
instance, Janek’s group successfully combined LCO and NMC-
811 to achieve an electrode with less overall volume fluctuation,
where the volume contraction of NCM-811 was compensated
for by the volume expansion of LCO during delithiation.'*°
(4) Introduction of flexible components into thin SSEs to
enhance their flexibility, thus improving their ability to tolerate
volume change during cycling. Besides energy density, power
density is equally important in practical application. Reducing
the tortuosity of Li*/e” transport pathways and building contin-
uous Li'/e” pathways are effective strategies. For instance,
increasing the ratio of Li' to e~ conductors in the electrode
can help improve power density. Another effective strategy is to
develop 3D continuous Li" transport pathways in both anodes
and cathodes to facilitate Li" transport in the electrode
(a vertically-aligned structure is more suitable).'**** Never-
theless, both of the strategies will require sacrifice of some
energy density. In this regard, the energy density and power
density should be balanced for practical application.

It is well known that one of the biggest advantages of SSLBs
over traditional LIBs is their potential for high energy density
when coupled with a Li anode. However, Li dendrite growth
is still a critical bottleneck for the development of SSLBs,
especially at high operating current densities and high
capacities."*>'*® The situation will be more serious in thin
SSE-based SSLB systems where Li dendrites have a shorter
penetration depth before short-circuit. Using graphite and
Li-metal alloys instead of Li metal has been proven to be an
effective method to prolong the cycling life of SSLBs.**%*'%7
However, the higher potential of Li-metal alloys vs. Li'/Li
(e.g. Li-In: ~0.6 V) and the low capacity output of graphite will
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reduce the practical energy density. The application of a thin
graphite or Li-metal alloy layer on the surface of the Li anode to
maximize energy density and minimize voltage loss is worth
further investigation.'*”'*® Moreover, high-efficiency anode-
free SSLBs have the potential to realize high energy density cell
configurations.>*'*® Additionally, the development of effective
Li protection methods is critical towards achieving stable and
long-term electrochemical cycling of SSLBs.**** Last but not
least, according to Wang’s report, the high electronic conduc-
tivity of SSEs is mostly responsible for dendrite formation.
Lowering the electronic conductivity is therefore critical for
suppressing Li dendrite formation and paving the way for the
success of SSLBs."*°

The ESW of SSEs is another consideration and should match
the anode and cathode in different SSLB systems. For oxide-
and halide-based SSEs, in most cases, their oxidization stability
potentials are over 4.2 V, which can meet the requirements of
high-voltage SSLBs.'>'”®° According to Mo’s simulation,
F-based halide SSEs will have oxidization potentials greater
than 6 V."® Nevertheless, their stability towards the Li anode is a
big challenge due to the existence of high-valence metal-ions
(e.g. LATP, LizInClg). The formation of a mixed electronically-
ionically conductive interface will lead to the continuous
decomposition of SSEs and increase of interfacial resistance.
The introduction of buffer layers to limit the direct contact of
SSE and the Li anode is one proposed direction, where the
buffer layer should have reasonable thickness and relatively
high ionic conductivity to reduce the Li* transport resistance at
the interfaces.’> When the buffer layer is another type of SSE,
such as SPEs, Li;PS, or LigPS5Cl, the structure is referred to as a
double-layer SSE.'*'*> The buffer layer SSE is beneficial for
inhibiting side reactions, while oxide- or halide-SSEs help
suppress Li dendrite formation to some extent. To reduce the
effect of the buffer layer on lowering the energy density, thin
buffer layers are required. Methods such as physical vapor
deposition and atomic layer deposition that are used to fabri-
cate SSEs in the nano-scale are promising, leading to the
maintenance of the high ionic conductivity of SSEs as well as
high energy density.>'>® Moreover, the replacement of high-
valence metal-ions (e.g. In**, Ti'") and halogen elements
(e.g. Cl, Br) with low-valence metal-ions (e.g. Mg®") and F may
be another promising direction to extend the reduction stability
potential.’® Of course, the ionic conductivity and reduction
stability potential should be carefully balanced in this direction.
SPEs (typically PEO-based SPEs) and metal-free sulfide-SSEs can
be considered as Li anode stable SSEs through either the for-
mation of a stable SEI or no side reactions. Furthermore, the
oxidization stability response to high voltages is also challenging.
Introducing inorganic fillers, changing functional groups, and
adding another high-voltage-stable SSE layer to the cathode
are effective methods to extend the oxidization stability windows
of SPEs.*>®%% Another potential direction is the combination
of oxidization-tolerant polymers with high-ionic-conductivity
inorganic SSEs, which can lead to composite SSEs with both high
ionic conductivity and high oxidization stability.">* For sulfide
SSEs, the best way to realize their utilization in high-voltage SSLB
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systems is to inhibit the direct contact between SSEs and cathode
materials via coating methods due to their poor oxidation
stability.?”'%°

For practical application, it is imperative to design thin SSEs
that are compatible with both anodes and cathodes. For
instance, SPE-based SSEs (e.g. PEO) show high solubility of
polysulfides. Introducing some oxide SSEs as fillers is a strategy
to that can limit polysulfide shuttling. On the other hand, oxide
SSEs shows poor interfacial compatibility with cathodes/
anodes, which can be solved by introducing a thin layer of
SPE at the interface. Other types of SSEs such as sulfide and
halide SSEs show poor Li stability. Similarly, SPE can also be
used to stabilize SSE/Li interfaces. With this in mind, the
combination of two or more types of SSEs may be a promising
direction to realize practical SSLBs.

(3) Battery manufacturing

Battery manufacturing is another important consideration for
high energy density SSLBs based on thin SSEs. The stacking
manufacturing method is a similar approach applied in state-
of-the-art liquid electrolyte-based LIBs. However, in the liquid
electrolyte systems, the interface issue can be ignored due to
the high ionic conductivity and good wettability of liquid
electrolytes. In contrast, the assembly of individually con-
structed components in SSLBs will lead to serious interfacial
issues. Post-treatment processes such as heating, pressing, and
liquid electrolyte infusion should be investigated for practical
application. Slurry casting and extrusion manufacturing processes
show promising potential due to their ease of automation.>®””
Nevertheless, only a few products have been produced. With this
in mind, more effort should be devoted towards developing pouch
cells based on these two methods. It is likely that large-scale
manufacturing will be first achieved with polymer and polymer-
based hybrid electrolytes due to their better mechanical properties
and environmental stability. As one of the most popular methods,
tape casting has been widely used in fabricating thin oxide
SSEs and SSLBs. Nevertheless, the manufacturing efficiency and
scalability are still insufficient compared with the aforementioned
processes. In addition, more battery manufacturing methods
should be explored, especially for the development of large size
oxide-based SSLBs.***

(4) Advanced characterization techniques

Advanced characterization techniques are helpful for under-
standing the underlying Li" transport rules, reaction processes
and mechanisms in SSLBs, which can provide guidance for
the rational design of SSEs with high ionic conductivity and
compatibility with electrodes. In situ characterization techni-
ques are more informative than ex situ characterization tech-
niques. With this in mind, more effort should be devoted
towards developing novel characterization techniques aimed
to reveal the underlying mechanisms related to anodes,
cathodes, and SSEs and their interfaces. Considering the
limited and incomplete information obtained from any indivi-
dual characterization technique, we strongly recommend the
combination of multiple in situ characterization techniques to
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provide a more comprehensive understanding to aid in the
development of high-performance SSLBs.

Generally speaking, thin SSEs are essential to realizing high
energy density SSLBs. However, their development and manu-
facturing are still in a state of infancy and more work should be
focused on both fundamental studies and engineering design
to solve the many challenges.
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