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A review of composite solid state electrolytes for lithium
batteries: Fundamentals, key materials and advanced structures

Yun zheng,® Yuze Yao,? Jiahua Ou,® Matthew Li,® Dan Luo,® Haozhen Dou,? Zhaogiang Li,® Khalil
Amine,© Aiping Yu,? Zhongwei Chen?*

All-solid-state lithium ion batteries (ASSLBs) have been considered as the next-generation device for energy stroage due to
their advantages in safety and potentially high energy density. As the key component in ASSLBs, solid-state electrolytes
(SSEs) with non-flammability and good adaptability to lithium metal anodes have attracted extensive attention in recent
years. Among current SSEs, composite solid state electrolytes (CSSEs) with multiple phases have a more flexible approach
to customize and combine the advantages of each single-phase electrolyte, which have been widely investigated recently
and regarded as promising candidates for commercial ASSLBs. Based on existing investigation, this paper puts forth a
comprehensive overview of recent developments in CSSEs. Here, we first introduce the historical development from solid-
state ionic conductors to CSSEs, then summarize the fundamentals including mechanisms of lithium ion transport, key
evaluation parameters, design principles, and key materials. Four main types of advanced structures for CSSEs are classified
and highlighted according to recent progress. Moreover, advanced characterization and computational simulation
techniques including machine learning are reviewed for the first time, main challenges and perspectives of CSSEs are also

provided for future development.

1. Introduction of CSSEs

Increasing global consumption of fossil fuels and consequently
undesired climate change, as well as environmental destruction are
severe challenges to our humankind'. Renewable storage and
conversion are extremely important to deal with those challenges and
should therefore be further developed.*7 Among all current energy
storage and conversion systems, lithium batteries, such as lithium-
ion,%? lithium metal,'® and lithium-sulfur batteries,'! are regarded as
one of the most convenient and efficient devices for energy utilization
due to their advantages such as high energy density, low self-
discharge rate, long cycle life, light weight!>13,

Lithium batteries with liquid electrolytes can present good
performance, in which the electrolyte solutions can offer high
conductivity and excellent wetting of electrode surfaces.'* However,
the liquid electrolytes based on highly volatile and flammable organic
solvent suffer from some drawbacks such as low ion selectivity,
inadequate stability, and the huge challenge of safety concern
especially.'> By comparison, the application of all-solid state lithium
battery (ASSLB) can not only mitigate those persistent issues,
especially for the safety and long-term electrochemical and thermal
stabilities, but can also further improve the energy/power densities
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and reduce the requirements for packaging and state-of-charge
monitoring circuits'>'®, Due to these benefits, a rapidly increasing
trend of investigations for solid state electrolytes used in lithium
batteries has emerged in recent years.!’-20

Generally, the widely investigated SSEs can be divided into two
main categories, including inorganic ceramic electrolytes and organic
polymeric electrolytes. The former is commonly based on oxides and
sulfides, the sulfide based ones, such as Li,S—P,Ss and Li,S—P,Ss—
MS;, show significantly high ionic conductivities under room
temperature (10 — 102 S cm!) and good mechanical strength and
flexibility.?! However, there are some drawbacks including low
oxidation stability, sensitive to H,O, and poor compatibility with
cathode materials.??> Oxide based solid electrolytes such as garnet
Li;La;Zr,0,, (LLZO), perovskite Li; 3Lag s¢TiO3 (LLTO), NASICON
(lithium superionic conductor) LiTi,(POy);, and LISICON (sodium
superionic conductor) Li;4Zn(GeQOy)4 are widely studied because their
good conductivity (104 S cm™!) and outstanding stability.?*> While the
nature of ceramics is rigid and the corresponding electrolytes are
difficult to process® (e.g. the Young’s modulus of monocrystalline
oxide garnets LLZO is about 150 GPa 2). In brief, the ionic
conductivity of inorganic SSEs is excellent while their mechanical
properties and interfacial impedance with electrodes are undesirable,
thus it is a challenge to achieve a large-scale manufacturing for further
applications 2.

The latter type of SSEs usually consists of polymer (e.g.
poly(ethylene oxide) (PEO), poly(vinylidene fluoride) (PVDF),
polyacrylonitrile (PAN), and poly(methyl methacrylate) (PMMA)) as
matrix and some lithium salts (e.g., LiClO4, LiTFSI (LiN(CF3S0,),),
LiAsFg, and LiPFg).!?728 Unlike crystalline inorganic electrolytes that
are brittle, the features of organic polymer electrolytes are light,
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flexible and scalable, which is compatible with electrode and more
feasible to match with the state-of-the-art manufacturing process.!?
While the thermal stability is limited, mechanical strength is
insufficient (e.g. the Young’s modulus of typical pristine PEO/LiTFSI
is only 0.4 MPa.?®), dendrite growth at the electrolyte/electrode
interface, and ionic conductivity which range from 10-¢ to 10 S cm'!
typically at room temperature, is too poor to be accepted in
commercial batteries. Although some methods are proposed to
improve the ionic conductivity of polymer based SSEs, such as the
further addition of lithium salts or the introduction of liquid
plasticizers into the polymer matrix, the stability and/or the
mechanical strength of polymer SSEs in most cases will worsened. 30~
3

To overcome the shortcomings of the single-phase inorganic or
polymer SSEs and even leverage their advantages, several recent
researches proposed that the marriage of those two or more different
components to form the composite solid-state electrolytes (CSSEs)
have exhibited varying degrees of performance improvement and
been considered as one of the most promising electrolytes in next-
generation lithium batteries. 3335 Moreover, the CSSEs are also
suitable for the development trend of flexible devices.

For better understanding of this topic, the early research process
from solid state ionic conductors to current CSSEs is introduced first.
As listed in Table 1, the development of solid electrolyte begins from
the early 1830s, Faraday found that the solid Ag,S and PbF, showed
remarkable ionic properties at 177 °C and near 500 °C respectively,
exhibiting conductivities comparable to metals 3¢. In 1851, Hittorf
further investigated this problem and confirmed that the Ag,S is
decomposable via electrolysis. After that, an increasing number of
solid ionic conductors were discovered 7.

In the end of the 19 century, people used the term “solid
electrolyte” and discovered more influencing factors for their
behaviours, which was typically introduced in a series of books The
Science of Electricity edited by Wiedemann (1893-1898) 38. In 1899,
Nernst proposed an anionic conductor as “glower” of electric lamp,
which is made from ZrO, with some Y,0; or CeO,. The particularly
favourable composition is 85% ZrO, and 15% Y,03, which is so-
called “Nerst mass” and further applied commercially 340, Frankly
speaking, very few materials were developed as high ionic conductor
in the solid state, especially under room temperature. However, the
1960s is a significant turning point for SSEs with high ionic
conductivity, a typical sign is the term “Solid State lonics”. In the
early 1960s, Takahashi and Yamamato developed a new solid
electrolyte Ag;SI, which had a very high Ag* conductivity of 1x10-2
Q cm! at 20°C, and further proposed an all solid state battery of
Ag/Ag;SV/I, on this basis 142, In 1967, B-alumina, with the empirical
formula Na,O-11A1,0;, was reported by Yao and Kummer, which
exhibited high Na* conductivity*’. On this base, Kummer and Weber
proposed the first Na/S battery using p-alumina as solid electrolyte
4445 Another case is the discovery of Ag;MIs (M = Rb, K, NH, etc),
a high-conductivity solid electrolyte proposed by Bradley and Greene
in 1966-1967 4647 and further studies in 1970s*8. After the successful
discoveries of high conductivity solid electrolytes, the related
practical applications have then been developed rapidly 164,

In addition to inorganic solid ionic conductors mentioned above,
a crystalline complexes of sodium and potassium salts with
poly(ethylene oxide) (PEO) was reported in 1973 3°, which is regarded
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as solid polymeric electrolyte and thus extending the scope of solid
state electrolyte into organic materials. In 1986, a new high energy
density battery system with long life and good safety, so-called Zebra
battery, was proposed by Coetzer et al., which is combination with a
liquid sodium anode, a solid-state cathode, and a B-alumina electrolyte
3152 Since 1980s, the term “Solid State Ionics™ is widely recognized
and this topic attracted increasing attention in worldwide.

Aside from the ionic (e.g. Ag*, Na*, O* etc.) solid electrolytes
introduced above, Armand and co-workers perceptively proposed the
solid polymeric electrolytes of “PEO+Li salts” system in 1979 33, and
many subsequent researches were reported in the 1980s, 3*55 which
exhibit high lithium-ion conductivity. After these, various lithium-ion
conductive polymer materials including PAN, PMMA and PVDF
have been further developed for lithium batteries 6. On the other hand,
with respect to inorganic lithium-ion solid state electrolyte, a lithium
phosphorus oxynitride (LiPON) material was exploited from Oak
Ridge National Laboratory in 1992 3%57, Only one year later after the
first commercialized lithium ion battery by Sony in 199138, Since then,
several types of inorganic lithium-ion conductive materials have been
widely investigated, including the oxide types such as perovskite,
NASICON, LISICON, garnet, etc.; the sulfide types such as LiS—
P,Ss, Li,S-P,Ss—MS,, etc; as well as the hydride type and halide type.

Furthermore, in 2000s, the scope of solid state electrolytes was
widely expanded in emerging lithium metal batteries including
lithium-air batteries, lithium-sulfur batteries and lithium-bromine
batteries.!®32 Very recently, to further combine the advantages of two
or more kinds of SSEs, CSSEs are proposed and used in ASSLBs to
further improve their performance and safety. Generally, current
researches of CSSEs used in ASSLBs can be divided into three
categories, inorganic-organic CSSEs, organic-organic CSSEs and
inorganic-inorganic CSSEs,>’>* the former is the most widely
investigated and will be mainly focused in this review.

Despite the current market not yet fully embracing the CSSEs,
patent applications as well as production scale for CSSE have risen
significantly the past decade.®®¢! Besides patents for specific solid
electrolyte materials, most patented battery designs involve some sort
of CSSE. Notably, Toyota announced large-scale production of a new
Prius EV utilizing all-solid-state batteries by mid 2020s. From their
published patents, it can be surmised that the general structure of at
least one of their batteries utilizes a layered inorganic-inorganic CSSE
where the anode contacting layer may be a thin layer of melted glass,
a high conductivity ceramic bulk layer, and possibly a thin cathode-
compatible inorganic solid electrolyte®?. Ionic Materials® patented a
layered organic-organic CSSE with one layer engineered specifically
against the anode surface®?; PolyPlus® patented an organic-inorganic
CSSE design involving a thin, but porous protective ceramic layer on
the anode surface and a composite organic electrolyte or even liquid
electrolyte as the bulk electrolyte which can also inhibit part of the
porous ceramic layer®. Rarely does a real world engineering
application require only one element to achieve optimal success. Yet
few systematic resources are yet available for researchers to review
known interactions between different elements and structures of
CSSE. Hence we have organized this comprehensive review to
specifically focused on CSSEs used in ASSLBs, which is significant
but rarely summarized in published review papers, although this
subject is necessary and might have a great impact on the efforts
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accelerating the progress of R&D as well as the technology’s
commercialization of lithium batteries.

In this review, the inorganic/polymer CSSEs used in lithium
batteries will be focused. First, aside from the historical development
of CSSEs introduced systematically above, the fundamentals such as
the mechanisms for Li transfer in CSSEs will be illuminated in detail.
Based on mechanism understanding and theoretical modelling, the
key topics discussed in this paper include design principles and
strategies, key materials and advanced structures, characterization and

ARTICLE

analysis methods, in which the researches using machine learning are
reviewed for the first time in this field. Finally, future research
directions are proposed to address challenges for technology
application and commercialization. We believe that this review paper
would appeal to the scientific research, academic, and industrial
communities worldwide, and also strongly believe that the CSSEs for
lithium batteries can be widely used for energy storage and conversion
with further research and development in the future.

Table 1 Early history from solid-state ionic conductors to composite solid-state electrolytes (CSSEs)

Time Materials Descriptions Ref.
1834 Ag,S and PbF, Faraday discoveried the remarkable ionic properties of Ag,S 36
and PbF, at 177°C and near 500°C respectively.
1851 Ag,S Decomposable electrolytically 65
1893 - The term ‘solid Electrolyte’ was in use 38
1899 ZrQ, with Y,0; or CeO, Nernst produced the anionic conductor as a “glower”. 39.40
1960s - the term "Solid State lonics" was named. 42
1966 Ag/Ag;SI/T, An all solid state battery was proposed Takahashi and 41,42
Yamamato.
1967 B-alumina (Na,O-11A1,0;) Exhibited high Na* conductivity. 43
1966-  AgsMlI;s A high-conductivity solid electrolyte proposed by Bradley and 4647
1967 (M =Rb, K, NHy4 etc) Greene.
1973 PEO with Na* and K" salts Discovery of solid polymer electrolyte, 30
1979 PEO with Li* salts “PEO+Li salts” system 3
1986-  Zebra battery with B- Practical specific energy of 130 W-h-Kg!, long life (>1000 51,52
1987 alumina electrolyte cycles), and high degree of safety.
1986 PEO/LiCF;SOs/polystyrene 54
1986 PEO/(LICIOs), PEO+Li salts” system 55
1992 LiPON Propose of inorganic lithium-ion solid state electrolyte system 56,57

* PEO, poly(ethylene oxide); LiPON, lithium phosphorus oxynitride.

2. Fundamentals of lithium ionic transport in solid
state electrolytes

The optimization and development of SSEs with high ionic
conductivities and high stabilities are significantly important for
further application of ASSLBs, which depend on a better
understanding of fundamentals of SSEs®. Therefore, the
fundamentals of each component in CSSEs are introduced in this
section.

2.1. Basic structures and electrochemical processes of ASSLBs with
CSSEs

The basic structure of ASSLBs with CSSEs is shown in Fig. 1
(a), which is consisted of an anode, a cathode and the CSSE, here the
electrolyte acts as a lithium ionic conductor and a separator.
Specifically, according to the currently proposed structures and
components of CSSEs, we summarized them into four main categories,
as shown in Fig. 1 (b) to (d), including (1) inorganic fillers in polymer
matrix, where fillers are range from 0D to 2D, (Fig. 1(b)), (2)
heterogeneous layered structure (Fig.1 (c)), (3) 3D inorganic
continuous frameworks with polymer infiltration (Fig.1(d)), and (4)

This journal is © The Royal Society of Chemistry 20xx

open-framework related composite electrolytes, some open-
framework materials combined with polymers or other matrixs show

similar structures (Fig. 1(b)).

(@)

Anode Cathode

Current collector Current collector

Fig. 1 Schematic diagram of all-solid-state lithium batteries (ASSLBs) with various
composite solid state electrolytes (CSSEs). (a) structure of ASSLBs, (b) nanoparticle
filled in matrix, (c) heterogeneous layered structure, (d) inorganic continuous
framework with filled polymer, all these schematics are presented as a sample for
each category.
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As for the electrochemical processes, it is similar to those in the
lithium ion battery with liquid electrolytes. During charging, lithium
ions are de-intercalated from the crystal structure of cathode (e.g.
LiFePO,) and then conducted across the CSSEs into the anode (e.g.
lithium foil), while the generated electrons transfer from cathode to
anode via the external circuit. On the other hand, the processes are
opposite during the discharge for providing energy. It is worth
mentioning that the lithium ion transport process in CSSEs is more
complicated than that of common pure electrolyte, which will be
introduced in detail in following sections.

2.2. Key parameters to evaluate the performance of CSSEs
To better understand the CSSEs, some important physico-chemical
parameters in performance optimization of CSSEs are summarized in
this section, which includes ionic conductivity, ion transport number,
thermodynamic properties, chemical stability, and electrochemical
stability®’.
(1) Ionic conductivity

As one the most important indicators to evaluate a SSE, lithium
ionic conductivity (o) is highlighted here. In general, the ionic
conductivity can be modelled with reference to Arrhenius or/and
Vogel-Tammann-Fulcher (VTF) behaviours,®% the former is
usually used to describe to ionic transport in inorganic/ceramic solid
electrolyte materials, which is related to the lattice defects mechanism
and will be introduced detailed later, and also the ionic transport in
some crystalline polymers. The conductivity can be expressed as the
sum of all the moving charged species (i), and the Arrhenius behavior
of ionic conductivity can be shown as the following Eqn (1). 707!

—E,
o =X qicui=05exp (7)) (1)

where the ¢, ¢;, 1; are the charge number, charge concentration, and
the mobility of the charged species, respectively. o, is the pre-
exponential factor, which is related to the number of charge carriers,
E, is the activation energy for lithium ionic conductivity; k£ and T are
the Boltzmann constant and temperature. More details of the
derivative process of this equation from ionic hopping probability (p),
hopping frequency (v) and motional free energy (AGy,) can be seen in
the reference 7'.

With respect to solid polymer electrolyte materials, ionic
transport is achieved by intra- or inter-chain hopping which is coupled
with the movement of segmental polymer chain with sequential
coordinated sites. Although some controversial points still exist, the
prevailing view to describe the ionic conductivity behaviour in
amorphous solid polymer is the VTF model, as shown in Eqn (2)3267:

1

—- B
o =0T ‘exp( —ﬁ) 2)

0

where B is so-called pseudoactivation energy, which is expressed in
units of E,/k; and the T} is reference temperature and about 10 to 50
K lower than the glass transition temperature (7,). VIF behaviours
are generally observed in solid polymer electrolytes above the glass
transition temperature (T,) of the polymer matrix.®

When it comes to the CSSEs, those two equations will be
combined to calculated the overall conductivity, depending on their
specific compositions and structures. For instance, the ion conduction
behavior in binary polymer (polymer with lithium salt) or
nanofillers/polymer (namely, polymer, lithium salt, and additive)
CSSEs are also described by VTF model showed as Eqn (2)
commonly. Some mechanisms and calculation models for the ionic
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conductivity at local interfacial region in CCSEs with various
structures are also proposed and would be further introduced later.
(2) Li" ion transference number

In addition to ionic conductivity, Li* transference (or transport)
number (Zp) is also an important parameter to evaluate the process
occurred in CSSEs. To be specific, the electrolyte with a high tp can
enable a fast charge—discharge capability even with relatively low
ionic conductivity, 7>73 suppression of the lithium dendrite,’* and even
long-cycling with Li metal anode.’>’¢ The tp of a given ion B in
solution is defined as the contributed fraction of the total current
carried through the electrolyte by this ion B, namely, the tg = I/I.
Where the Ip is the contributed current carried by ion B and the [ is
total current carried through the electrolyte. The overall transference
number is Xtp= Xt4+ + Xt_, where the t+ and t_ are the
transference number of cations and anions, respectively. For a single
salt of monovalent ions, where the ions in the same electric potential
gradient, the tp can be presented as below:

t. = M+ _ H—
T T ul tus - Tl s ®)

where the 1 + and U — are the ionic monilities of cations and anions,
respectively, with the unit of m?-s''-V-1. There are some methods
including Hittorf method 77, boundary moving method’®, and EMF
(Electromotive Force) method 7°, which are usually applied to the
research of liquid electrolyte. Regarding the solid electrolytes (e.g
polymer electrolyte especially) for lithium batteries, Bruce e al.%0
proposed the ac/dc method based on the steady state technique to
combine the dc polarization and impedance spectroscopy to determine
the tp value. In this regard, a small dc pulse is applied on a
symmetrical Lilsolid electrolyteILi cell, then the initial (lo) and
steady-state (Iss) current which flow through the cell, as well as the
initial (Ro) and steady states (Rss) resistance of the two Li interfaces
are measured to calculate the transference number of Li* ion (tLi+)
according to the Evans—Vincent-Bruce equation 80-82) as shown in
Eqn (4):
I5(AV — IoRo)

tLi* = 1oV —1.Rr) )

Where the AV is for dc pulse, namely, the dc polarization voltage
applied across the solid electrolyte. Unlike the solid polymer
electrolytes, the inorganic solid electrolytes, especially the oxides
based inorganic electrolyte, are commonly used as a single lithium ion
conductor, thus the transference number of them is roughly equal to
one. On the other hand, as another established, non-electrochemical
method, Pulse Magnetic Field Gradient (PMFG) NMR (Nuclear
Magnetic Resonance) can also be used for measuring the self-
diffusion coeffcients (D;) and calcalating t1;+ and according to Eqn

(5):
D,

tit =5, ¥ p_ (%)

Where the D + and D — are the self-diffusion coefficients of cations
and anions, respectively. And i is noticeable that the ion—ion
interactions is assumed negligible in this method.

When it comes to the inorganic/polymer CSSEs, some
researchers still use the Evans—Vincent-Bruce equation to calculate
the tp value. For instance, J Ou ef al. 3 developed an ionic liquid-
assisted PEO-LAGP (Li; sAlysGe; sP301,)-EMITESI (Lithium bis

(trifluoro  methane-sulfonyl) imide) composite -electrolyte for

This journal is © The Royal Society of Chemistry 20xx
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advanced solid state lithium ion batteries, in which the ti;+ was
calculated with reference to the Evans—Vincent—Bruce equation. This
model might be able to match the CSSE consisting of polymer and a
few ceramic particles, but other models and related equations need to
be further developed for other advance structural CSSEs, such as
interconnected nanowires or three-dimensional (3D) framework, even
the vertically aligned structure mentioned above.
(3) Mechanical property

Mechanical properties are those which affect the mechanical
strength and ability of a material to be molded in suitable shape, which
include strength, toughness, brittleness, hardness, resilience, and so
on.%> When it comes to SSEs used in lithium batteries, their
mechanical strength, i.e. the ability to withstand the stress of physical
forces, plans an important role in lithium batteries with long cycling,
high energy density and high voltage. 23 Typically, the indicators of
Yang’s elastic moduli (£, MPa) and shear moduli (G, MPa) as defined
in Eqns (6) and (7) respectively, are widely used to descript the

mechanical strength. 2586
, A+n1-2v)

E=Vip a1-v (6)
E
G=Ja% v) Q)

where V; is Longitudinal velocity, p is the density, v is Poisson’s ratio
(e.g. v = 0.257). Those parameters can be measured by techniques
such as acoustic impulse excitation, nanoindentation, etc. *> In
addition to the Yang’s moduli and shear moduli, some other indicators
including maximum stress (MPa), strain at break (mm mm™!), and
toughness (MJ m™) are also very useful to describe the mechanical
properties of SSEs used in lithium batteries.®

(4) Electrochemical stability

A good electrochemical stability should also be considered in the
design of the electrolyte for lithium batteries. To be specific, some
parameters, including electrode/solid electrolyte interfacial resistance,
solid electrochemical interface (SEI) formation, and the materials’
electrochemical behaviors during battery cycling tests are measured
by electrochemical impedance spectroscopy (EIS) ¢7. For lithium
batteries, SEIs are formed thermodynamically favorably at the
electrode-electrolyte interfaces, especially with incompatible
electrode-electrolyte interfaces and may consume the electrolyte such
as in the case of liquid electrolyte and lithium anode. This will limit
both operating voltage and deliverable capacity. The interfacial
behavior can be evaluated by the resistance change during the running
of a symmetrical Li|electrolyte|Li cell. The imaginary (Z") and real (Z)
part of Nyquist plot measured from impedance spectroscopy can be
separated and analysed into various resistances contributes from bulk,
grain boundary and the electrode/electrolyte interfacial region. The
interface between electrode and solid electrolyte behaves like a
parallel resistance—capacitance circuit (RC) and can be presented as a
semicircle in Nyquist plot.

Aside from interfacial resistance with operation time measured
by EIS, the range of electrochemical window, namely, the reduction
and oxidation potential limits, is also an important indicator to
evaluate the electrochemical stability of a solid electrolyte.
Specifically, electrolytes with wide electrochemical window is
conductive to obtain a batter interfacial stability and compatibility
with higher voltage operation, thus further enhancing energy density
of lithium batteries.?”8% In general, the electrochemical window is

This journal is © The Royal Society of Chemistry 20xx
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measured by applying linear sweep voltammetry (LSV) or cyclic
voltammetry (CV) on a standard or half-cell configuration, the latter
is usually consisted of a solid electrolyte, a Li metal used both as a
reference and counter electrode, and a cathodic current collector as the
working electrode. For instance, K. Fu et al.® proposed an SSE with
3D garnet nanofiber networks for lithium batteries, the results of the
LSV on Lilelectrolyte|stainless steel half-cell showed a wide
electrochemical window range from 0 to 6 V vs. Li/Li*. Moreover, in
addition to experiments, density functional theory (DFT) simulations
are also performed to pre-evaluate the electrochemical stability for
SSEs?. For instance, the thermodynamic electrochemical stability
window of typical solid electrolytes Li¢(GeP,S;; and cubic
Li;La3Zr,O, are calculated using first principles computation and
combing with an experimental method to identify their intrinsic
stability windows’!.

(5) Battery test

The final battery performance is usually regarded as one of the
most important evaluation indicators in a research work, in addition
to evaluating the performance for SSEs separately, the feasibility and
stability of them worked as a component in an assembled lithium
battery is of the essence. The anode|electrolyte|cathode and/or
symmetrical Lilelectrolyte|Li cells are usually assembled and cycled
in an appropriate voltage range to study the cycling behavior with
various temperatures, current densities, and/or discharge rates (C) ¢7.
Base on this method, the specific capacity (mA-h-g!) and the
charging/discharging efficiency can be calculated according to the
obtained voltage profile of the continued lithium plating/stripping
cycling with time.

Aside from those parameters measured via electrochemical
methods mentioned above, some other points such as thermal
properties and chemical stability are also important for solid
electrolyte materials, which can be evaluated by differential scanning
calorimetry (DSC) and thermogravimetry (TGA).

2.3. Mechanisms of Li ionic transport in CSSEs

Mechanisms of Li ionic transport in SSEs need to be highlighted
first, because the lithium ion conductivity can be regarded as one of
the most important indicators to evaluate the performance of a solid
state electrolyte. The understanding of the Li ionic transport
mechanism is also crucial for designing and optimizing the high
conductive SSEs. For CSSEs, the lithium ions can transfer in the
inorganic, organic, or their interfacial regions of the CSSE. Lithium
ions may transfer in only one and up to all three regions. More details
for the theories of Li-ion conduction in CSSEs are presented as
follows.

2.3.1. Mechanisms of Li ionic transport in active inorganic region
In crystalline solid materials, ionic conductivity strongly relies
on the defects of the crystal structure, which mainly includes point
defects, line defects, planar defects, volume defects, and electron
defects %. Among them, the point defects play an important roles in
lithium ions diffusion mechanisms, the schematic diagram of some
typical point defects is shown in Fig. 2(a)'®. The most representative
point defects are the Frenkel defect (anion vacancy accompanied by a
cation interstitial) and Schottky defect (cation vacancy accompanied
by anion vacancy). To be specific, the mechanisms based on point
defects can be divided into vacancy (defect) mechanisms and non-
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vacancy (non-defect) mechanisms, in which the former category
includes simple vacancy mechanism and vacancy mechanism, and the
later one includes interstitial mechanism, collective mechanism, and
interstitial-substitutional exchange mechanism %2.

The schematic of vacancy mechanism is shown in Fig. 2(b),
where the Lithium ions can move from the previous equilibrium
position to the adjacent vacancy to achieve the diffusion®>. Much
smaller lattice strain during atom hopping is involved for vacancy
mechanism, which leads to a much lower activation energy barrier.
Obviously, the transport kinetics are primarily influenced by vacancy
concentration in the lattice, which can well explain the different
lithium migration pathway and energy barrier for mono-vacancy and
more vacancies (diffusion via aggregates of vacancies) **. Moreover,
some other factors such as the category of ions near the diffusion path,
or the configuration and distance of the surrounding vacancy or the
doped cations can also can affect the energy barrier of lithium ions
diffusion®.

Regarding the non-vacancy mechanisms, one of the
representatives is interstitial mechanism, which including the direct
interstitial diffusion and the interstitial knock-off diffusion, as shown
in Fig. 2 (c) and (d). For the former, the interstitial ion can directly
move to an adjacent interstitial site, which is called direct interstitial
mechanism. Generally, the interstitial atoms are much smaller than the
matrix ones, and a large lattice strain will be formed during this
migration process. The other interstitial diffusion is indirect, while it
is commonly observed for lithium ions diffusion in lithium ion
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batteries, especially for high lithium ion concentration. In this case,
the interstitial atom first kicks the matrix atom, and this removed
matrix atom subsequently migrates to another adjacent interstitial site,
as shown in Fig. 2 (d). The size of interstitial atom can be similar or
even the same as the matrix one. This indirect interstitial diffusion
mechanism is known as knock-off mechanism or also can be regarded
as a collective mechanism, which is due to that there are at least two
atoms moving simultaneously in this process®2.

Another situation can be referred to as interstitial-substitutional
exchange mechanism, which is also a collective mechanism and can
be divided into two categories. The direct exchange and the ring
diffusion are as shown in Fig. 2(e). For the former, two atoms move
simultaneously and swap the lattice sites with each other, and in the
latter, a group of atoms (three or more) move as a ring for one atom
distance to new positions. Comparing with vacancy mechanism, the
non-vacancy mechanisms, namely the non-defects diffusion, is much
more difficult because of the higher migration barrier energy. Similar
to the diffusion mechanisms in inorganic crystalline electrolyte, the
lithium ionic transport process in inorganic amorphous materials
(typically glass) also involves the migration from one local site into
the neighboring sites'®%. Aside from framework and ionic
arrangement, the interaction between the structural skeleton and
charge carriers is also important during the diffusion process.
However, some inorganic solid electrolyte materials can’t be clearly
distinguished into ceramics or glasses, the lithium ion diffusion
process should be further confirmed.
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Fig. 2 schematic diagram of (a) some typical point defects in inorganic part of CSSEs®, reprinted with permission from ref. 66. Copyright 2018, Elsevier Ltd. (b) vacancy

diffusion mechanism, (c) direct interstitial mechanism, (d) interstitial knock-off mechanism, and (e) direct exchange and ring mechanism %7. Reprinted with permission

from ref. 97. Chinese Physical Society and I0P Publishing Ltd.

2.3.2. Mechanisms of Li ionic transport in active organic (polymer)
region

In most cases, organic (polymer) electrolytes are usually used as the
matrix in CSSEs. The polymer electrolyte materials for lithium
batteries can be divided into two classes, gel polymer and dry polymer,
the latter one can be used in ASSLB and will be focused in this review

6 | J. Name., 2012, 00, 1-3

article. In general, lithium salts (Li* and anion groups.) are commonly
added and dissolved in the solid polymers with sequential polar
groups (e.g. —-O—, =0, —S—, -N—, —-P—, —-C=0, and —C=N)) to enable the
lithium ionic conductivities of polymer based solid electrolytes®®. The
mechanisms of Li ionic transport in solid polymer electrolyte swollen

This journal is © The Royal Society of Chemistry 20xx
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with lithium salts will be introduced in this section, which mainly
includes free-volume model and ion conduction model®3.

Generally speaking, ion transport in solid polymer electrolytes
mainly occurs in amorphous regions above their T,.%%!% Accordingly,
the free-volume model and related derived theories are widely
accepted to descript ionic transport mechanism in amorphous regions.
Specifically, the lithium ions are located at suitable coordination sites
(e.g., —O— in polyethylene oxide, —CN in polyacrylonitrile, -NR in
polyamide, etc.) of the segmental chain. And the polymer chains
undergo local segmental motions in a quasi-liquid behavior, as if there
are some free volume around it. Thus the Li* can hop from one
coordination site to the others through these free volumes in one chain
or between different chains under the effect of an electric field.*®10!
The relationship between temperature and ion conductivity based on
free-volume model can be described by the VFT equation mentioned
above.

In addition to the ionic transport mechanism mainly in
amorphous regions, ionic conduction model can be applied in
crystalline phases of solid polymer electrolytes, in which the Li*
transport is less dependent on the segmental motion and can be mainly
described by the Arrhenius equation. Although it’s widely recognized
that the ionic transport kinetics in amorphous regions with activated
chain segments is much faster than that in crystalline phase
before,!0%103 it’s verified that the ionic transport in crystalline phases
can be achieved and even higher than that in amorphous in more and
more cases. Gadjourova et al. proposed that ionic conductivity of
crystalline phase in the static, ordered environment can be higher than
the equivalent amorphous phase above T,'% As shown in Fig. 3, in
the crystalline phase of PEO4:LiXFs (X = P, As or Sb), the pairs of
polymer (the PEO) chains fold to form cylindrical tunnels, within
which the lithium ions are located at the coordination sites (—-O— in
PEO), while the anions XF¢ are located outside and uncoordinated by
the anions. In this structure, the Li* ions can transfer along the tunnels
via the adjacent coordination sites, which is without the aid of
segmental motion of polymer chains®®1%4, On this basis, Stoeva!%4,
Christie 1%, Zhang!% and Lilley'?? et al. in the same group also
proposed that the ionic conductivity can be improved by 1.5 to 2
orders of magnitude with further modification for these stoichiometric
crystalline complexes by replacing the XF¢ ions.

Fig. 3 The structure of a typical solid polymer electrolyte material (poly(ethylene
oxide)g:LiAsFg) (a) view along the chain axis for Li* transport pathway, (b) view of

relative position of the chains and their conformation. (Blue, Li; white, As; pink, F;

This journal is © The Royal Society of Chemistry 20xx
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light and dark greens are for C and O in chain 1; light and dark reds are for C and O
in chain 2) 100108 Reprinted with permission from ref. 100,108. Copyright 2001 and
1999 Nature Publishing Group.

In short, the ion transport mechanisms in polymer electrolyte
materials is a complex and even controversial topic, which is due to
the nature of those materials, depending on the factors such as the
temperature, polymer type, molecular weight, polymer structure,
dissociation ability and concentrations of Li salts in polymers, etc.%3.
It seems that mechanisms of Li ionic transport in polymer phase is still
not fully understood and needs continued research endeavor.

2.3.3. Mechanisms of Li ionic transport at interfacial region

In general, there are three parts for each CSSE, including the bulk
of each of the main components, and their interfacial regions. The
components can be the inorganics or the organics (typically polymer).
Moreover, the main components are either passive, active, or a
combination of both. A case in point is the inorganic/polymer CSSEs,
where the inactive component such as SiO,, Al,O;, and ZrO, can be
used as the fillers in polymer matrix, or the frameworks with filled
polymer 1%, so do the active components such as LLZO, LLTO,
LATP. On the other hand, the polymer can also be divided into passive
or active in CSSEs. For example, polyimide (PI)/PEO with lithium
salt, namely the polymer/polymer CSSE, was proposed by Jiayu Wan
et al 31, in which the PI acted as the passive structure and provided the
aligned framework for the active component, PEO.

The mechanisms of Li* ion transport in the bulks of those active
inorganic or polymer electrolytes have been introduced in the
previous section. However, the mechanism at interfacial regions are
much more complicated and largely depends on the specific
constitution and structure of the various CSSEs. Regarding one typical
type of CSSEs, which consists of inactive inorganic fillers and active
polymer matrix, there are two reasons to explain the conductivity
improvement at interfacial regions: (1) the addition of inorganic fillers
can modify the local structure of polymer chains by decreasing their
crystallinity and glass transition temperature. And (2) the inorganic
fillers can also help the further dissociation of Li salts according to the
Lewis acid-base theory 32. More details will be introduced case by
case in Chapter 3.

2.4. Performance requirements for CSSEs

In an ASSLB with CSSEs, the electrolyte is sandwiched between
the cathode and anode, playing a crucial role in the electrochemical
performance and stability of batteries during long term operation.
Based on the fundamental parameters described in this section, the
performance requirements include high ionic conductivity,
appreciable Li" transference number, good electrochemical stability,
excellent chemical and thermal stability, as well as preferable
mechanical strength and flexibility®®. More details are introduced
below.

(1) High ionic conductivity

In general, the ionic conductivity (o) for a solid electrolyte
should be higher than 10 S-cm™!' at ambient temperature and even
enhanced to reach that of traditional liquid electrolytes (102 S-cm™)!1°,
For CSSEs, one of the biggest challenges for all-solid-state polymer
electrolyte is lower ionic conductivity for practical application.
Furthermore, it is much more preferable to organics (e.g. the 6 of PEO
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is about 10* S-cm’ under 65-78°C'%). While some ceramic
electrolytes have achieved ionic conductivities in the range of 102 S
cm!, that can only be achieved with a dense pellet with high
interfacial resistance, is not a practical stand-alone candidate.
Therefore, CSSEs can further facilitate ionic transport and self-
discharge can be minimized during battery operation®®, and is more
comparable with the ionic conductivities of liquid electrolytes (102 to
1073 S-cm! typically).
(2) Appreciable Li* ion transference number

The concentration polarization of electrolyte can be reduced with
larger Li* ion transference number (t1;+), which can further improve
power density®®. The ty;+ for typical inorganic solid electrolytes is
close to one, which is definitely preferable to that of CSSEs which
may contain polymer components with lower t1;+. Therefore, some
strategies need to be taken for improving the t1;+ of CSSEs before
structure designing or material selection. For instance, reducing the
mobility of anions in polymer components of CSSEs is an effective
strategy to increase the t1;+ significantly®® by anchoring anions to the
polymer backbone!'!'2 or introducing anion receptors to complex
with anions selectively!!3 can work for this purpose.
(3) Good electrochemical stability

In order to ensure the reversibility and stability of oxidation
reaction and the reduction reaction, the electrolyte must be attached to
both cathode and anode. For this purpose, the reduction potential limit
should be lower than that of lithium metal in anode and the oxidation
potential limit should be higher than embedding potential of lithium
ions in the cathode®®. Therefore, the difference between the potentials
of the oxidation reaction and the reduction reaction, namely, the
electrochemical window should be wide enough to guarantee the
reversibility and long term life cycle of the battery. To enable the
highest voltage output of a ASSLB, a wide electrochemical stability
window (0.0-5.0 V) is desired for an ideal CSSE °1.
(4) Excellent chemical and thermal stability

Side reactions should be avoided when the solid electrolyte is in
contact with the two electrodes, thus the basic requirement for a SSE
is chemical stability with the contacting components, which is a little
more difficult for CSSEs which consist of two or more different parts
to ensure safety, charge retention, and life cycle of the battery. On the
other hand, it’s very promising if the lithium battery can be operated
under a wider temperature range, thus the thermal stability for the
materials of CSSE is also very important for basic research and even
further applications of ASSLB. This can ensure the safety use of a
battery even in severe situations such as overcharge, short circuit or
thermal abuse®®. Particularly, aside from the interface between SSE
and electrodes, the chemical and thermal stabilities of the composite
materials are also required to be seriously considered before the
design of CSSEs.
(5) Preferable mechanical strength and flexibility

Good mechanical strength and flexibility of solid electrolyte is
very important for large-scale manufacture further practical
application of lithium batteries. The typical advantage of CSSEs used
in ASSLB is combining some preferable properties of consisted
components. A case in point is the preferable mechanical strength and
flexibility of ceramic/polymer CSSEs, which can combine the good
dimensional stability of ceramics and the elasticity of polymers as
well. In the case of polymer electrolytes and CSSE containing
polymer electrolytes, much research has been and is dedicated
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towards lowering the temperature required to achieve desirable ionic
conductivity at ambient temperature by plasticizing the polymer phase.
However, this sometimes come at the cost of its mechanical strength,
especially with organic plasticizers.

2.5. Basic single polymer or inorganic phase in CSSE
2.5.1 Solid polymer electrolyte

Solid polymer electrolytes (SPE) refer to lithium salts dissolved
in solid polymer materials which have inherent abilities to conduct
ions. One of the most promising material is poly(ethylene oxide)
(PEO), which was the first polymer host to be introduced as an SPE
with alkali metal salt®?. The ether oxygen in the repeating ethylene
oxide (EO) groups has a high donor number for Li* which is crucial
for solvation of lithium salt. Coupled with the mobility of polymer
chains and high dielectric constant, PEO is one of the most widely
studied polymer host for SPE!!'4, SPE have the advantage of not
hosting any liquids therefore mitigating the risk of electrolyte leakage.
However, the main drawback of SPE is its low conductivity, typically
from 10® to 10® S cm’! at ambient temperature depending on the
molecular weight of PEO and lithium salt''>.

There exists a jump in ionic conductivity for PEO as temperature
increases past its melting point (T,,). The traditional interpretation of
this phenomenon assumes the crystalline phase of PEO to have lower
conductivity than its amorphous counterpart due to its rigid nature. As
the crystalline phase decreases with increasing temperature, the
improved segmental movement of the PEO chains allow Li" to diffuse
easier, resulting in a jump in conductivity. However, Stoeva et al'%
demonstrated for PEO-LiXFs (X = P, As, Sb) the crystalline phase
shows much higher conductivity than that of amorphous phase at low
temperatures. Nevertheless, the SPE crystalline phase only exhibited
6.3x10% S cm'! at 28°C.

Efforts to plasticize PEO through solid fillers still proved to
improve ionic conductivity. Most notably, inactive ceramic fillers
such as Al,O;, TiO,, LiAlO,, and SiO, which do not conduct ions
independently have shown capabilities to improve the ionic
conductivity of PEO SPE at ambient temperatures as well as above
T, suggesting the fillers play more roles than simply suppressing the
recrystallization of PEO 116-128, Research has demonstrated the Lewis
acidic groups on the surface of the ceramic fillers can promote ion pair
dissociation, weakening bonds between Li* and the salt anions, and
the EO groups on the PEO backbone, further increasing ionic
conduction even above the melting point where no crystalline PEO
phase remains!2%130,

Normally, solid type fillers in SPE have the ability to disrupt
recrystallization of PEO as well promote Li* dissociation to increase
ionic conductivity and provide improvements to thermal and
mechanical properties. However, as the improvement in ionic
conductivity depend on surface interactions between the fillers and
PEO, the benefits are limited by the maximum filler loading, after
which the ionic conductivity drops due to filler agglomeration and
tortuous Li* pathway. Further modifications to nanofillers such as
surface functional groups or grafting onto PEO chains may provide
satisfactory ionic conductivity. More cases of this type of CSSE with
inorganic fillers in polymer matrix will be introduced in Chapter 3.

2.5.2. Inorganic solid electrolyte

This journal is © The Royal Society of Chemistry 20xx
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Inorganic solid electrolytes, often referred to as “ceramic

electrolytes” encompass crystalline, partial crystalline (glass-
ceramics), and amorphous glasses which have the ability to conduct
Li*. Inorganic solid electrolytes are known to have high thermal
stability and ionic conductivity amongst solid electrolytes. Inorganic
solid electrolytes have the distinctive feature of being single-ion
conductors, where lithium ions lithium transference number is near
unity except halides. Compared to liquid electrolytes where dissolved
ions move in a solvent, ceramic electrolytes conduct ions through
vacancies or interstitial sites which involves periodic bottlenecks in
energy. Most inorganic solid electrolytes can generally be divided into
oxides and sulfides. Lesser studied inorganic solid electrolytes such
as Li-hydrides (LiBH,, LizAlHg, Li;BH;NH,, etc)!3-135) and Li-
halides (Li; gNg4Clos, LioCdCly, Li3YClg, LizsInBrsCls, etc)!3¢-138 are
currently viewed as inferior due to disadvantages such as instability
against cathode materials or low ionic conductivity.

A crucial property of inorganic solid electrolyte is its
stability. Unstable lead to
decomposition of electrolyte, dendrite penetration, and overall low

electrochemical electrolytes can
cyclability of the cell. Most inorganic solid electrolytes despite
showing wide electrochemical stability window of 0-5 V, are not truly
thermodynamically stable®. Decomposition of the electrolyte at the
electrolyte-electrode interface forms a passivating layer known as the
solid-electrolyte-interface (SEI) layer which has a higher stability thus
extending the electrochemical stability window. The SEI layer is often
the cause of cell aging due to its higher ionic resistivity and uneven
formation. The exact mechanisms are widely unknown and is an
intensely researched topic.

(1) Oxide Solid Electrolyte

The most well-rounded type of inorganic solid electrolyte may
be the oxide solid electrolytes. With its higher stability against
ambient air and high temperature, manufacturing such material is
viewed to be most realistic in scaling up for industrial applications.
Oxide solid electrolytes can be mainly separated into perovskite,
NASICON-type, LISICON-type, garnet, and LiPON groups with
corresponding structure as listed in Table 2Error! Reference source
not found. showing their respective total ionic conductivity and
activation energy.

(1.1) Perovskite. One of the most well-researched perovskite
type (ABO3) solid electrolyte is the Liz,La, 3 - TiO3 (LLTO). This is
largely due to its high room temperature bulk ionic conductivity of 1
x 103 S cm™! with x = 0.1'3%. The conduction mechanism depends on
the A-site vacancy and thus the value of x plays a large role in ionic
conductivity'4?. However, the high grain boundary resistance which
can up be to two orders of magnitude higher than bulk resistance,
remains a major bottleneck for achieving high total ionic conductivity.
Studies on sintering conditions and elemental doping has yielded
some favorable results, increasing the total ionic conductivity up to
3.17x10* S cm! at 25°C!41, Furthermore, due to LLTO’s instability
against lithium metal or intercalated electrodes with cathodic potential
above 2.8V, the Ti*" can be reduced to Ti** which grants the
electrolyte electronic conductivity, leading to decomposition of the
electrolyte and short-circuiting of the cell'42.

(1.2) NASICON-type. NASICON was originally named as
sodium super ionic conductor, with the general structure of
AM,(BO,); first coined by Goodenough and Hong et. al. for their
1976143,

work on Na;,Zr,P;,Si,O;, in Lithium-containing

This journal is © The Royal Society of Chemistry 20xx
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NASICON-type electrolytes can be obtained by substituting Na* with
Li* in the A-site and utilized as high ion conducting lithium solid
electrolytes. Such electrolyte gained traction when the Li;+ M, Ti,.
«(POy); system was discovered to exhibit high ionic conductivity, with
AP substitution for M at x = 0.3 (LATP), yielding total ionic
conductivity of 7x10%4 S ¢m™! at 25°C'*. However, LATP suffers
from the same Ti*" reduction issue as LLTO and requires a lithium
protective layer to be utilized practically as an electrolyte. A more
recent NASICON-type electrolyte was found to exhibit room
temperature ionic conductivities between 7.5x10-5 and 5x104 S ¢cm!
145-147  Though reduction of Ge*" to Ge*' can still occur against
lithium metal, LAGP exhibits a more stable interface than LATP with
electrochemical stability up to 6 V versus Li/Lit145148,

(1.3) LISICON-type. LISICON (Lithium super ionic conductor)-
type structure include Li;,SiO,4 and y-Li;PO4 with XOy4-based (X = Al,
S, Si, Ge, Ti, or P) tetrahedral units, and Li—O polyhedrals. The first
LISICON-type electrolyte was discovered by Hong et. al. with the
general structure of Lijg.2,Dx(TOy)4, where D = Mg?" or Zn?*, and T
= Si** or Ge*". Tonic conductivity of 1.3x10"" S cm! was achieved at
300°C with the Lij4Zn(GeQy); composition'4®. LISICON-type
electrolytes generally exhibit ionic conductivity of roughly 103 S cm!
at room temperature which is amongst the lower range of oxide solid
electrolytes. LISICON-type electrolytes show high stability even in
moist air, allowing for ease of manufacturing and handling. However,
stability against lithium metal is relatively poor.

(1.4) Garnet. Ideal Garnets have a general formula of
A3B,(CO,); with cubic phase (la3d space group), where A is Ca, La,
Mg, Y, or rare earth elements; B is Al, Fe, Ga, Ge, Mn, Ni, or V; C is
Al, As, Fe, Ge, or Si*%151, The first discovery of garnet-type lithium
electrolyte is LisLa;M,0,, (M=Nb, Ta) by Thangadurai, where
LisLas;Ta,01, achieved total ionic conductivity of 3.4x10° S cm™! at
25°C 132, Garnet-type solid electrolytes show exceptional stability
against lithium metal anodes, with electrochemical stability > 6 V vs
Li*/Li at room temperature'>3. Notably, Li;La;Zr,0, (LLZO) have
been shown to stable against molten lithium metal and exhibits ionic
conductivity of 3x104 S cm™! at 25°C 134, Due to the high stability and
promising ionic conductivity of Li;La;Zr,01,, much work has been
done in elemental doping to further improve the performance of
LLZO in terms of improving ionic conductivity, and lowering
sintering temperature and activation energy.!>

(1.5) LiPON. Lithium phosphorous oxide nitride (LiPON) is an
amorphous phase solid electrolyte. The first LIPON electrolyte was
fabricated through d.c. magnetron sputtering with a Li;PO, target in
N, gas, which yielded Li; oPO33Ng4¢ with 3.3x10¢ S em! at 25°C.
Due to its high stability against lithium metal up to 5.5 V, it has been
a popular solid electrolyte'>¢ 158 However, limited by its low
conductivity, it has often been utilized as a lithium protective layer
due to sputtering techniques being able to control the thickness to
under 1 um!'.

(2) Sulfide Solid Electrolyte
Sulfide
conductivity as presented in Fig. 4, where Li;¢GeP,S;, is able to

solid electrolytes generally show higher ionic
compete with liquid electrolyte with above 102 S cm™! conductivity at
room temperature. The improvement over oxide electrolyte is

attributed to the lower electronegativity of S compared to O. Li* less
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strongly bonded to S result in higher ionic conductivity for sulfide
electrolytes.
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Fig. 4 Reported total ionic conductivity of solid-state lithium-ion conductors at
room temperature. 2* Reprinted with permission from ref. 24. Copyright 2016,

American Chemical Society.

10
10" b L TENERN T The flexible nature of glassy type sulfide electrolytes allows for
€ 10° rh Zs' ”“’“’Z“G’a‘:f’;; A better conformant to the volume change of the electrode materials.
-6."; 5 ol ; However, the conforming effect is still shown to be limited as studied
-4 Lip 34L30 5,710, 4 . . .
‘; 10 l' " with NCM-811 cathode material and B-Li;PS, electrolyte 190, where
E 10° | r g visible gaps form between the solid electrolyte and active material.
'g 10° I' :Ez-:;g‘: ‘ Furthermore, the formation of a resistive layer formed by oxidation of
2 = it ﬁ:::j::: PN, the sulfide electrolyte in the cathode along with gap formation result
g !" nsosFus0s ey 0w Tt e in the common irreversible capacity loss after the first cycle due to the
g 10° | r . oo, 5 U, narrow electrochemical stability window of most sulfide electrolytes.
2 !_ - tuen, TGN, The main drawback of sulfide electrolytes is its chemical instability,
LiZry(PO,)y . . e . . e
w b 4, L,Po.Cl s=ic including sensitivity towards moisture and oxygen, limiting
!' “on,, ” 4’4’»%, ey o, . . My gy Sk Vit production and handling of sulfide electrolytes to inert gas
ik environments. Due to the complications and production limitation of
sulfide based solid electrolytes, most researches on inorganic/polymer
CSSEs are focused on oxide based solid electrolytes.
Table 2 Selected oxide solid electrolytes grouped by electrolyte type.
Electrolyte . Conductivity T E,
Electrolyte Compounds Type Structure Synthesis Method (S em) ©C) (V) Ref
Lig34La05,TiO;.04 Perovskite Crystalline Solid-State 7.00x10° RT 0.40 1o
Lig75Lag sTiO3 Perovskite Thin film glass gi(;)l:;;:t-il(;gyer 9.40x10°7 RT / 162
(Lig33La0.56)1.005Ti0.00Alp.0103  Perovskite Crystalline g:;f:;:l_gel 3.17x104 RT 036 4
Li] '3A10'3Ti 1 '7(P04)3 NASICON Crystalline Solid-State 7.00x104 25 / 144
Li; 3Alp3Ti; 7(POy); NASICON Crystalline Citrate sol-gel 7.80x10° RT 0.40 163
Liy sAlysGe, s(PO4); NASICON  Crystalline igifcﬁfzg Thermal 4 5ox105 27 061 14
Li;LasZr,01, Garnet Crystalline (tetragonal) ~ Solid-State 4.16x107 RT 0.54 150
Li;La3Zr,0,, Garnet Crystalline (cubic) Solid-State 2.44x10* 25 0.34 154
Lig ssLasZr,Gag 45012 Garnet Crystalline (cubic) Citrate sol-gel 1.30x1073 24 030 16
Li35Si0.25P0.7504 LISICON Crystalline Solid-State 1.00x10¢ 30 0.44 166
Li; s7Zng GeOy LISICON Crystalline Solid-State 1.00x104 50 / 167
Lis ¢GeosS0.20s LISICON Crystalline g?;;?r_l:t;ﬁ}e?;;k 2.00x105  RT /16
Liz 6Ge$S0.204 LISICON Crystalline Solid-State 1.00x10 27 0.5 169
Li> 9PO3 3Ng 46 (LIPON) Oxynitride Thin film glass g}tt“;gl?getmn 3.30x10° 25 054 0
LiPON Oxynitride Thin film glass MOCVD 5.90x10° RT / 17

*RT (Room temperature); NASICON, sodium super ion conductors; LISICON, lithium super ionic conductor; MOCVD, metal organic chemical vapor deposition.

3. Key materials and advanced structures in CSSEs

In order to achieve high performance, the microstructure and key
materials of the CSSEs should be considered. In particular, one or
even more of the key parameters such as lithium ions conductivity,
electrochemical stability, chemical and thermal stability, or
mechanical strength and flexibility should be improved after
combining two or more phases together. This may come with certain
disadvantages such as lowered ionic conductivity as compared to pure
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ceramic electrolyte. However, by combining the advantages and the
synergetic effects which can arise from CSSE, the end result generally
is an overall improvement of the SSE.

In consideration of the typical intrinsic properties of inorganic
ceramics and polymers, and the performance requirements of ideal
SSE used in ASSLBs, the most natural thought is combination of
those two kinds of materials to form inorganic/polymer CSSEs. The
previous lithium transportation pathways may be discontinuous in the
formed CSSEs, especially for the structure with very small inorganic
particles in polymer matrix, thus the lithium conduction will be
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limited. However, the new pathway, or even expressway for Li-ion
conduction at inorganic/polymer interfacial region are also exist
according to some very recent reports %1%, which can be regarded as
a series and parallel network consisting of inorganics and polymer
ionic conductive domains. Therefore, in theory, the effectively
continuous lithium ionic pathway can be formed in each phase and the
interfacial region between the two phases of CSSEs by controlling
their geometrical characteristic properly!’?. In this regard, the
geometrical characteristic, namely, the advanced structures of
inorganic/polymer CSSEs have been proposed by several researchers
and summarized in this section.

To be specific, the typical advanced structures of CSSEs used in
lithium batteries are summarized and divided into four categories as
mentioned above, including the (1) inorganic fillers in polymer matrix,
(2) heterogeneous layered structures, (3) 3D inorganic continuous
framework with filled polymer, and (4) open-framework related
composite electrolytes. Moreover, each of these categories are further
described according to the key material composition, performance
enhancement mechanism, and even construction method. More details
can be seen in the following four sections.

3.1 Inorganic fillers in polymer matrix

So called nanoparticles can be inactive fillers (e.g. SiO,, TiO,,
Zr0O, and AL,O3) or active fillers (e.g. Li;N, LiAl,Os, lithium garnets,
LISICON-like particles, perovskites, etc.) in polymer matrix as 0
dimensional CSSE:s in this paper, in which the fillers are divided into
those two main categories according to their lithium ionic
conductivities. By comparing, the active nanofillers have much better
ionic conductivities (> 103 S cm™!) and higher lithium transference
numbers (> 0.5), but the downsides of them are complex synthesis
process, difficult-to-tune surface interaction against the polymer
matrix, and sensitivity of the particles towards moisture and carbon
dioxide!”>174, The inactive nanofillers are tunable, easily preparation,
and inexpensive, but their resulting CSSE ionic conductivities are
much lower (< 104 S cm™') and interfacial contact with electrodes are
also poorer!”>. More details for 0D CSSEs with those nanofillers in
polymer matrix are introduced as follows.

3.1.1 Inactive/passive nanofillers
3.1.1.1 0D nanofillers (nanoparticles)

Dispersing inactive inorganic nanofillers (or nanoparticles, NP)
into polymer matrix with lithium salt is an effective strategy to
properties (e.g.
mechanical properties, and even interfacial stability of single polymer

improve the electrical ionic conductivities),
phase 176178 This type of structure is the most widely investigated in
CSSEs of lithium batteries. The inactive nanofillers in polymer based
CSSEs is separated into two main categories, (1) metal oxide fillers
including inert oxide ceramics (Al O3, TiO,, SiO,, ZrO,, etc.), treated
Si0,, rare-earth oxide ceramics, and ferroelectric materials; and (2)
non-metal oxide fillers including nano carbon materials, molecular
sieves and zeolites, and so on. Regarding active fillers, most ceramic
electrolytes introduced previously can be incorporated into CSSE,
mainly including Perovskite, NASICON, Garnet types, and some
others.

(1) Metal oxide fillers

This journal is © The Royal Society of Chemistry 20xx
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The typical CSSE system with inactive metal oxide fillers are
summarized is Table 3. As conventional compounds, oxide ceramics
such as AL,O3!7, TiO,!1717°, Zr0, 180181 and ZnO'"¥? maybe the most
widely investigated inorganic fillers. Al,O; with particle size of
300mesh was first proposed as a filler in CSSEs leading to improved
mechanical strength of PEO based CSSEs, but at the same time, the
conductivity of CSSE stayed almost the same'®3. However, after that,
F. Croce et al., reported that the addition of nanometer-sized ceramic
powders including Al,O; and TiO, can also improve the conductivity
and ion transference number. It is believed that the nano Al,Oz and
TiO, particles can perform as a solid plasticizers and kinetically
inhibited the crystallization of PEO matrix through Lewis acid-base
interactions between ceramic filler and both polymer segment and
lithium salt anion'”’. Since it is the interphase between inactive
ceramic filler and polymer matrix that facilitates the conduction of
lithium ion, particle size and surface area of fillers play a very
important role in the improving of conductivity.

Moreover, the content and concentration of the NPs are
considered as another critical factors for affecting the ionic
conductivity of CSSEs'$®184  In this regard, J. Adebahr et al
investigated the different contents of nano-sized ceramic particles in
polymer based CSSEs, which can influence the polymer morphology
and the ionic transport. The Li NMR results in their research showed
that when the amount of NP fillers is lower than the critical point,
addition of NP fillers can lead to the filler—lithium ion interaction and
further change the lithium ion environment. But when the amount of
NP fillers is higher than the critical point, aggregation of filler
particles will occur and decrease the conductivity of CSSEs. On the
other hand, "H NMR results indicated that the fillers can also break up
the chemical crosslinks between the polymer chains, thus further
increasing their segmental mobility of the chains.

H. Xiong et al. treated the ZnO nanoparticles with low molecular
weight poly-(ethylene glycol) methyl ether(PEGME) and acetate
group(Ac) respectively. Then, the treated ZnO nanoparticles are used
as filler in PEO matrix. The PEFME treated ZnO nanoparticles can be
homogeneously dispersed in PEO matrix, resulting in a higher
conductivity but Ac treated ZnO nanoparticles aggregated heavily
leading to a low lithium ion conductivity!®2. The in situ synthesis of
monxodispersed SiO, nanospheres in PEO as shown in Fig. 5 (a),
Tetraethyl orthosilicate is added in. Strong chemical/mechanical
interactions could be formed between the monodispersed SiO, spheres
and polymer chains, thus avoiding agglomeration of the fillers and
further decreasing the high degree of polymer crystallinity!®.

Additionally, surface chemistry of the fillers is also a factor to
influence the performance of CSSE. Surface chemistry can influence
two aspects: the ability to interact with its surroundings, and the
aggregation behavior of filler particles. In F. Croce et al’s work!”?, the
CSSEs with TiO, filler has larger ionic transference number compared
with that with Al,O; filler. This phenomenon is attributed to the more
acidic surface of TiO,. A. D’Epifanio ef al. found that compared with
Al,O; filler which is almost covered by -OH functional group on
surface, ZrO, filler can lead to a thinner passivation layer against
lithium metal anode.
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Fig. 5 Schematic figures of (a) the structure of amorphous PEO-SiO, composite;!8>
Reprinted with permission from ref. 185. Copyright 2016, American Chemical
Society. (b) PEO/LiCIO; based composite solid state electrolyte with ordered
mesoporous silica as filler; 18 Reprinted with permission from ref. 186. Copyright
2016, Royal Society of Chemistry. (c) process to prepare a functionalized
mesoporous silica (FMS-TFSISPE) nanoparticles with anion and oligo-PEG moieties
in the pore wall; 187 Reprinted with permission from ref. 187. Copyright 2017,
American Chemical Society.
PEO@bentonite-Li*. 188 Reprinted with permission from ref. 188. Copyright 2011,

Elsevier Ltd.

(d) the structure of the nanocomposites

Table 3 Typical inactive metal oxides as fillers in polymer based CSSEs

Journal Name

While choosing different materials is one method to change the
surface chemistry of the filler, another effective way to change filler’s
the surface chemistry is surface modification. Proper surface
modification can further improve the polarity of filler surface and
dispersion of fillers in polymer matrix. For instance, Y. Matsuo et
al.,'® found that silica (SiO,), a well-known material with surface
hydroxyl groups, was able to improve the ionic conductivity of
PEG/LiCF;SO3;, but the system with surface treated SiO, showed
much better improvement than that containing untreated ones, similar
results are also reported in PEO/LiC10,/Si0,'%° or PEO/LiBF4/SiO,
systems '°!. In addition to the conductivity, the surface-functionalized
SiO, was also proven to improve the interfacial stability between the
CSSE and lithium metal anode, as well as the their mechanical
properties by forming chain entanglements!®1:192,

Aside from the inert oxide ceramics mentioned above, some
other inactive metal oxides are also investigated as fillers used in
polymer based CSSEs, such as ferroelectric materials (e.g.
SrBiyTisO;5'%31%, BaTi0;'%71%8, PbTi0;'9%2% and LiNbO;!%°) which
can increase the polarity of the polymer chains and further improve
the charge separation and ionic conductivity. Solid super acids (e.g.
SO4*/Zr0,201-2%4) can reduce the recrystallization of polymer chains
and act as nucleus of polymer spherulites to increase their amount,
due to the solid super acids possessing strong acidic centers to interact
with the oxygen atoms'””. Some of those typical systems are
illustrated in Table 3.

. Polymer/ R Enhancement
Fillers (NP) Lithium salt o (S em) (vs. filler-free, S cm™) Ref.
Inert oxide TiO, PEOg/LiClO4 10— 103 at 30-80°C 10 times, 10 and 108 179
ceramics 10 wt% TiO, PEO/LiCIO, 2 x 10 at 60°C 10-20 times 17
Al,O4 PEOg/LiClO4 103 — 107 at 80-30°C 10 times, 10* and 108 179
Al,O4 PEOg/LiCF5;S0; 10¢ at 30°C 2-5 times 179
10 wt% Al,04 PEO/LiCIO4 10 at 60°C 2-10 times 117
2.5 wt% ZrO, PVDF/PVC/LiBOB 4.38 x 10*at 20°C 5 times, 8.3 x 10~ at 20°C 184
ZnO PEO/LIiTFSI 5 x 103 at 20°C 250 times, 2 x 107 at 20°C 182
Treated SiO,  Monodispersed SiO, PEO/LiCIO, 1.2 x 1073 at 60°C, 20-1000 times, 4.5 x 10> at 85
4.4 x 107 at 30°C 60°C, 5 x 108 at 30°C
Si0, PEG/LiCF;S0; 4.8 x 107 at 40°C - 189
Ferroelectric 12.5 wt% SrBi;Ti;O15  PEG/LiClO,4 2.4 x10°atRT 100 times, 2.3 x 10 at RT 193
materials 12.5 wt% SrBi4Ti;O;5  PEO/LiN(CF;S0,), 6.4 x 107 at RT 25-30 times, 2.4 x 108 at RT 194
5 wt.% BaTiO; PEO/LIiTFSI 1.8 x 103 at 25°C 3-4 times, 5.3 x 10 at 25°C 195
7.5 wt.% BaTiO3 P(VDF-HFP)/PVAc/E 2.3 x 1073 at 30°C 2-3 times, 1 x 103 at 30°C 196
C/LiTFSI
15 wt.% BaTiO3 PEO/PVDF/PC/LiClO, 1.2 x10% atRT 2 times, 6.8 x 10 at RT 197
Solid super 7 wt.% SO42/Z1O, PEO;,/LiCIO, 2.1 x 107 atRT 140 times, 1.5 x 107 at RT 201
acid 5 wt.% SO42/ZrO, PEQO,¢/LiClO4 2.5 x 104 at 60°C 10-15 times, 2.1x 105 at 60°C 204

* NP, Nanoparticle; PEO, poly(ethylene oxide); PEG, poly(ethylene glycol); PVA, poly(vinyl alcohol); PMMA, poly(methyl methacrylate); PVDF, poly(vinylidene fluoride);

PVC, poly (vinylchloride); LiBOB, lithium bis(oxalato)borate; Ref., references; o, conductivity; LiTFSI, LiN(CF3SO,),, lithium bis(trifluoromethanesulfonyl)imide;

P(VDF-HFP)/PVAc, poly(vinylidene fluoride-hexafluoro propylene)/poly(vinyl acetate); EC, ethylene carbonate; PC, propylene carbonate;

(2) Non-metal oxide

Non metal oxide fillers are summarized and listed in Table 4.
One typical type of non-metal oxide fillers is the nano carbon
materials, carbon is usually used as the important anode material but
much less use as the electrolyte materials in lithium batteries, which
may due to owing to its electrical conductivity. However, some

12 | J. Name., 2012, 00, 1-3

researchers still believe that the addition of appropriate amount of
electrical conductivity materials, carbon materials typically, can also
improve the performance of the polymer based CSSEs?032%, G.B.
Appetecchi et al. 2° added a small volume fraction (< 1.5%) of carbon
particles with moderate high surface area (about 60 m?-g') in
PEO/LiCF;SOj; system, which showed excellent ionic conductivity

This journal is © The Royal Society of Chemistry 20xx
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and interfacial stability. Aside from carbon particle, the fullerene (Cgp)
also used as fillers in hyperbranched star polymer HBPS-(PMMA-b-
PPEGMA);, with hyperbranched polystyrene as the core and
polymethyl methacrylate-block-poly(ethylene glycol) methyl ether
methacrylate, which exhibit a wide electrochemical window of 5.2 V,
good interfacial stability, and compatibility?>. However, the
mechanism of conductivity enhancement in carbon/polymer CSSEs is
still unclear and need to be further investigated.

Another type of non-metal oxide fillers is molecular sieves and
zeolites/nanoporous materials. Molecular sieve, a material with pores
(very small holes) of uniform size, has been widely investigated in
many areas 27210 can be divided into microporous material (<2 nm),
mesoporous material (2-50 nm), and macro porous material (>50 nm)
according to the pore size. Compared with traditional nanofillers
mentioned above, some molecular sieves possess much stronger
Lewis acid centers in their frameworks and inside the channels, which
might be much more effective in decreasing the crystallization
tendency of the polymer chains?!'-213, Some representative molecular
sieves in polymer/lithium salt based CSSEs are listed in Table 4.

One typical class of microporous material (<2 nm) in molecular
sieves is zeolite?!4?15 such as ZSM-5, a widely studied material in
catalysis field due to its exceptionally high surface area, special
channel structure, and strong Lewis acidity!®¢. When it comes to
CSSEs, the ZSM-5 could also be used as fillers to significantly
improve their ionic conductivity, lithium ion transference numbers,
and also electrochemical stability?!2. Jingyu Xi et al. 12 carried out
polarized optical microscopy (POM) technique to investigate the
mechanisms ofthe performance enhancement after filling with ZSM-
5. It indicated that the ZSM-5 particles could also act as the nucleus
of polymer spherulites to increase their amount in the nucleation stage,
and decrease the recrystallization tendency of PEO chains through
Lewis acid-base interactions in the growth stage. Therefore, much
more amorphous phases of PEO could be created to accelerate lithium
ions transport.

Regarding mesoporous material (2-50 nm) in molecular sieves,
MCM-41 (Mobil Composition of Matter no. 41), HMS (Hexagonal
Mesoporous Silica), and SBA-15 (Santa Barbara number 15) with
ordered mesoporous channels are found to be good fillers in
PEO/LiCIO, based CSSEs?!3216 1t is interesting that the polymer
chains could intercalate into the channels of those mesoporous
materials via some preparation methods such as solvent casting. As
shown in Fig. 5(b), in comparison to traditional nonporous fillers, this
kind of molecular sieves possess strong Lewis acid centers in their
both internal and external surfaces, which can be regarded as physical
cross-linking centers for polymer chains. Those Lewis acid sites can
interact with the Lewis basic ether O of polymer, thus further
suppressing the reorganization of polymer chains and increase their
amorphous phases'®6. Moreover, the T, and T, and the tensile
modulus of polymers will change after adding the inclusion of the
mesoporous materials.

To further enhance the performance of CSSEs, the mesoporous
materials can be modified to be functionalized nanofillers, such as
surface tailored porous silica?'’, functionalized mesoporous silica
SBA-15187.218 " or MCM-4121°, For instance, as shown in Fig. 5(c),
Youngdo Kim et al.'¥” produced functionalized mesoporous silica
(FMS) nanoparticles and use them as fillers into the PEO polymer
matrix, in which the anionic weak-binding imide group, a dense brush

This journal is © The Royal Society of Chemistry 20xx
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of oligo-poly(ethylene glycol) (oligo-PEG) moieties, and solvating
Li* are incorporated to functionalize the mesoporous silica via a two-
step
polymer—mesoporous silica nanohybrid solid electrolyte with the sole

selective functionalization method. The obtained novel

mobile Li ions showed very excellent mechanical and electrochemical
performances (ionic conductivity is roughly 1 x 10 at 25°C), which
is due to the continuous weak-binding and solvating nanopore channel
of the mesoporous silica. Additionally, ionic liquid can also be used
to decorate the mesoporous silica nanoparticles or some other fillers,
thus achieving significantly attractive ionic conductivity 220223,
although strictly speaking, the electrolyte containing ionic liquid is
not regarded as all-solid-state electrolyte for lithium battery.

Some other fillers such as clay, a finely-grained natural rock or
soil material that combines clay minerals with possible traces of
quartz, metal oxides and organic matter, can also be added into
polymer matrixs as filler to improve the electrochemical performance.
One of the most widely investigated fillers in CSSEs is the
montmorillonite (MMT)!88:224-233 " 3 layered clay with good cationic
exchange capability and the ability to participate in the processes of
intercalation and swelling, can facilitate its own dispersion in polymer
matrix as shown in Fig. 5(d) !8%. Moreover, the intercalated structure
of clay can construct some channels in nano-scale for the transport of
cations (e.g. Li*) and decrease the crystallization of the polymer 8.
Until now, most of the researchers have focused on the ionic
conduction mechanism and the influence factors for electrical or
electrochemical properties enhancement!88:224.226-229.

Aside from the direct addition, some modified nanoclays are also
investigated to further improve the ionic conductivity of polymer
based CSSEs?25227,228,230,231,234 For instance, Tapabrata Dam et al.??’,
synthesized the dodecylamine modified MMT (DMMT) using
solution casting method. The MMT is modified with dodecyl amine,
thus changing the silicate layer from hydrophilic to hydrophobic and
increasing their interlayer spacing. This can facilitate the intercalation
of polymer-salt complex into the clay layers to further disturb the
strength of the polymer-cation coordination bond, therefore further
enhancing the mobility of the cations (e.g. Li*). Moreover, Ming Xie
et al. ! preformed the organophilic modification for nano MMT
(OMMT) to form a PVC/PVDF/LiTFSI/nano-OMMT solid polymer
electrolyte for ASSLIB, in which the MMT was modified by cetyl
trimethyl ammonium bromide [C;cH33N (CH;);]"Br~ to acquire
hydrophobic properties. The ionic conductivity of the obtained SSE
reaches up to 1.67 x 10* S-cm’! at room temperature, and good
stability and reversibility were also achieved in the corresponding
solid state battery.

Furthermore, sodium cations in MMT could also be exchanged
into Lithium ions for a usage as Li ion sources to change the inactive
nanofiller into active!88235-237, Seok Kim et al. 235 prepared Li-MMT
by cation-exchange reaction and added them as fillers into PEO
polymer matrix, demonstrating that the layered-structure Li-MMT
can not only decrease the crystallinity and melting temperature of
PEO based composite electrolyte, but also act as an anionic species to
improve Li ions transport. Other than that, very recently, lithium
montmorillonite was also introduced into solid state lithium ion
batteries by L. Chen et al.?*, the presented SSE was fabricated with
pure Li-MMT, poly(ethylene carbonate) (PEC) polymer, lithium
bis(fluorosulfonyl)imide (LiFSI), tiny fluoroethylene carbonate (FEC)
additive, and poly(tetrafluoroethylene) (PTFE). It exhibited very high
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ionic conductivity of 3.5 x 10 S-em™!, a wide electrochemical
window of 4.6 V (vs Li/Li), and even a very high ionic transference
number of 0.85 at 25°C. However, this type of so-called SSE is still

Journal Name

controversial because the liquid organic solvent is added into the
polymer matrix with lithium salt, which can be regarded as the
addition of liquid electrolyte.

Table 4 Typical inactive non-metal oxides as fillers in polymer based CSSEs

. Polymer/ : Enhancement
Fillers (NP) Lithium salt o (S em™) (VS. filler-free, S cm™) Ref.
Carbon 2.2 wt.% Carbon particles (40 PEO/LiCF;SO; 2.9 x 107 at 20°C 3-5 times 206
nm)
Fullerene (C60) HBPS-(PMMA-b- 518 x 10° at - 205
PPEGMA )3/LiTFSI 30°C,
8.22 x 107 at 60°C
0.2 wt% Carbon nanotube (CNT) HBPS-(PMMA-b- 1.06 x 10° at  -- 205
PPEGMA);(/LiTFSI 30°C,
1.73 x 10 at 60°C
Molecula 10 wt.% ZSM-5 PEO,(/LiClO4 1.4 x 1075 (25°C) 90-100 times, 212
r sieves 1.5 x 107 (25°C)
10 wt.% MCM-41 PEO,,/LiClO, 1.3 x 105 (25°C) 75-80 times 213
5 wt.% m-MCM-41 PEO/LiClO,4 4.4 x 10 (40°C) 6-8 times, 6.6 x 10° 219
(40°C)
10 wt.% HMS PEO,»/LiClO4 1.5 x 103 (25°C) 80-90 times 213
10 wt.% SBA-15 PEO,»/LiClO4 1.9 x 103 (25°C) 110-120 times 213
1 wt.% Tailored porous silica PEO/CF;SOsLi 1.03 x 104 (25°C) -- 217
(epoxy-SiOy)
1 wt.% Tailored porous silica PEO/CF;SOsLi 4.2 x 10 (25°C) -- 217
(chem-Si0y)
FMS (functionalized PEO/TFSISPE 1 x 103 (25°C) 100 times 187
mesoporous silica)
7.5 wt.% mesoporous Ti P(EO/EM2)/LiClO4 1.4 x 103 (30°C) >2 times 238
5 wt.% mesoporous Al P(EO/EM2)/LiClO, 8.9 x 10 (30°C) 2 times 238
Clay 5 wt.% MMT PMMA/PEG/LiClO4 3.17 x 107 (29°C) 1.6 x 108 (29°C) 229
5 wt.% MMT PMMA/LiCF;SO; 2.09 x 10 (30°C) 2.66 % 1071° (30°C) 232
5 wt.% MMT PEO/PMMA/LiBF, 1.65 x 105 (27°C) 10 times 233
10 wt.% MMT PEO/LIiTFSI 2.75 x 10 (25°C) 5.5 times, 5.0 x 106 (25°C) 2%
1 wt.% DMMT PEOg/LiClO4 9.16 x 107 (30°C) 208 times 228
4.44 x 107 (30°C)
2 wt.% DMMT PEO,/LiAsFs 4.0 x 10 (RT) 40 times, 1.0 x 106 (RT) 27
4 Wt.% OMMT PVDF/PVA/LiTFSI 431 x 104 (RT) 2.35 x 10 (RT) 230
0.5 wt.% LCI-MMT PEO/PLA/LiClO4 1.05 x 1073 (20°C) 6.36 x 1076 (20°C) 2235
3 wt.% Bentonite-Li* (Li-MMT)  PEO 1.81 x 107 (25°C) 123 x 10° (25°C) 188
20 wt.% Li-MMT PEO/LiCIO/EC 5.3 x 106 (25°C) 6.3 x 108 (25°C) 235

* wt% with respected to polymer host; PEO, poly(ethylene oxide); LiTFSI, LIN(CF3SO,),, lithium bis(trifluoromethanesulfonyl)imide; HBPS-(PMMA-b-PPEGMA)3,, with
hyperbranched polystyrene as core and polymethyl methacrylate-block-poly(ethylene glycol) methyl ether methacrylate; MCM-41, Mobil Composition of Matter no. 41;

HMS, Hexagonal Mesoporous Silica; SBA-15, Santa Barbara number 15; DGE, di(ethylene glycol) dimethyl ether; EMIMTFSI, 1-ethyl-3tai-methylimidazolium bis

(trifluorome thanesulfonyl)imide; FMS, functionalized mesoporous silica; TFSISPE, 2-[(Trifluoromethane sulfonylimido)-N-4-sulfonyl phenyl]ethyl; epoxy-SiO,, epoxy

coated porous silica nanostructures; chem-SiO,, porous silica nanostructures by chemical leaching; P(EO/EM2), Pluronic P123 (EO,,PO70EO,q, EO and PO denote ethylene

oxide and propylene oxide units, average M,, = 5800; m-MCM-41, mesoporous silica MCM-41 with surface modification of (3-glycidyloxypropyl)trimethoxysilane (GLYMO);

PMMA, poly(methyl methacrylate); MMT, montmorillonite; DMMT, dodecylamine

modified MMT; OMMT, Organophilic modifcation of nano-MMT; PVC, Polyvinyl

chloride; PVDF, poly(vinylidene fluoride); LIMNT, lithium montmorillonite; LiFSI, lithium bis(fluorosulfonyl)imide; EC, ethylene carbonate (solid at room temperature);

LCl, liquid crystal ionomer; PVA, polyvinyl alcohol;

3.1.1.2. 1D fillers

It is well accepted that the improvement of lithium ion
conductivity by using metal oxide filler are mainly attributed to two
aspects: (i) creating percolation pathway with high conductivity and
(i1) suppressing the crystallization of polymer matrix. But still, due to
the agglomeration of metal oxide particles and the non-ionically-
conductive nature of metal oxide, further increase in the content of
filler cannot further improve the lithium ion conductivity of solid
polymer composites when a critical content is already achieved.

14 | J. Name., 2012, 00, 1-3

Under this circumstance, replacing the 0D metal oxides with 1D metal
oxides (nanotube, nanobar and nanofiber) is a reasonable choice to
further increase the lithium ion conductivity via a much more
continuous percolation pathway provided by the longer dimension of
1D materials with less chance of agglomeration. Based on the
distribution of filler in polymer matrix, the 1D CSSEs can be mainly
divided into two categories: CSSEs with (1) random distributed fillers
and (2) aligned fillers.

This journal is © The Royal Society of Chemistry 20xx
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One of the common 1D inactive fillers is the TiO,, Song et al.
synthesized TiO, nanorods by hydrothermal method and prepared
CSSEs by mixing TiO, nanorod, LiTFSI, poly(propylene carbonate)
together and blading the mixture on cellulose membrane?*®. The
TiO,/PPC(LiTFSI) CSSEs show a high lithium ion conductivity of
1.52 x 107* S ecm! at RT and wide potential window more than 4.6 V.
As shown in Fig. 6 (a), they believe the improved ionic conductivity
should be ascribed to the high contact area between TiO, nanorods
which promote the lithium salts dissociation and the continuous
lithium ion transport channels provided by TiO, nanorods/PPC
interphase.

Wei and his co-works prepared YSZ nanowire/PEO(LiClO,4)
CSSEs?40. 1t is pointed out that yttrium doping can create high
concentration of oxygen vacancies in ZrO, and the positively charged
oxygen vacancies can serve as Lewis acid which can facilitate the
dissociation of lithium salts as presented in Fig. 6 (b). Compared with
the pure PEO(LiClOy,) electrolyte (3.62 x 1077 S cm™!) and electrolyte
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with YSZ nanoparticles (2.98 x 107¢ S em! at 30°C), the conductivity
of electrolyte with YSZ nanowire is enhanced to 1.07 x 1073 S cm’! at
30 °C. This improvement of conductivity is mainly due to the oxygen
vacancies introduced by Yttrium doping and the more continuous fast
ion transport pathway formed by YSZ nanowire/PEO interaction.

The surface chemistry of filler is quite important, to further
improve the dissociation effect of filler in CSSEs, different inorganic
fillers have been tried to further increase the conductivity of CSSEs.
Hydrogen titanate nanotube (HTNT) has been synthesized by
Fernando et al. and used as filler for PAN based CSSE due to its
special surface chemistry?*!. By using molecular dynamic simulation,
they find perchlorate ions tends to stabilize on the surface of HTNT.
The reason is that HTNT has an acidic surface and the hydrogen atoms
on the surface of HTNT can strongly interact with oxygen atoms of
perchlorate atoms. Due to the dissociation effect of acidic surface of
HTNT and the relative continuous diffusion pathway of lithium ion,
the conductivity can achieve ~4 x 107# S cm’!.
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Nanoparticles

+ Li-i + Oxygen vacancy

Li-ion m Inorganic filler
. Anion Polymer+Li salt

Filler's surface
+ Oxygen vacancy
@ Anion (CIO,)

¥ Inorganic filler S
B ppC + Lisalt
B Filler’s surface

’ utest .
9 o® .

"% e

TESI TFSI

Fig. 6 CSSEs with 1D fillers in polymer matrix. (a) The surface structure of TiO, nanorods in polymer matrix23°. Reprinted with permission from ref. 239. Copyright 2019,

Wiley-VCH. (b) Lithium ion conduction in the CSSEs with YSZ nanoparticles and nanowire24°, Reprinted with permission from ref. 240. Copyright 2016, American Chemical

Society. (c-d) Polymer matrix and lithium interact with (c) Mg,B,052*2 nanowire, reprinted with permission from ref. 242. Copyright 2018, American Chemical Society.

and (d) Halloysite nanotubes (HNTs)243, reprinted with permission from ref. 243. Copyright 2016, American Chemical Society.

O. Sheng and co-workers synthesized a multifunctional CSSEs
with Mg,B,0s nanowire as filler?*2. As shown in Fig. 6 (¢), Mg?" on
the surface Mg;B,0s can interact with —SO,— group in the TFSI™
anion, by which more lithium ion is released and the lithium ion
conductivity is improved to 1.53 x 107# S cm! at 40°C. Due the same
reason, the ion transference number can be improved to 0.44. The
interaction between Mg;B,0s and PEO can also improve the
mechanical strength and flame resistance. The possible reason of
improved flame resistance is that the presence of Mg,B,0s facilitate
the formation and stabilization of carbon layer. This carbon layer can
hinder the propagation of fire and heat, hence the fire resistance is
improved.

This journal is © The Royal Society of Chemistry 20xx

Halloysite nanotubes have also been used as filler for PEO base
CSSEs because of the unique structure, economical availability, and
environmental amity?#>*. Halloysite nanotubes have siloxane
external surface and internal alumina core. Therefore, the outer
surface is overall negatively charged which is similar to SiO,. Zhu and
co-workers prepared Halloysite nanotubes/PEO(LiTFSI) CSSEs as
presented in Fig. 6(d)**3. The conductivity of the electrolyte can
achieve 9.23 x 107 S cm! at 25°C with improved electrochemical
stability and mechanical properties. The conductivity improvement
can be attributed to the effective lithium ion transport pathway which
comes from the selective association of lithium cation and TFSI anion
on the negatively charged outer surface and positively charged inner
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surface respectively. Furthermore, the addition of halloysite
nanotubes reduces the crystallinity of CSSEs which facilitates the
transport of lithium ion in polymer matrix.24

Jiawei et al. believe that the compatibility of inorganic fillers is
not good enough to ensure through mixing with polymer matrix of
CSSEs. To avoid the drawback of inorganic filler, an organic
polyphosphazene (PZS) nanotube is chosen as the filler of CSSEs?4.
The good compatibility can be simply revealed by the smooth surface
of PZS nanotube/PEO(LiClO,;) CSSEs even when the PSZ filler
content is as high as 10% and the conductivity is about 1.5 x 107 S
cm! at RT. In addition, the ion transference number of this CSSEs can
achieve 0.35 which is much higher than that of CSSEs with silica
nanoparticles (0.24). The possible reason is that the N, O, and S atoms
at the surface of PZS nanotube can interact with lithium ions and
dissociate lithium salt more efficiently.

Besides the surface chemistry, fillers can also be used to guide
the crystal orientation of PEO-LiX solution. Zlatka and co-workers
showed that the crystalline (PEO)s-LiX can have one order magnitude
higher conductivity compared with its amorphous equivalent when the
lithium ion diffusion direction is along the polymer chain helix?46.
However, the polymer chain helix is usually parallel to the CSSEs
membrane which is due to the conventional solution casting method.
To solve this problem, Schaetzl et al. prepared Fe,O; nanorods with
y-phase (maghemite)@ a-phase (hematite) core-shell structure¥.
This structure combines the good surface chemistry of a-Fe,O3; with
the high ionic conductivity and high susceptibility of y-Fe,O; for
alignment of PEO helices perpendicular to the CSSEs membrane
surface. With these two factors, the conductivity of Fe,Os
nanorod/PEO(LiCl0,) composites increase by three orders of
magnitude at room temperature.

3.1.1.3. 2D fillers

The mechanism of lithium ion conductivity with use of inactive
fillers is mainly based on the polymer-filler interface. One of the
shortcomings of inactive filler is that the inner part of fillers which is
not in contact with the polymer phase can reduce the total ionic
conductivity: they occupy the volume of electrolyte film but cannot
provide ionic conductivity. Compared with OD or 1D fillers, 2D fillers
could be a better choice since there is no “inner” part inside the 2D
materials. But the drawback of 2D filler is also obvious: (1) 2D
materials may curl up or aggregate which make it hard to fully used
their surface; (2) 2D materials may distribute perpendicular to the
direction of lithium ion conduction which will hinder the diffusion of
lithium ion. The 2D materials used as fillers are introduced in the
following paragraphs.

Graphene is the most famous 2D material and has been widely
used in electronic and electrochemical devices. But the electronically
conductive nature makes it difficult to use it safely as filler in CSSEs.
However, the oxidation state of graphene, GO, is a suitable material
as filler for CSSEs 24252, GO has a similar structure to graphite oxide
which contains sp2 hybridized carbon atoms and multiple oxygenated
functional groups (such as C-O-C, -CO, -OH and -COOH) decorating
the basal planes and edges. W. Jia et al. and S. Gao et al. both added
GO in polymer matrix and observed an improved lithium ion
conductivity of ~ 10 S cm1248250, The conductivity improvement is
mainly attributed to the reduced crystallinity of polymer matrix due to
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GO/polymer chain interaction and the fast ion conduction layer
formed at GO/polymer interface. In addition, GO can also improve
the mechanical strength of CSSEs. The GO/Polymer interaction can
also be improved by graft polymer chains on GO nanosheet. J. Shim
et al. grafted PEO chains on the GO nanosheet through condensation
reaction between -COOH on GO and -OH in PEG polymer chains?4.
The highest conductivity achieved was 2.1 x 10* S cm™! but part of
the conductivity improvement comes from the polymer they
synthesized.

Layered double hydroxides (LDHs , as a kind of typical 2D materials,
have been used in numerous fields, such as catalysis, biomedical
applications, and energy storage systems due to their high specific
area and abundant electroactive sites. Of course, LDH can also been
used in solid electrolyte as a 2D filler. C. Liao and W. Ye intercalated
oligo(ethylene oxide) with phosphonate anion into the gallery region
of LDH and form a PEO-modified LDH?%32%, The modified LDH has
higher compatibility with PEO polymer matrix and can be finely
dispersed in polymer matrix which can effectively retard the
crystallization of PEO. The conductivity of CSSEs is improved to 2.1
x 1074 S cmat 30°C.

MXene is another kind of 2D material. Z. Huang et al. studied
the crystallization behavior of PEO/Ti3C2Tx MXene nano-
composite?3*. The results show that PEO polymer chains have a strong
interaction with MXene surface through the highly polar function
groups on MXene surface. Suitable content (2% ~ 5% wt%) of MXene
can slow down the crystallization rate of PEO polymer chains. Q. Pan
et al. prepared the PEO based solid electrolyte with MXene as filler?*.
The conductivity is improved to 2.2 x 107 S cm™! at 28°C when the
filler content is 3.6 wt%.

Exfoliated natural mineral fillers are also effective in improving
the
Minerals/clays are usually silicates with a polar surface and can be

ionic conductivity of polymer based solid electrolytes.
further exposed by delamination. In addition, the mechanical strength,
electrochemical stability, and thermal stability can also be improved.
Exfoliated Vermiculite is chemically and thermally stable with robust
mechanical properties. The surface of vermiculite nanosheets is
negatively charged because the Al replacement of Si which ensures a
strong interaction with PEO polymer chains. Together with the ion
exchange with lithium, a lithium conductive layer on the vermiculite
nanosheets can be formed to improve the total conductivity of CSSEs.
W. Tang et al. prepared a vermiculite nanosheets/PEO composites by
mixing vermiculite nanosheets, PEO, and LiTFSI together?’. The
highest conductivity of this kind of composites achieve 2.9 x 107 S
cm! at 25°C.

B. Wang et al. used lepidolite as filler in PEO matrix with LiClO4
as lithium salt and the CSSEs achieved it highest conductivity of 1.39
x 107 S em! at RT?%. It is valuable to point out that even pure
compressed lepidolite pellet and PEO/lepidolite composite without
lithium can also give ionic conductivity of 1.6 x 1077 S cm™! and 1.2
x 1077 S cm’! at RT respectively which prove that in lepidolite/
PEO(LiClO4) composite, lithium ion can conduct in both polymer
matrix and fillers.

3.1.2. Active nanofillers

3.1.2.1 0D nanofillers

This journal is © The Royal Society of Chemistry 20xx
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Compared with inactive fillers which are inert in ionic
conduction, active fillers which have high ionic conductivity can be a
better choice as filler in polymer matrix. The ionic conduction
improvement of CSSEs with inactive fillers are mainly attributed to
the interface between fillers and polymer matrix. To improve the
volume fraction of interface between fillers and polymer matrix, one
method is to increase the content of filler. But when more fillers are
added to the polymer matrix, the ionic conductive volume of CSSEs
decreases even though the interface area increased due to the inactive
nature of inactive fillers. Substituting the inactive filler with active
filler can improve the volume fraction of highly conductive interface
region without reduce conductive volume of CSSEs by simply adding
more filler in polymer matrix.2® Moreover, lots of researches have
tried to investigate the role of active fillers in ionic conduction
improvement.

Similar with the CSSEs with inactive fillers, the interface
between active fillers and polymer matrix also play an important role
in ionic conduction when active filler is used. Z. Li et al. observed the
space charge region between Ga doped LLZO nanoparticles and PEO
matrix. The space charge region is around 3 nm in thickness and the
driving force of forming such region is the reduction of free energy.
Ga-LLZO nanoparticle has relative high free energy due to the defects
on particle’s surface. When Ga-LLZO nanoparticles are mixed with
PEO matrix, the lithium ions and vacancies are re-distributed forming
a space charge region and hence the free energy is reduced. This space
charge region has high ionic conductivity and contributes a lot to the
total conductivity of CSSEs?%0. W. Wang et al. studied the PEO based
CSSEs with LATP as filler and arrived at similar conclusions.

By comparing the CSSEs with inactive (TiO, and Al,O3) to
active (LATP) fillers, it can be found that the main factor for
improving in ionic conductivity of the latter CSSEs is not the
improved amorphous region via suppressing crystallinity. Unlike
inactive fillers, active fillers are more likely to reconstruct the
interface between filler particles and polymer matrix. It is believed
that the conductivity enhancement is mainly attributed to the
percolation across the interface, and the interfacial region could easily
expand to twice of particle radius?®!. The percolation effect can be also
proved by J. Zhang and his co-worker’s work. They studied the size
effect of LLZTO filler and the results shows that the percolation
threshold decreases when filler with smaller particle size is used. The
CSSEs with ~40 nm LLZTO particles shows nearly two orders of
magnitude improvement compared with CSSEs with micro size ones.
The PEO/LLZTO electrolyte can also effectively suppress the
dendrite formation by well dispersed filler particles?62. The interaction
between filler particles and polymer matrix can be varied when
different fillers and polymer are used. The PVDF/LLZTO CSSEs
were synthesized by X. Zhang et al. and the special interfacial
structure were characterized. The PVDF/LLZTO CSSEs have a very
interesting phenomenon: when LLZTO particles are introduced in
PVDF the color of CSSEs changed. This phenomenon can be
attributed to the chemical structure change in PVDF. The FTIR study
shows that when filler is added in PVDF matrix, the deprotonation of
CH,; and the dehydrofluorination of PVDF chains occurs. In addition,
the partially dehydrofluorinated PVDF and LLZTO particles can
effectively dissociate lithium salts by complexing with Li ion which
increases the lithium ion density, and hence, the ionic conductivity of
CSSEs?%. The interface between sulphur based filler and polymer

This journal is © The Royal Society of Chemistry 20xx
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matrix is slightly different with that between oxide based filler and
polymer matrix due to its soft mechanical properties. J. Zheng et al.
prepared a LAGP/PEO(LiTFSI) CSSEs and studied the ionic
conduction by NMR. The experimental results also proved that the
ionic conduction is mainly through LAGP/PEO interface. They
believe that the LLZO filler is too rigid to closely integrated with
polymer matrix. in contrast, LAGP which is soft and cementing can
easily maximize ionic conduction interface through ball milling
mixing, leading to improved ionic conductivity?4.

Surface modification has also been used to improve the interface
property of CSSEs. Z. Huang used dopamine to modify the surface of
LLZTO which significantly increased the wettability of LLZTO with
PEO. This wettability improvement enables 80 wt% LLZTO to be
dispersed in PEO(LiTFSI) matrix, leading to an ionic conductivity
enhancement from 6.3 x 1073 to 1.1 x 10* S cm™! at 30°C?%. W. Li et
al. used a molecular brush to modify LLZTO which provides an
alteration of lithium ion conduction pathway, and the functional
groups can attract anions and reduce the interaction between lithium
ions and polymer chains. In addition, the modification can coordinate
with the polymer matrix which increases the interaction between filler
particles and polymer matrix and consequently reduces the
crystallinity of the polymer matrix266.

Even though the importance of interface has been proved by
numerous literatures, the ionic conduction mechanism in CSSEs with
active filler is still ambiguous. Several papers tried to investigate the
ionic conduction in CSSEs via NMR. J. Zheng et al. published two
papers discussing the lithium ion conduction pathway in CSSEs and
they found the ion conduction pathway is related to the content of
fillers267-268,

When the content of active filler is low (i.e. 5 wt%), the active
lithium ions are solely form lithium salts, and the active particles
mainly serve as a filler to suppress the crystallization of polymer
matrix. Several papers used this methodology to synthesize CSSEs
with different kinds of active fillers?6-274. When the content of active
filler increases (to around 20 wt%), the role of active filler changes.
The active lithium ions not only come from lithium salts but also come
from the lithium ions inside LLZO particles which actually increases
the concentration of lithium ions in polymer matrix. At the same time,
the percolated filler network gradually contributes more in lithium ion
conductivity. This transition are influenced by many factors including
particle size, particle morphology, surface chemistry of filler,
uniformity of mixing and so on?%275277, When the content of active
filler further increases (to around 50 wt%), the active fillers contribute
more active lithium ions in CSSEs even without adding any lithium
salts in polymer matrix?60:278279 But with the increasing of filler
content, the lithium ion mobility decreases and the lithium ion
conduction pathway changes to the loosely connected filler particles
possible due to the blockage of lithium ion conduction by filler
particles. However, because the connection between filler particles are
not sufficient to provide high ionic conductivity, the conductivity of
high active filler content CSSEs usually cannot achieve relatively high
ionic conductivity?¢9276278-281 Uging plasticizer is an effective way to
improve the mobility of polymer segment, dissociation of lithium salt
and suppress the crystallization of polymer matrix, leading to
improved lithium ion conductivity. The addition of plasticizer
changes the ionic conduction pathway from connected filler particles
to polymer matrix when the filler content is high. A variety of
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plasticizers such as poly(ethylene glycol) dimethyl ether?68282,
liquid®4284,

glycol?®3, and etc. have been used in CSSE systems.

succinonitrile?’3-283 jonic boronized polyethylene

3.1.2.2 1D and 2D fillers

Compared with inactive fillers, active fillers with continuous
surface can give a similarly improved ionic conductivity because of
the continuous and highly conductive percolated pathway between
different phases. Until recently, 1D and 2D active fillers could not be
formed in situ with a handful of exceptions such as R.F. sputtering of
glass LiPON on the nano- to microscale where tailored structure is not
required. This was largely due to the higher chemical and structural
complexity of active fillers, when possibly a lack of throughout
investigation of growth mechanism of active filler under different
environment prohibited the development of structured, in situ formed
active fillers. Namely, preparation of 1D or 2D active fillers through
bottom up method lacks theoretical guidance. And at the same time,
it is almost impossible to synthesize 2D active filler by exfoliation not
only because some of the active fillers are not layered structure but
also because lithium ion is the specie most easily to be removed in
active fillers. Hence, the exfoliated active filler is likely to become
inactive.

Due to the above-mentioned reasons, 1D and 2D active fillers
prepared by method?86-2%5,
Electrospinning is the most widely used method to prepare active filler

have mainly been template
nano fiber. W. Liu et al. prepared LLTO nanofiber by calcinating the
electrospun plyvinylpyrrolidone (PVP) fiber containing LiNO;,
La(NOs);, Ti(OC4H9), and acetic acid®**. The synthesized nanofibers
have a diameter of around 300nm with high aspect ratio. The CSSEs
with such LLTO nanofiber as filler have a high ion conductivity of 2.4
x 107* S/cm at room temperature. The conductivity improvement is
mainly attributed to the surface vacancies of LLTO nanofiber.
Lithium ions can hop form one vacancy to the next one which results
in increased ion mobility and hence increased ion conductivity.
Li;La3Zr,0;, nanowire is synthesized with a similar method by T.
Yang and his co-workers??3. The CSSEs with LLZO nanowire as filler
have a conductivity of 1.31 x 107* S cm!.

The study on 2D active filler is quite limited compared with other
dimensions. The possible reason is that most of the current techniques
cannot prepare large amount of material with fine morphology which
can meet the requirements as a filler. S. Song. et al. tried to synthesize
garnet nanosheets by co-precipitation method with graphene oxide as
template?®6. The conductivity of CSSEs with the prepared nanosheets
as filler can achieve 3.6 x 10 S/cm at ambient temperature which is
4 orders of magnitude higher than the undoped polymer based solid
electrolyte. The conductivity improvement can be attributed to the
interconnected structure which provide a continuous lithium ion
transport pathway. However, rather than nanosheets, it is more
accurate to describe the filler as “sheet like aggregates”. To achieve
an ideal 2D filler, synthesis techniques and especially dispersing
methods are crucial areas to pursue.

3.2. Heterogeneous layered structure

Aside from the inorganic fillers in polymer matrix, another
typical structure, the layered CSSE consisting of inorganic and/or
polymeric electrolytes used in ASSLB is becoming a hot research
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point in the very recent two to three years. One obvious advantage of
this structure is to combine the intrinsic advantages and address the
drawbacks of each layer, such as the improvement of ionic
conductivities and mechanical strength of polymeric electrolyte after
adding inorganic layer to a polymer layer, or enhancement of the
flexibility of ceramics after combining with polymer layers.!¢

In addition to improving the properties of composited
electrolytes themselves, another typical superiority is the interfacial
contact between electrolyte and electrode. Namely, the interfacial
issues can be alleviated or even resolved using the CSSEs with layered
architecture, which includes the issues at anode/electrolyte interface
of poor contact or wetting, side reactions, and lithium dendrite?*, or
large
interdiffusion, and also side reactions caused by high-voltage
space layer  especially at
cathode/electrolyte interface. In this regard, John B. Goodenough,

the problems such as interfacial impedance, element

decomposition  and charge
Xueliang Sun, Lijun Wan, and Liangbin Hu’s groups published many
works, all those related Heterogeneous layered structure can be
divided into the double-layered type?’->*® and sandwich-type (three-

layered) architecture?®.

3.2.1. Double-layered architecture

First, as for the CSSE with double-layered architecture, the
polymer sandwiched between the ceramic electrolyte pellet and
lithium metal anode usually acts as an artificial solid-electrolyte
interphase (SEI) layer. Such as the PAS-PEO polymeric layer (PAS,
poly(acrylamide-2-methyl-1-propane-sulfonate)) was processed to
wet the interphase of LigsLasZr; sTags01, (LLZTO) ceramic pellet
and lithium metal as shown in Fig. 7, thus leading a significantly
reduced interfacial resistance between them.2°® Moreover, another
case proposed a novel perovskite electrolyte Lig3sSrg44Tag,Hf)3
0,.95F.0s (LSTHFS5) synthesized via spark plasma sintering (SPS) and
coat with a thin Li*-conducting polymer?®, or adding 2 wt% LiF into
LLZO layer and then combined with a gel polymer layer to form a
LLZO-LiF/gel polymer solid electrolyte?®7.

3.2.2. Symmetrical sandwiched architecture

Regarding the CSSEs with sandwiched architecture, the
polymeric layer is usually used as a soft interphase to improve the
contact between hard inorganic electrolyte and both cathode and
anode. As a typical example, Weidong Zhou et al. 2*° proposed a
polymer/ceramic/polymer symmetrical sandwich electrolyte (PCPSE)
to deal with the interfacial problems. To be specific, a cross-linked Li*
polymer conductor, poly(ethylene glycol) methyl ether acrylate
(CPMEA) (Fig. 7 (c)), was first synthesized and further combined
with an active ceramic membrane of Li; 3Aly3Ti;7(POy4); (LATP) to
form a sandwiched CSSE, in which the lithium salt anion transfer can
be blocked to reduce the double-layer electric field, and the Li-ion
flux at the interface of polymer and lithium metal anode is much more
homogeneous due to their soft contact and almost random ion
conduction pathways allowing for even diffusion. As a consequence,
the corresponding LiFePO4/Li cell exhibits superior long-term
electrochemical stability and a high columbic efficiency (99.8-100%).
Very recently, another similar CSSE PEO/LLZTO/PEO (LLZTO,
Lig4LasZr; 4Tag601,) combined with 3D Li metal anode (Fig. 7 (d))
was also proposed and the corresponding symmetrical cell and full
cell with LiFePO, as cathode exhibited a good cycle stability during
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700 hours and 200 hours running at 90°C, respectively.3? On these
bases, the middle inorganic layer can be further modified to improve
the durability, such as ALD modification for LAGP layer to form a
PEO/ALD-coated (Al,0;) LATP/PEO CSSE to achieve a further
significantly enhanced cycling performance.3%!

Another symmetrical sandwiched architecture is the opposite,
namely, the sandwiched inorganic/polymer/ inorganic architecture.
Here a two-dimensional (2D) boron nitride nanosheets (BNNSs) is
coated onto the surface of PEO polymeric layer to form the opposite
structure as shown in Fig. 7 (e) 3%2, which enables the PEO layer to
achieve a good mechanical stability and homogeneous Li* ion flux
distribution. Consequently, the corresponding Li/LFP ASSLB cell
show a specific discharge capacity of 110 mA h g! at 2C over 200
cycles.

Strictly speaking, comparing to the dry polymers mentioned
above, gel polymers containing liquid electrolyte can’t be regarded as
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Li metal Li metal
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Anode shell
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Polymer electrolyte
Ceramic electrolyte
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Poor interfacial contact

Gel
* interlayer

<> BNNSs layer

ARTICLE

all-solid-state electrolyte. However, considering the tradeoff between
the performance (ionic conductivity especially) and safety, some
studies still introduced them into the electrolytes with similar
symmetrical sandwiched structure3®. For example, as shown in Fig.
7 (f), Boyang Liu et al. proposed the composite electrolyte of gel
polymer/ceramic/gel polymer to deal with the poor interfacial contact
of garnet ceramic Li;La,75Cag25Zr, 75Nbg25012  (LLCZNO)
electrolyte and the electrodes3®. The gel polymer layers composed of
dry polymer (PVDF—HFP) and liquid electrolyte. Liquid electrolytes
are used in this case due to that the gel electrolyte interlayers can be
manufactured at lower temperature, which is more scalable for actual
application. On this basis, some researchers changed one polymeric
layer in gel polymer/ceramic/ gel polymer into a 20 nm germanium
layer to form a Ge/LLZO/gel polymer solid electrolyte as shown in
Fig. 7 (g)**, thus turning to a three-layer CSSE with an asymmetric
sandwiched architecture, which will be detailed below.

@ Grain crystal of ceramic electrolyte

Bad interface contact Good interface contact

Li/Anode

Hot pressing | .-,

-

PP film

PEO electrolyte

Evaporated

e T
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Fig. 7 Schematic diagrams of lithium plating process in an ASSLB with SSE (a) without and (b) with an Li-ion conductive PAS-PEO layer to wet the metallic lithium anode
and garnet electrolyte. 2°8 Reprinted with permission from ref. 298. Copyright 2018, Elsevier Ltd. Schematics of the sandwiched CSSE and related ASSLBs. (c) The design

of ASSLB with symmetrical sandwiched structure and the structure of polymer cross-linked poly(ethylene glycol) methyl ether acrylate (CPMEA) 2%°; reprinted with
permission from ref. 299. Copyright 2016, American Chemical Society. (d) the bad/good interface contact without/with solid polymer electrolyte between the LLZTO
layer and electrodes 3%; reprinted with permission from ref. 300. Copyright 2019, Elsevier Ltd. (e) the preparation process for CSSE of boron nitride nanosheets
(BNNSs)/PEO/BNNSs 3°%; reprinted with permission from ref. 302. Copyright 2019, Royal Society of Chemistry. (f) the interface improvement without and with gel
interlayer (left), and the related structure of full battery (right) 3%; reprinted with permission from ref. 303. Copyright 2017, American Chemical Society. (g) interfacial

contact between garnet and Li metal with or without the surface engineering a thin Ge layer 3%, reprinted with permission from ref. 304. Copyright 2017, Wiley-VCH.
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3.2.3. Asymmetric sandwiched architecture

As for asymmetric sandwiched architecture, another typical case
in point is a thin asymmetric CSSE with engineered layers, as shown
in Fig. 8 (2)*%. Aside from the middle LLZO layer, a 7.5 nm polymer
electrolyte is modified on the surface of dense LLZO layer on the
lithium metal side, and an additional three-layer architecture is
attached to the cathode side, which is consisted of a LLZO-coating
film (5.7 um), a commercial Celgard 2400 separator, and a polymer
electrolyte (5.4 um). As a consequence, not only can lithium dendrite
penetration be prevented in anode side, but also sufficient contact

(a)

e AQQQ?'O

nical Society-Reviews

Journal Name

between electrolyte and active materials can be achieved on the
cathode’s side All this result in a high ionic conductivity of 1x104 S
cm! at 55°C, a wide electrochemical windows up to 4.8 V, and an
exceptional dendrite-free Li cycling over 3200 hours as shown in Fig.
8 (b).

Furthermore , Kun (Kelvin) Fu ez al. 3% proposed a 3D bilayer
garnet solid electrolyte used in lithium metal-sulfur batteries as shown
in Fig. 8 (c). The porous LLZO layer is coated with CNT and in
contact with the cathode, and the dense LLZO layer could be coated
with PEO polymeric gel layer conformably to fill the isolated pores
for better contact with the lithium metal anode, thus enabling a
homogeneous Li ion flux through the interface.

" Cathode materials Aluminum foil
@ Carbon SPEs
@ LLZO nanoparticle [l ICEs
0 Li-metal anode
1 SPE captured in separator

0.8]
o sl MLnuuuuuununy| St mA e
5 i 0.4
T o4l -
b | 1800 1850 1900 1950 2000
@ I i i (1A A A
> { fl
3 oof ‘ H”'"Z
g-&A—
08}

Fig. 8 (a) Schematic diagrams of ASSEB with a thin asymmetric solid electrolyte (ASE) of PAN/LAGP/PEGDA; (b) voltage profile for the Li/ASE/Li symmetrical battery and
its magnified curve. 3% Reprinted with permission from ref. 305. Copyright 2018, American Chemical Society. (c) Schematics of lithium batteries with the electrolytes

from the traditional liquid electrolyte with polymer separator to typical SSE, and the novel bilayer solid-state electrolyte; (d) schematic of garnet bilayer framework after

sintering and the SEM image of its cross-section in cathode side; (e) Schematic of the polymer coated dense garnet layer surface and the SEM image of its cross-section

in lithium metal anode side.3% Reprinted with permission from ref. 306. Copyright 2017, Royal Society of Chemistry.

In addition to the general combination of pristine ceramic and
pure polymer (contain lithium salt) layers, another method is to take
the polymer layer as matrix filled with active/inactive inorganic
particles, i.e. a composite electrolyte as review above, and then
combine with another ceramic pellet to form the layered CSSE. As a
consequence, the obtained CSSEs can achieve better performance
such as ionic conductivity and mechanical property.

For instance, some researches first mixed the 75% (wt.) Li,S /24%
P,Ss /1% P,0s particles as active fillers into PEO polymer matrix to
form a polymer based layer (LPOS), and then coated on a LAGP pellet
to form a CSSE with double layers as shown in Fig. 9 (a). The all-
solid-state LFP/Li cell delivered very long-term electrochemical

This journal is © The Royal Society of Chemistry 20xx

stability and high columbic efficiency. To be specific, the reversible
discharge capacity is 127.8 mA h g'! after 1000 cycles running at 1C,
with capacity retention of 96.6%°"7. Additionally, based on the
systematical investigations of the CSSE from “ceramic-in-polymer”
(CIP, high ceramic, low polymer content) to “polymer-in-ceramic”
(PIC, high polymer, lower ceramic content) with various ceramic
ratios and particle sizes, a sandwich-type CSSE of CIP/PIC/CIP
consisted of a PIC layer with superior mechanical strength and two
PIC layers with better flexibility is constructed as shown in Fig. 9 (b)
and (c), achieving excellent interfacial contact with Li metal and
dendrite suppression simultaneously. 398
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Fig. 9 (a) Schematic of the ASSLB with a CSSE consisted of “Particles in polymer” composite electrolyte and an additional polymer layer 307. Reprinted with permission

from ref. 307. Copyright 2017, Royal Society of Chemistry. (b) Schematic illustration of the PIC-5 um, CIP-200 nm, and hierarchical sandwich-type composite electrolyte,

and (c) its cross-sectional SEM image (garnet particles with different sizes (200 nm and 5 um) 3%, Reprinted with permission from ref. 308. Copyright 2019, Wiley-VCH.
Sandwich-type CSSE used in high-voltage ASSEBs. (d) Schematic diagram, (e) SEM image and (f) EDS mapping (N and P) of the Janus PAN/LAGP/PEGDA CSSE, and (f)
voltage profile for the Li symmetrical battery with this CSSE and liquid electrolyte at a current density of 2 mA cm~2.3% Reprinted with permission from ref. 309. Copyright
2019, Wiley-VCH. (g) Schematic diagrams of the solid full battery with LATP (upper) or PAN/LATP/PEO (lower) as electrolyte. (h) SEM image and EDS mapping (N and P)

of the Janus PAN/LAGP/PEO CSSE. (i) cycling performances of the full batteries with DPCE (disparate polymers protected ceramic electrolyte) and PDPE (high-voltage

resistance PAN/LATP/PEO solid electrolyte) under 0.5C. 310 Reprinted with permission from ref. 310. Copyright 2019, American Chemical Society.

3.2.4. Structures towards high-voltage lithium batteries

More recently, high-voltage ASSEBs have attracted extensive
attention due to possible higher capacity and energy density. However,
the requirement of stability for solid electrolyte against electrodes is
still not fully satisfied under such high voltage condition, thus some
advanced materials or/and structures used in SSE are required to be
developed®. In this regard, the CSSE with layered architecture can
also be a possible solution to overcome the instability problems in
high-voltage ASSEBs. For instance, Hui Duan et al. 3 designed a
Janus PAN(poly(acrylonitrile))/LAGP (Li; 4Aly4Ge; 4(PO4);) (80
wt%)/PEGDA (polyethylene glycol diacrylate) composite electrolyte
with sandwiched architecture as shown in Fig. 9 (d) to (f), in which
the oxidation tolerant PAN and reduction-resistant PEGDA are used
in cathode (high-voltage cathode especially) and anode sides
respectively to avoid side reactions and enlarge electrochemical
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window. Moreover, a similarly sandwiched CSSE PAN/LAGP/PEO
is also proposed in the same research group of Lijun Wan’s, as shown
in Fig. 9 (h) and (i)*'. Here the PEGDA layer is changed into a more
commonly wused polymer, ie. reduction-reaction inhibited
polyethylene oxide (PEO). These two similar CSSEs all show stable
polarization for more than 1000 hours at current density of 2 mA cm™
(a case as shown in Fig. 9 (g)) and excellent cycling stability in related
symmetrical or high-voltage full cells (the other case as shown in Fig.
9 ()

Furthermore, another recent research on similar polymer/ceramic
/polymer (MEEP/LATP/PVDF-HFP) (Fig. 10 (a), MEEP, poly[bis(2-
(2-methoxyethoxy)ethoxy)  phosphazene], ~PVDF-HFP, poly
(vinylidene fluoride-co-hexafluoropropylene)) CSSE was also studied
and resulted in a long lifespan ASSEB with high-voltage cathode of
Li3V,(PO4)s/CNT3!L. Notably, the coating of polymer layers on the
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ceramic pellet significantly widened the electrochemical windows to
0-4.7 V (Fig. 10 (b)), and also improve the electrochemical stability
(Fig. 10 (¢)).

In addition to the CSSEs composed of inorganic and polymer,
there still few CSSEs that are consisted of different polymers. A case
in point is the double-layer polymer electrolyte with PMA (contain

(a) (b)

Li[LHSE|LiyV,(PO,)y/CNT solid state battery

Ciety

>

Reviews|

Journal Name

LiTFSI) and PEO (contain LiTFSI) Fig. 10 (d) to (f), which act as high
and low voltage stable polymer electrolyte respectively. As a result,
the Li/PEO/PMA/LCO (LCO, LiCoO,) ASSLIB shows a good
stability without lithium dendrite at PEO/anode interface and no
oxidation at PMA/cathode interface even under high-voltage
operation. 312

v (d)
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Fig. 10 CSSEs with the architectures of polymer/ceramic/polymer or polymer/polymer. CSSE of MEEP/LAFP/PVDF-HFP (LHSE, layered hybrid solid electrolyte): (a)

Illustrations (upper) and the corresponding full lithium battery (lower), (b) electrochemical compatibility of the battery components regarding voltage and chemical

potential in regards to Li/LHSE/Li3V,(PQ,4)3/CNT. (c) long-term cycling measurement at a current rate of 0.2C3!1, Reprinted with permission from ref. 311. Copyright 2019,

Royal Society of Chemistry. CSSE of PEO/PAN: (d) lllustration of the corresponding full lithium battery, SEM image (e) before and (f) after cycling 100 cycles at 65°C. 312

Reprinted with permission from ref. 312. Copyright 2019, Wiley-VCH.

3.3. 3D inorganic continuous framework with filled polymer

It is commonly recognized that the addition of inactive or active
inorganic nanoparticles into polymer matrix can significantly enhance
the typical performance and ionic conductivity due to the reduced
crystallinity of polymeric chains??'®. Moreover, many researchers
found that the ionic conductivity of CSSEs can be further enhanced
after adding some randomly dispersed inorganic nanowires or
nanorods, which could offer a more continuous fast conduction
pathway for Li ion. Very recently, three-dimensional (3D)
nanostructured inorganic frameworks filled with polymer have been
developed which provide continuous 3D channels and are free of
crossing junctions between inorganic phases, thus facilitating ion
transport even further than 1D nanowires or nanorods®'3. Other than
the ionic conductivity, the mechanical strength and long-term stability
of the CSSEs can also be improved according to this structural change
trend.

Regarding the specific material types used in this kind of 3D
CSSEs, the inorganic frameworks are usually made from inactive
conductors SiO,, palygorskite ((Mg,Al),Si40;9 (OH)), and anodic
aluminum oxide (AAQ) 9314 or active conductors LLZO,
LATP/LAGP, and LLTO. The typical polymeric filler is PEO, and
some others are PAN, PVDF. Here we divide those advanced 3D
inorganic frameworks used in CSSEs into three main categories,

22 | J. Name., 2012, 00, 1-3

including 3D interconnecting fiber filled with polymer, 3D continuous
network filled with polymer, and vertically aligned 3D framework
filled with polymer. More details can be seen as follows.

3.3.1. 3D interconnected fiber network

Based on the researches for the fillers of inorganic 1D nanowire
(or nanorod, nanofiber) in polymer matrix as summarized in last
section, much more interconnections between those separated 1D
nanowires can be constructed into a 3D inorganic continuous
framework, then filled with polymers (contained lithium salt) to form
the final CSSEs. As shown in Fig. 11A (a), Kun (Kelvin) Fu et al.®
first proposed a 3D lithium-ion conducting ceramic network based on
Lig 4La3Zr,Aly,0;; (LLZO) in PEO-based composite to form a novel,
flexible, solid-state, ion-conducting CSSE used in lithium battery. The
garnet LLZO nanofibers are prepared by electrospinning of the related
precursor, and a subsequent calcination at 800°C in air for 2 h to create
interconnected fibers. Unlike the traditional mixing of the inorganic
particles or dispersing nanofibers into polymer matrix, the obtained
3D interconnected network is directly soaked into polymer based
solutions to form the fiber-reinforced polymer composite (FRPC),
thus avoiding the agglomeration of fillers. As a consequence, the
obtained CSSE exhibits a good flame resistance after flammability
tests, high ionic conductivity of 2.5 x 10* at RT, wide electrochemical

This journal is © The Royal Society of Chemistry 20xx
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window up to 6.0 V vs. Li/Li*, and a good cycling stability with long
cycle life as well. Some results are listed in the Table 5 below.

After that, some CSSEs with very similar structure are
investigated, with the materials of 3D inorganic nanowires and
polymer being changed into Lig33La0 557T10; (LLTO) and PVDF with
LiTFSI respectively, 3! or an inactive inorganic conductor
palygorskite ((Mg,Al),S140,0(OH)) and PVDF with LiClO4
respectively (Fig. 11A (b)) 3'6. While in the latter one, a LiICSSE
(palygorskite-PVDF)INMC111 (Li(Ni;;3Mn;;3Coy,3)0,) full battery

A
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nical Society Reviews -
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was assembled and showed a capacity of 121.4 mAh g at C/3 and
cycling over 200 cycles steadily. Deliverable capacity of 118.1 mAh
¢! still remained after this 200 cycles at RT. Another case as shown
in Fig. 11A (c) and (d) is a little different, in which the network filler
is composed of Lij 4Aly4Ti; 6(POy4); (LATP) and (PAN), and then
combining with PEO matrix. Therefore, the side reaction between Ti*"
in LATP and Li metal could be avoided due to the envelop of LATP
particles by the polymeric chains of PAN.
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Fig. 11 A. Schematic of the CSSEs of 3D interconnecting fiber filled with polymer. (a) Lig sLasZr,Aly,01, (LLZO) framework in PEO matrix®®. Reprinted with permission from
ref. 89. Copyright 2016, National Academy of Sciences. (b) palygorskite ((Mg,Al),Si;010(OH)) framework in PVDF matrix31¢. Reprinted with permission from ref. 316.
Copyright 2018, American Chemical Society. (c) Li; sAlosTi; 5(PO4)3 (LATP)/PAN fibers network in PAN matrix, (d) proposed lithium plating/stripping processes and lithium
surfaces in Li | 2LATP/ PAN-PEQOg /LiTFSI | LiFePO,.37 Reprinted with permission from ref. 317. Copyright 2018, American Chemical Society. B. (a) Schematic and optical
pictures of the flexible lithium-ion conducting ceramic textile, (b) Dried CSSE with good flexibility and mechanical strength, (c) illustration of the lithium-ion transfer
mechanism in CSSE, SEM image of the (d) pretreated textile template, (e) template impregnated with the precursor solution, and (f) the final garnet textile 318. Reprinted
with permission from ref. 318. Copyright 2018, Elsevier Ltd. C. Schematics of (a) synthesis process from LLTO 3D framework to CSSE, and its electrochemical analysis, (b)
possible ionic transport mechanism in CSSEs with agglomerated nanoparticles (left) and 3D continuous framework (right) 313, reprinted with permission from ref. 313.
Copyright 2018, Wiley-VCH. (c) lonic conduction mechanism from discontinuous pathways to 3D continuous pathways (LLZO) 3%, reprinted with permission from ref.
319. Copyright 2018, Elsevier Ltd. (d) ion conducting pathways from nanoparticles to nanowires and 3D interconnected framework (Ga-LLZO) 320, Reprinted with
permission from ref. 320. Copyright 2019, American Chemical Society. D. Research of 3D SiO,-aerogel/PEO CSSE. (a) Schematic of the synthesis process for CSSE, (b)
optical photograph of the final CSSE film, (c) SEM images showing the surface of the CSSE, (d) symmetric cell cycling with and without 3D SiO,-aerogel 0.05 mA cm2, (e)
LFP—Li full cell cycling with and without 3D SiO,-aerogel at room temperature (=18°C). 32! Reprinted with permission from ref. 321. Copyright 2018, Wiley-VCH.
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In addition to the 3D interconnecting nanowires as shown above,
there is another more advanced structure, a 3D nano mat (or textile)
with regular and better symmetry. To be specific, Chunsheng Wang
et al. 322 synthesized the LagssLig35TiO3 (LLTO) electrolyte in the
structures from nano fiber into mat (or textile), and then coated an
additional very thin PEO layer on their surface to form the CSSEs. In
comparison to the dispersed nanofibers or randomly interconnected
nanowires, the woven pattern ceramic mat in interdigitated or
concentric arrangements with more regular, scalable and better
symmetrical structure can provide much better bridging. Thus
preferable ionic conductivity (5.0 x 10 at RT), better mechanical
strength, and even higher transference number (0.7) have been
achieved in this regard.

On this basis, Yunhui Gong et al. in Liangbing Hu and/or Eric D.
Wachsman’s group 3'8 recently fabricated a garnet-based ceramic
textiles with a chemical composition of LigssAlg4La3Zr,O1;0g
(LLZO), which could be used as a solid lithium ion conducting
framework and further reinforce polymer electrolyte in the obtained
CSSE for stable long time cycling (>500 hours). The structures of the
garnet ceramic textiles and its processing procedures are shown in Fig.
11B (a) and (d)-(f), which enables long-range lithium-ion transport
pathways via interconnected fibers, high surface area/volume ratio of
ceramic ion conductors and multi-level porosity distribution. After
combining with PEO as shown in Fig. 11B (b) and (c), more flexibility
and higher ionic conductivity can be achieved. Comparing to the ion
diffusion through the polymer bulk directly as indicated by the dotted
arrow in Fig. 11B (c) or more garnet/polymer interfaces in traditional
CSSE with inorganic particles in polymer matrix, there is multi-step
process for lithium ions transport in this obtained CSSE. To be
specific, the lithium ions first migrate through the PEO at the “bottom”
of the “high-speed channel” (LLZO/ ceramic fiber with higher ionic
conductivity), then enter and migrate along them until reaching the
“top” of the “high-speed channel” as indicated by the solid arrows in
Fig. 11B (c). Regarding the electrochemical performance, the ionic
conductivity, long-term lithium cycling stability and compatibility
have been tested and the results are listed in the Table 5. However,
long term full cell tests for this kind of 3D integrated mat/textile
reinforced flexible CSSE still need to be further researched to
facilitate their actual applications.

3.3.2. 3D continuous framework

Different from the 3D nanofibers normally prepared by
electrospinning, the 3D inorganic continuous frameworks in the
second main type of the CSSEs are usually synthesized via other
chemical methods such as the sol-gel method with subsequent heat-
treatment. As shown in Fig. 11C (a), Jiwoong Bae et al. 313 prepared
a 3D nanostructured hydrogel-derived LigssLagssTiO; (LLTO)
framework through gelation of precursors, decomposition and heat-
treatment, and then combining with PEO/LiTFSI to form the final
CSSE. The achieved composite electrolyte shows significantly
enhanced ionic conductivity (8.8 x 10 at RT) and thermal/
electrochemical stability. By comparing to the agglomerated
nanoparticles as shown in Fig. 11C (b), the authors indicated that these
performances enhancement could be attributed to the continuous
pathway for lithium ion conduction in the 3D framework. Moreover,
Jiwoong Bae et al. 319 also prepared the same structure with another

This journal is © The Royal Society of Chemistry 20xx

type of material, the garnet Liggl.a3;Zr,Alg 2401, (LLZO), similar ion
transport mechanism is shown in Fig. 11C (c).

Very recently, another 3D continuous LLZO garnet network was
fabricated through a polymeric sponge method, in which a low-cost
polyurethane foam was used as the template. 32° The obtained CSSE
and the assembled symmetrical/full cells show good performances as
listed in the Table 5. The authors also compared the ionic conduction
mechanism of CSSE with the inorganic nanoparticles to 3D
continuous framework as shown in Fig. 11C (d), and indicated that
aside from the continuous fast ionic transport pathways, the high
percolation efficiency of 3D garnet network is also an important factor.

In addition to the active garnet or perovskite type 3D inorganic
framework which can conduct lithium ions directly, passive materials
can also be used as the 3D framework in CSSEs. A recent sample is
the 3D SiO,-aerogel/PEO CSSE as shown in Fig. 11D (a)-(c), the 3D
Si0O,-aerogel fabricated via sol-gel method is first infused with the
mixture of poly(ethylene glycol) diacrylate (PEGDA), succinonitrile
(SCN), and LiTFSI, and then photo cured by ultraviolet light for 30
min to form the final CSSE. Although the framework is passive, the
cross-linked-PEO electrolyte is about 78 wt.% of the CSSE because
of the light weight of SiO,-aerogel, thus the good ionic conductivity
still can be guaranteed. Moreover, the ionic conductivity can be
improved due to the anion (TFSI") adsorption via the uniformly
distributed pores of SiO-aerogel with high porosity according to
Lewis acid-base interaction, and also due to the dissociation of
nitrile—Li* interaction in presence of SCN-. The cycling performances
of the corresponding symmetrical/full cells are shown in Fig. 11D (d)
and (e), indicating good cycling stability at a wide temperature range.

3.3.3. Vertically aligned 3D framework

Normally, the lithium ion conduction pathways in the first two
types of 3D frameworks as summarized above are randomly
interconnected. Although the interfacial resistance for ionic transport
can be significantly reduced, the random pathways are still long and
tortuous. Comparatively speaking, the 3D frameworks with well-
aligned pathways can further enhance the ionic migration efficiency.
Typically, the researchers in Yi Cui’s group?>'% compared various
ionic conduction mechanisms in various structures from nanoparticles
to random nanowires and further the corresponding aligned ones as
shown in Fig. 12A, which has been confirmed in their recent works
on CSSEs such as PAN/LLTO (Lig33Lag 557 TiO3) 2 and AAO/PEO'®.
The conductivities of the CSSEs with NPs, random NWs, and aligned
NWs in various orientations were measured and verified with
modelling as shown in Fig. 12A (b)-(d), demonstrating that the fast
ion transport on nanowire surfaces without crossing junctions and
subsequent enhanced ionic conductivity can be achieved in the CSSE
with the aligned NWs along the normal direction of electrode (i.e. 0°
orientation). Notably, an astonishing number of 1072 S cm! at the
interface of aligned ceramic and polymer was given according their
research, which is similar to the liquid ionic conductivity.

One method to obtain the aligned 3D framework is to use an
anodized aluminum oxide (AAO) template and further fill with
polymer as shown in Fig. 12B (a) %, showing a vertically aligned and
continuous ceramic—polymer interfaces. The actual structures of the
3D framework and the final CSSE after filling polymer are shown in
Fig. 12B (b) and (c). Furthermore, atomic layer deposition (ALD) of
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the strong Lewis acid AlF; is also used for modification on the
interface of Al,O; and polymer, which can further improve their
performance. As a result, the highest ionic conductivity of 5.85 x 10~
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4at RT has been achieved in this composite electrolyte with vertically
aligned, and continuous nanoscale ceramic-polymer interfaces, i.e. the
fast ionic conduction pathway.
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Fig. 12 A (a) Schematics of the CSSEs with nanoparticles (NPs), random nanowires (NWs), and aligned NWs in polymer matrix, (b) electrochemical test for CSSE with
aligned NWs, (c) Arrhenius plots of the CSSEs with NPs, random NWs, and aligned NWs in various orientations, (d) Modelling of current densities for the CSSE with aligned
NWs in zero-angle orientation. 22 Reprinted with permission from ref. 22. Copyright 2017, Nature Publishing Group. B. (a) Schematic and optical image of AAO/PEO CSSE,
(b) schematic of the ionic transport pathway and detailed structure in aligned NWs, SEM images of (c) pristine AAO in top (left) and side (right) view, (d) CSSE in top (left)
and side (right) view.19 Reprinted with permission from ref. 109. Copyright 2018, American Chemical Society. C. (a) Schematic of the preparation process for the CSSE
from ceramic suspensions via freeze-drying method (LAGP/PEQ) 3, reprinted with permission from ref. 30. Copyright 2017, American Chemical Society. (b) Schematic of
the structure of CSSE (LAGP/PEO, left) and the cross-sectional SEM image of 3D LAGP framework 26, reprinted with permission from ref. 26. Copyright 2019, Elsevier Ltd.
(c) schematic of the structure of 3D vertically aligned 2D sheets, the vermiculite sheets (VS) (left) and the cross-sectional SEM image of the VAVS/PEO CSSE (UV etched,
right), (d) cycling performance of Li/CSSE/Li symmetrical cells with VAVS—CSPE (VAVS/PEO-LITFSI), VS—CSPE (VS/PEO-LITFSI), and PEO-SPE(PEO-LITFSI) as solid electrolyte
at 35°C, and the corresponding SEM images after half-month test. 323 Reprinted with permission from ref. 323. Copyright 2019, Wiley-VCH. D. SEM images of porous PI
film before (left) and after (right) combining with PEO/LITFSI from top view (a) and side view (b); Simulation model of Li+ transport in a random system (upper) and z-
aligned PEO system (lower) 31, Reprinted with permission from ref. 31. Copyright 2019, Nature Publishing Group. (c). Schematics and the corresponding SEM images of
the synthesis process for cube-LAGP/epoxy CSSE using 3D-print template 324, reprinted with permission from ref. 324. Copyright 2018, Royal Society of Chemistry.

Another effective way to construct the aligned 3D framework is
the freeze-drying method (or called as ice-templating-based method).
More details can be seen in Fig. 12C (a) from the suspensions with
ceramic particles to the final CSSE of LAGP/PEO through freezing,
sublimation, densification and combination?. A similar case with the
same inorganic materials is shown in Fig. 12C (b), and the
interconnected channels, i.e. the ion conduction pathways can be seen
clearly?. In addition to the traditional active ceramics or passive metal
oxides, the newly developed materials, 2D sheets is also used as

This journal is © The Royal Society of Chemistry 20xx

inorganic framework in CSSE. As shown in Fig. 12C (c), one kind of
the vertically aligned 2D sheets with continuous channels and large
surface area are prepared via freeze-drying method and further
combined with PEO to form a novel CSSE (SEM image). Particularly,
the Li-Li symmetrical cell with this CSSE is stable over 1300 h with
current density of 1.0 mA cm™2 at 35°C with a much lower
overpotential and no obvious lithium dendrite after comparison (Fig.
12C (d) and (e)). And the corresponding Li-LFP full battery deliver a
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very high initial specific capacity of 167 mAh g'! at 0.1 C at 35°C and
82% capacity retention after 200 cycles at 0.5 C.

In addition to the vertically aligned inorganic/polymer CSSE, a
composite polymer/polymer solid electrolyte with similar structure
was also proposed by Jiayu Wan et al. in Yi Cui’s group 3!. To be
specific, an 8.6-um-thick nanoporous polyimide (PI) film filled with
PEO/LiTFSI vertically was reported (Fig. 12D (a) and (b)) and shows
very excellent performances including nonflammability, flexibility,
mechanically strong, high conductivity, very good long-time cycling,
and can also withstand some abuse tests.

3.3.4. Other advanced 3D structures

In short, the CSSEs with vertically aligned inorganic 3D
framework and filled polymer (contained lithium salt) provide a good
orientation and much shorter pathway for lithium ions transportation.
On these bases, some other more advanced structures can provide
more orientations with short ionic conduction pathways 324, As shown
in Fig. 12 D(c), the 3D bicontinuous ceramic and polymer
microchannels can be achieved in this advanced structure, not just the
vertically z orientation introduced above, the lithium ions can
transport linearly in any of all the X, y and z orientation according to
the electric field direction.

3.4. Open-framework related composite electrolytes
3.4.1. Metal-organic frameworks (MOFs)

Metal-organic frameworks, namely MOFs, are one type of
crystalline materials composed of metal ions and their linked organic
ligands, which is widely investigated in various areas ranging from
gas storage, to drug delivery, and to sensing due to their special
features such as ultrahigh porosity (reach 90% free volume) and
enormous internal surface areas (up to 6000 m%/g) etc.3%5-332, Aside
from the conventional applications, MOFs have recently emerged as
a class of precursors or functional materials for electrochemical
energy storages and conversion technologies, including electrode
materials for batteries or capacitors, efficient electro catalysts, and
even electrolytes for electrochemical devices?33.

With regards to the CSSEs for lithium batteries, we divided them
into two main categories including (1) all solid state electrolytes
consisting of MOF fillers and polymer matrix with lithium salts 33+
339 and (2) the so-called “solid state electrolyte”, “pseudo solid state
electrolyte” or “solid-like electrolyte”, is composed of MOF or MOF
related materials and a small amount of additives such as liquid
electrolytes?¥, lithium salts and/or organic solvents 341343 or ionic
liquids 3*347 to deal with the low conductivity nature of MOFs
materials, which are also regarded as gel electrolytes or half solid state
electrolyte. Strictly speaking, only the former can be regarded as the
CSSEs, for better understanding of the overall MOF-related
composite electrolytes, researches in the latter situation have also been
summarized and introduced here. All those electrolytes are showed in
Table 6 below.

A case of the former is the nano MOF-5 fillers in PEO/LiTFSI
based polymer matrixs 334, which showed the highest ionic
conductivity of 3.16 x 103 s cm™! at 25°C and four times higher than
that without MOF-5 filling. Besides, the LiFePO4/Li cells with MOF-
S/PEO/LIiTFSI SSE also has much better cycling performance at 1C
rate at 80°C. Further, Hanyu Huo et al. 33 proposed a novel cationic
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metal-organic framework (CMOF), cationic D-UiO-66-NH,; (Uio-66,
([Zr04(OH)4(BDC)s] as shown in Fig. 13, in which BDC? is 1,4-
benzenedicarboxylic acid radical)) to immobilize anions and optimize
Li* distribution to unfavour lithium dendriteic growth, in which the
MOF materials was grafted with -NH, group to protect the -O- (ether
oxygen) in the polymer chains via hydrogen bonds. Thus the
electrochemical window of CMOF/PEO/LiTFSI based system can be
further extended to 4.97 V. Similar studies have also been investigated
and the key MOF related materials such as Mg-TPA348 or AI-TPA-
MOF3*#, and the components of CSSE are listed in the Table 6.
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Fig. 13 Schematic of the Li deposition behavior with (a) PEO(LITFSI) electrolyte and
(b) anion-immobilized P@CMOF electrolyte 335, Reprinted with permission from ref.
335. Copyright 2019, Elsevier Ltd.

Moreover, aside from simply physically blending with the polymers,
some researchers tried to chemically linked the MOF particles with
typical to further their
compatibility and comprehensive electrochemical performances. Z.
Wang et al. 336 used one-pot UV photopolymerization to prepare a
flexible CSSE, in which the MOF (Uio-66-NH,) was first decorated
with carbon-carbon double bonds (C=C) through postsynthetic
modification into M-Uio-66-NH, (namely the Uio-66-NH, modified
by methacryloyl chloride), then covalently linked to polymer
(PEGDA, poly(ethylene glycol) diacrylate) chains under UV light. It
is confirmed that the obtained CSSE show over 5 times higher ionic
conductivity and also exhibits better contact with lithium electrode
than that of the SSE without MOF related materials.

some polymeric matrices improve

When it comes the latter, namely the so-called “solid state
electrolyte”, “pseudo solid state electrolyte”, or “solid-like electrolyte”
with addition of liquid electrolytes, or lithium salts and organic
solvent, or ionic liquids, there are also some recent researches which
have about 10 times higher ionic conductivities than of the former.
For instance, B. M. Wiers et al. 3*! proposed a new solid lithium
electrolyte, as shown in Fig. 14 (a), Mgy(dobdc)-0.35LiO
Pr-0.25LiBF4EC-DEC (dobdc* is 1,4-dioxido-2,5-
benzenedicarboxylate; EC and DEC are ethylene carbonate and
diethyl carbonate, respectively), in which the MOFs materials,
Mg,(dobdc) was grafted by LiO Pr (isopropoxide), thus leading a
higher ionic conductivity of 3.1 x 10# s cm! at 300 K.
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Table 5 Typical inactive metal oxides as fillers in polymer based CSSEs

Journal Name

3D structures Filled polymer 6 (Scm’) LilCSSEILi (stable cycling) LilCSSEICathode (performance) Ref.
3D Lig4La;Zr,Alp,01, (LLZO)  PEO/LIiTFSI 2.5x10*atRT Block dendrites at 0.2 mA cm? for 500 h, or 89
interconnectin 0.5 mA cm™ for 300 h at RT
g fiber Lip33La0557TiO; (LLTO) PVDF/LiTFSI 1.8 x 10* at RT 0.1 mA-cm™2 for over 800 h at RT 315
Li; sAlysTi; 5(POy,)s PVDEF/LiCIO, 1.2 x 10*atRT 0.15 mA-cm™ for over 60 h at RT LilCSSEINMC111, 121.4 mAh ! at C/3 and steady 316
(LATP) cycling over 200 cycles at RT
Li; 4Aly4Ti; o(POy,)s PEOg/LiTFSI 6.5 x 10* at 60°C, 5.0 x 0.3 mA-cm™? for over 400 h at 60°C LilCSSEILFP, 144 mA h g™' at 0.2C initially, 99.5% 317
(LATP)/PAN 10 at 25°C (CE) over 100 cycles at 60°C
Mat/textile Lay ss5Lig35TiO5 (LLTO) PEO/LiN(SO,CF 5.0x10*atRT No interfacial reaction between LLTO and Li 322
2CF3), metal anode during > 600 h running
Li;La;Zr,0y, (LLZO) PEO/LIiTFSI 1.8 x 10 at 60°C, 2.7 x 0.05 to 0.2 mA-cm™2 for over 500 h at 60°C, 318
107 at 25°C over potentials from 15 to 47 mV.
3D Lip35La,55TiO; (LLTO) PEO/LIiTFSI 8.8 x 10 at RT 0.05 mA cm? for 100 h at 25°C, 0.1 mA cm? 313
continuous for 100 h at 50°C.
network LigasLasZr,Aly 2401, PEO/LiTFSI 8.5 x 107 at 25°C 0.05 mA cm for 150 cycles at 25°C. LilCSSEILFP,158, 145, 132, and 101 mAh g' at 319
(LLZO) ~10-3 at 60°C 0.1C, 0.5C, 1C and 2C at 60°C
Ga-LLZO PEO/LIiTFSI 1.2 x 10# at 30°C 0.4 mA cm? for 360 h at 60°C. LilCSSEILFP, 138 mA h g'! at the first cycle, with 320
92.4% retention after 50 cycles (128 mA h g™') at 0.5
C at 60°C
Si0, aerogel PEO/LIiTFSI ~6 x 10 at 30°C 0.05 mA cm 2 for 450 cycles at 18°C LilCSSEILFP, stable cycling for at least 200 cycles 21
at 0.5C at 18°C; At 0.4 C, 105 mAh g™! at 15°C and
105 mAh g! at 35°C.
Vertically Lip33Lags57TiO5 (LLTO) PAN/LiClO, 6.05 x 1075 at 30°C 2
aligned 1.26x1072 at 30°C (deduced
3D framework value)
AAO PEO/LIiTFSI 5.85 x 10*atRT 0.75 mA c¢m™ for more than 400 h at RT with 109
over potential of 40 mV
AAO PEO/LiSO;CF; ~10*atRT 314
Lij AL Ti,—(PO,)s PEO-PEG/ LiClO,  5.2x1075 atRT 30
(LATP)
Li; sAlysGe; 5(POy); PEO/LiTFSI 1.67x10*atRTand 1.11 x 0.1 mA cm™ for 200 h at 60°C with over LilCSSEILFP, initial specific capacity is 148.7 mAh 26
(LAGP) 1073 at 60°C potential of 0.17 V. g at 0.3 C at 60°C, a capacity retention of 93.3%
(138.8 mAh g') after 300 cycles
Vermiculite sheets (VS) PEO/LIiTFSI 1.89 x 10 at 25°C 1.0 mA cm™ for 1300 h running at 35°C  LilCSSEILFP, 167 mAh g™ at 0.1C at 35°C, 82% 323
without fluctuation of overpotential capacity retention after 200 cycles at 0.5 C.
polyimide (PT) PEO/LiTFSI 2.3 x10*at 30°C 0.1 mA cm for 1,000h at 60°C with over LilCSSEILFP, 176 mAh g! at 0.1 C, 176 mAh g™ 3
potential less than 0.10 V. at 0.1 C at 60°C, stable cycling for more than 200 at
0.5C rate at 60°C.
Li; 4Aly4Ge; 4(POy); epoxy 1.6 x10*at RT 324

(LAGP)

* EW, electrochemical stability window; NMC111, Li(Niy3Mn;/3C04/3)0,; PAN, polyacrylonitrile; CE, columbic efficiency; AAO, anodic aluminum oxide;
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Recently, Sarah S. Park et al. 3*? proposed a novel MOFs material,
MIT-20 (MIT, Massachusetts Institute of Technology; ((CH;),NH,)
[Cu,Cl,BTDD]-(DMF),(H,0),5; BTDD?, bis(1,2,3-triazolo[4,5-
b],[4',5'-1])dibenzo-[1,4]dioxin; DMF, N,N-dimethylformamide),
which is composed of alternate pairs of Cu atoms connected with
either by a u,-Cl and two BTDD?" ligands, or two BTDD?" ligands.
Moreover, the DMACI (dimethylammonium Cl) can be removed in
MIT-20 to form neutral MIT-20d (Cu,Cl,BTDD) as shown in Fig. 14
(b), which could further react with stoichiometric amounts of halide
or pseudohalide salts (LiCl, LiBr, NaSCN, MgBr;, or LiBF,) in dry
tetrahydrofuran (THF), thus the MIT-20-LiCl (Li[Cu,Cl;
BTDD]-10(PC)), MIT-20-LiBr (Lios[Cu,Cl, BrosBTDD]-10(PC)),
MIT-20-Na (Na[Cu,Cl,(SCN) BTDD]-9(PC)), MIT-20-Mg (Mg0.5
[Cu,CL,BrBTDD]-8(PC)), and MIT-20-LiBF; (Ligo[Cu,CLBrys
BTDD]-0.3LiBF4-9(PC)) were obtained after exchange of residual
THF with propylene carbonate (PC). Those materials show ionic
conductivities of 1.3 x 10, 4.4 x 105, 1.8 x 105, 8.8 x 10”7, and even
4.8 x 105 S em’!, respectively.

Furthermore, Li Shen ef al3*" prepared a series of LiClO,-
propylene carbonate solution (LPC) soaked MOF materials including
MIL-100-M ((M;O(BTC),0H:(H,0),, M = Al, Cr, Fe), BTC is
benzene-1,3,5-tricarboxylate, CoH305), UiO-66 (ZrsO4(OH)4(BDC)g,
BDC = 1,4-dicarboxylate), UiO-67 (ZrsO4OH)4(BPDC)s, BPDC =
biphenyl-4,4'-dicarboxylate) and HKUST-1 (Cu;3(BTC),). After
filtration and removal of any excessive solvent, those powders were
pressed into electrolyte pellets and their ionic conductivities were
measured, which presented ionic conductivities from 0.18 to 1.22
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mS-cm!. On this basis, the authors indicated that the biomimetic ionic
channels in MOF related materials were involved in Li* transport by
complexing electrolyte anions (e.g. ClO4) to the OMSs (open metal
sites) within the channels filled with solvent molecules, as shown in
Fig. 14 (c).

Aside from liquid electrolytes, ionic liquids are also added into
MOFs materials as part of the electrolytes. One typical case in the
addition of ionic electrolyte is the solid-like electrolyte of Li-
IL@MOF (Fig. 14 (d)), in which the interfaces of MOF particles are
nanowetted by LiTFSI-[EMIM][TFSI] to favor the Li" transport
kinetics, and the obtained battery shows remarkable performance over
a very wide temperature range (-20 to 150°C)*%0. Very recently,
Songyan Bai and co-workers 33! presented a strategy of MOF
(HKUST-1) modified electrolyte for achieving selective ion transport
via actual experiments, density functional theory (DFT) calculations,
and molecular dynamics (MD) simulations as shown in Fig. 15, in
which the “‘caged’’ electrolyte anions (TFSI") in MOF’s angstrom-
scale pores could facilitate a homogeneous Li ion flux. As a result, the
obtained MOF-modified electrolyte delivered a stable performance
over 2000 cycles at SC with a much higher current density of about 7
mA cm2,

In addition to the above two main categories, some researchers
combined all of the polymer (e.g. PEO) with lithium salts, ionic liquid,
and MOF materials to form the corresponding electrolytes 345, more
details about the composition and their ionic performance can be seen
in Table 6.

s

ol 4 Y

>, % . -.pmacl :

fommzo B —— i MIT20d G
g 7
b Ry Ve

solid-state battery

Fig. 14 Examples of some “solid-like electrolytes”. (a) Structure of Mg,(dobdc) and the its modification process to form the final solid electrolyte 341, reprinted with

permission from ref. 341. Copyright 2011, American Chemical Society. (b) Structures of MIT-20 to MIT-20d 342, reprinted with permission from ref. 342. Copyright 2017,

American Chemical Society. (c) formation of biomimetic ionic channels in HKUST-1 (left) and typical 3D-MOF scaffold with ClO,~ anions and Li* ions 349, reprinted with

permission from ref. 340. Copyright 2018, Wiley-VCH. (d) the architecture of the solid-state battery with the nanowetted MOFs3%, reprinted with permission from ref.

350. Copyright 2018, Wiley-VCH.
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Fig. 15 (a) Schematic illustration of the dendritic Li growth with pristine electrolyte (upper, overgrown Li dendrites) and MOF-modified electrolyte (lower, uniform Li

growth); (b) Electrochemical performance of full batteries with pristine electrolyte and MOF-modified electrolyte; (c) MD simulation for the molecular/crystal structures

in electrolyte, which includes the structures of LiTFSI and organic solvent (DOL is 1,3-dioxacyclopentane and DME is 1,2-dimethoxyethane) (A), electrolyte in MOF (D),

Li*-solvation structure in pristine electrolyte (B) and MOF-modified electrolyte (E), Calculated mean square displacement (MSD) of Li* and TFSI- ions with simulation time

in pristine electrolyte (C) and MOF-modified electrolyte (F), and the schematic of Li* ionic transport in MOF channels (G) 351, reprinted with permission from ref. 351.

Copyright 2018, Elsevier Ltd.

Table 6 MOF—derived composite electrolytes

Enhancement

Fillers (NP)/MOFs Composite electrolytes 6 (S em™) (vs. MOF's-free) Ref.
10wt.% MOF-5 MOF-5/PEO/LIiTFSI 3.16 x 107 (25°C) 7.36 x 107 (25°C) 334
12.5 vol.% CMOF CMOF/PEO/LITFSI 3.1 x 103 (25°C), 3.9 x 106 (25°C) 335
(D-Ui0-66-NH,) 6.3 x 10 (60°C)

M-UiO-66-NH, CMOF/PEGDA/LITFSI 4.31 x 107 (30°C) ~8.0 x 104 (30°C) 336
10 wt.% Mg-TPA Mg-TPA/PEO/LiTFSI ~2.0 x 107 (25°C) ~8.0 x 104 (25°C) 348
10 wt.% Mg-BTC MOF = Mg-BTC MOF/PEO/LiTFSI ~1.0 x 10* (30°C) ~1.0 x 107 (30°C) 338
10 wt.% AlI-BTC MOF  Al-BTC MOF/PEO/LiTFSI ~1.0 x 107 (30°C) ~1.0 x 1077 (30°C) 337
15 wt.% AlI-TPA-MOF  Al-TPA-MOF/PEO/LiTFSI ~7.0 x 107 (30°C) ~4.0 x 1077 (30°C) 349
Mg;,(dobdc) Mg,(dobdc)-0.35LiOPr-0.25LiBF4-EC- 3.1 x 104 (27°C) -- 341
DEC
LiOtBu-grafted UiO-66 ~ LiOtBu-grafted UiO-66/PC 1.8 x 10 (25°C) -- 343
LiOtBu-grafted UiO-66/ LiBF,/PC ~1.8 x 1073 (25°C) -- 343
MIT-20d MIT-20d/LiBF4/PC 4.8 x 10*(25°C) -- 342
HKUST-1 HKUST-1/LiClO04/PC 3.8 x 10#(25°C) -- 340
Uio-66 Uio-66/LiTFSI/[EMIM] [TFSI] 3.2 x 104 (25°C) -- 344
MOF-525(Cu) MOF-525(Cu)/LiTFSI/[EMIM] [TFSI] 3.0 x 10 (25°C) -- 350
MIL-101(Cr) MIL-101(Cr)/[Emim][SCN] 1.15 x 1073 (25°C) -- 346
MIL-101(Cr)/[Emim][DCA] 4.14 x 10 (25°C) -- 346
345

Uio-66

Uio-66/PEO/LiTFSI/[EMIM] [TFSI]

1.3 x 104 (30°C)

3.2 10 (30°C)

*Mg,(dobdc), (dobdc* is 1,4-dioxido-2,5-benzenedicarboxylate); EC = ethylene carbonate; DEC = diethyl carbonate; 'Pr, isopropylborate; Uio-66, ([Zrs04(OH)4(BDC)¢], in

which  BDC* is

1,4-benzenedicarboxylic

acid radical); MOF-5,

Zn40(1,4-benzenedicarboxylate)s;

[EMIM]  [TFSI],

1-ethyl-3-methylimidazolium

bis[(trifluoromethyl)sulfonyl]imide; CMOF, cationic metal-organic framework (CMOF); Mg-TMA, magnesium- 1,3,5-benzene tricarboxylic acid; Mg-TPA, Magnesium-1,4-

benzenedicarboxylic acid; [Emim][SCN], 1-ethyl-3-methylimidazolium thiocyanate; [Emim][DCA], 1-ethyl-3-methylimidazolium dicyanamide; PEGDA, poly(ethylene glycol)
diacrylate; AI-TPA-MOF, aluminium terephthalate metal organic framework; PC, propylene carbonate; MOF-525(Cu), Zr(IV)sO4(OH)4(CuTCPP)3, here CuTCPP is
[5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin]Cu(ll); BTC, 1,3,5-benzenetricarboxylate; MIT-20d, M2CI2BTDD (M = Mn, Co, Ni); LiOtBu, Lithium tert-Butoxide;

3.4.2. Covalent organic frameworks (COFs)
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Similar to MOF materials, another novel class of crystalline
materials, covalent organic frameworks (COFs), have also been
exposed as components to construct CSSEs. Similarly, the COFs-
related solid state electrolytes can also be divided into the “real solid-
state electrolytes” and the “solid-like electrolytes”. Although this
review is mainly focused on the true CSSEs, to help readers to grasp
a better understand for COFs used in lithium batteries, those two
aspects are included, more details can be seen below.

First, the COFs related electrolytes with organic solvent are
regarded as “solid-like electrolytes”, most of the liquids are trapped in
the pores of COFs materials, therefore the safety issues from
flammable liquids can be alleviated but not fully resolved. The initial
studies of COFs-related electrolytes usually immerse the COFs with
specific channels into the solution of lithium salt in organic solvents.
For instance, Jun Heuk Park and co-workers33? reported a new type of
solid lithium-ion conducting electrolytes, which is made by
incorporation of Li* ions into a cucurbit[6]uril (CB[6])-based organic
molecular porous solid. The honeycomb-like 1D channels along the
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c-axis provide an excellent ion transport pathway, which grants a high
Li* ion conductivity of 10# S cm! and Li* transference number of 0.7-
0.8.

Moreover, another case was investigated by Demetrius A. et al.
333 who proposed five 2D COFs with different functionalities (e.g.
boronate, boroxine, P-ketoenamine and triazine) and symmetries
(hexagonal and tetragonal). Those samples were mechanically
pressed into shaped objects with anisotropic ordering in preferred
orientation and further impregnated in 1 M LiC10,/THF, which enable
them to display fast Li-ion conductivity and high electrochemical
stability,
rechargeable Li-ion batteries. Based on this COFs-related electrolyte
system composed of COF-5 (CoH4BO,), LiClO,4, and THF, a specific
study about dynamics and microstructural evolution during Li* ion

implying their possible applications for CSSEs in

diffusion is developed using ab initio molecular dynamics simulation

354 Tt is found that, as driven by facile rotation and short-range
diffusion of the anions ClO4 and the organic solvent THF, the
diffusion of Li* ion shows a one-dimensional liquid-like behavior.

.
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Fig. 16 (a) Porous CB[6]-based solid lithium electrolyte with 1-D channels for Li ion transport332, Reprinted with permission from ref. 352. Copyright 2015, Royal Society
of Chemistry. Schematic representations of (b) top and side view of proposed structural of ICOF-23%5, reprinted with permission from ref. 355. Copyright 2016, Wiley-
VCH. (c) Li ion transport in the channels of CD-COF-Li3%, reprinted with permission from ref. 356. Copyright 2016, Wiley-VCH. (d) imidazolate-based ionic COFs with high
Li ion conductive channels3%’. Reprinted with permission from ref. 357. Copyright 2019, American Chemical Society. Schematic diagram of the SPEs without (e) or with
(f) COF additives, 358 reprinted with permission from ref. 358. Copyright 2019, Royal Society of Chemistry. (g) Schematic illustrations of ion association in COFs with

neutral and cationic frameworks, respectively. (h) Synthetic scheme of the CONs with cationic framework for Li* conduction. 35° Reprinted with permission from ref. 359.

Copyright 2019, American Chemical Society.

Second, aside from immersing the COFs into organic
solvent/lithium salt directly, some other researches modified the
COFs with ionic linkages first to form the immobilized ion centres,
thus the conductivity and stability of obtained electrolytes can be
improved. For example, Ya Du et al.3>® proposed a novel type of ionic
covalent organic framework (ICOF) material as shown in Fig. 16 (b),
which is constructed by spiroborate linkage and contains sp?
hybridized boron anionic centres and tunable countercations. Here the

30 | J. Name., 2012, 00, 1-3

Li* is incorporated into COFs as functional group during material
synthetic process, only the binder (PVDF) and organic solvent (PC)
are added to form the final electrolyte membrane. Due to the presence
of the immobilized ion centers in ICOF, it exhibits a room-
temperature conductivity of 3.05 x 103 S cm and an average
transference number of around 0.8.

Meanwhile, the basic structure of COFs is also an important
factor to influence the performance of electrolyte such as the

This journal is © The Royal Society of Chemistry 20xx
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comparison between 2D and 3D COFs, in 2D COFs, the building
blocks are linked by strong covalent bonds and restrained in 2D
polymeric layers, then the non-covalent interactions can make those
layers stack to form eclipsed or staggered structures. While in 3D
COFs, the structural units are usually extended into three-dimensional
space through tetrahedral linkages3363¢0. By comparison, there are
some advantages for 3D COFs including high porosity, low density,
and well-defined structures, but the difficult choice between building
blocks and synthetic process limit their further development.

In this regard, a 3D CD (cyclodextrin)-COF was designed and
synthesized using y-cyclodextrin (y-CD) as the aliphatic and flexible
building block, and tetrakis(spiroborate) as a covalently tetrahedral
linkage through a facile microwave-assisted method (Fig. 16 (c)) 3%.
After incorporating Li* as the counterion, the obtained 3D anionic
COF (CD-COF-Li) with well-defined channels can act as reservoirs
for liquid electrolytes and serve as solid-state electrolytes for lithium
battery, which delivers an ionic conductivity of 2.7 x 10 S cmat
30°C. This good performance can be ascribed to the flexible and
dynamic nature of CD, the anionic feature of the network derived from
spiroborate, and high capability confined channels.

Similarly, a series of crystalline imidazolate-based ionic COFs
including H-ImCOF ((Cy7HzoNy),), H-Li-ImCOF ((Ca7H sN4Li),),
CHs-Li-ImCOF ((CasHzNyLi),), CF3-Li-Im-COF ((CasH sN4FsLi),)
have been reported as SSEs 337, Their typical structure is shown in Fig.
16 (d), where the lithium ions can freely transport through the intrinsic
channels in the presence of organic solvent. Due to the weak Li ion
and imidazolate binding interactions, and well-defined porous
framework, these ionic COFs exhibit outstanding ion conductivity and
high transference number as listed in Table 7.

In addition, polymers can also be combined with COFs and then
immersed in lithium/organic solvent solution to form the gel
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electrolyte membrane. As shown in Fig. 16 (e) and (f), a porous boron-
containing COFs, (C;H,BO)¢(CoHys);, was synthesized and
employed as functional additives into the polymer (PVDF) matrix to
form a composite electrolyte, which has an enhanced ionic
conductivity and higher lithium transference number. However, this
prepared polymer composite electrolytes still need to immerse into
liquid electrolyte solution to form the gel electrolytes before cell
assembly 338,

Third, in addition to acting as reservoirs for liquid electrolytes,
the anionic COFs can also conduct Li" ions in the absence of any
solvent, which can be called as a “true solid state electrolyte”.
Hongwei Chen and co-workers 3* incorporated cationic skeleton into
the COF structure to form a 2D COF nanosheet (CON), which is
named as Li-CON-TFSI and shown in Fig. 16 (g) and (h). Compared
to the COFs with neutral frameworks, the obtained cationic COFs
separate the Li salt ion pair (Li* and TFSI") through stronger dielectric
screening, leading to significantly improved ionic conductivity of2.09
x 107* S ¢cm! at 70°C without any organic solvent.

In addition to the anionic COF, some other similar anionic,
neutral, and cationic COFs incorporated with a low-molecular-weight
polyethylene glycol (PEG, M,=800) are also proposed as shown in
the Fig. 17 below3®!. Here the PEG chains confined in the well-aligned
channels act as a transport medium and exhibit high Li* solvating
ability and flexibility. As an example, the ion conductivity of PEG-
Li*@EB-COF-ClO4 (EB, ethidium bromide) without any solvents
reaches 1.78 x 10 S cm! at 120°C, which is very high in all
polymeric crystalline porous materials based CSSE in absence of any
solvents. By comparison, the anionic or cationic COFs show much
better conductivity than neutral ones, which is on account of the
dissociation of ionic pairs which will be promoted by the interactions
of Li salt and the charged framework.
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AN
A
cooacd]

EB-COF ’
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Fig. 17 (a) Schematic of Li* transport in COFs/PEG CSSEs, and (b) the structures of some obtained anionic (CD-COF-Li), neutral (COF-5, COF-100), or cationic (EB-COF)

COFs3%, reprinted with permission from ref. 361. Copyright 2019, American Chemical Society. Structures of (c) Li*@TPB-DMTP-COF with bare pore walls (lack
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polyelectrolyte interface); and (d) Li*t@TPB-BMTP-COF with oligo(ethylene oxide) chains on pore walls (with a polyelectrolyte interface) 362, reprinted with permission

from ref. 362. Copyright 2018, American Chemical Society.

A new class of solvent-free, single lithium-ion conductor,
lithium sulfonated covalent organic framework (TpPa-SO;Li), was
developed as an SSE 39. Comparing with other porous crystalline ion
conductors, this proposed solid state electrolyte can be operated
without any solvents and even lithium salts. The anions are covalently
tethered into inner of the pores of TpPa-SO;Li, thus the lithium ions
are mobile, exhibiting exceptional ion conductivity (2.7 x 103 S cm™)
and high lithium-ion transference (0.9) number at room temperature.

Four, aside from physically mixing COFs into polymer, or
chemically grafting the polymer chains or other functional groups into
COFs in a general way, the polymer chains can further orderly arrange
on the pores of COFs to form an advanced pathway for lithium ion
transport. For instance, some polyelectrolyte COFs with integrated
flexible oligo(ethyleneoxide) chains onto the pore walls were reported
by Qing Xu, et al. 32, Their ionic conductivity shows more than 103
times than that of the COFs with bare nanochannels, which is due to
that a polyelectrolyte interface in the nanochannels which is formed
after introducing oligo(ethylene oxide) chains to offer a pathway for
lithium ion transport via a vehicle mechanism with lower energy
barrier as shown in Fig. 17 (c) and (d).

To overcome the drawbacks of COFs with conventional
amorphous polymers such as the insufficient conductivity if without
liquid organic solvent, or the limited working temperature below
100°C, Gen Zhang et al. 3%* incorporated PEO chain into the inner
space of 2D MOFs to rationally construct a lithium ionic conduction
pathway in their crystalline states. The structures of COF-PEO-x (x is
3, 6, or 9) with various numbers of PEO unites are shown in Fig. 18,
which presents different crystalline states. Then, the obtained COF-
PEO-x were immersed in LiTFSI/THF solution and further dried at
100°C under vacuum for a long time to form the final CSSE, COF-
PEO-x-Li after removing the organic solvent. It is found that the ionic
conductivity is depended on the length and dynamics of PEO chains,
where the PEO is not just used as polymer matrix but the a bulky and
flexible functional group. Moreover, this CSSE is first used in an all-
solid-state lithium battery at 100°C with good conductivity, flexibility
and stability.
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Fig. 18 Chemical structures of COF-PEO-x (x = 3, 6, 9) with various numbers of PEO
unites, (a) COF-PEO-3, (b) COF-PEO-6, (c) COF-PEO-9; SEM images of (d) COF-PEO-
3, (e) COF-PEO-6, (f) COF-PEO-9, (g) COF-PEO-3-Li, (h) COF-PEO-6-Li and (i) COF-
PEO-9-Li. 3¢* Reprinted with permission from ref. 364. Copyright 2019, American
Chemical Society.

3.4.3. Porous organic cages (POCs)

Aside from some porous materials such as MOFs and COFs
mentioned above, a relatively new class of materials, porous organic
cages (POCs), which are without metal ions normally, have generated
increasing interest and used as solid state electrolyte in lithium
batteries 36>367, Here are some crystalline porous organic cages as
shown in the Fig. 19 below. A neutral imine cage CC3 (a) with
hydrated 3D diamondoid pore network (d) but relatively low proton
conductivity can be reduced to form RCC1 (b) and further
transformed into crystalline hydrated salt (H;,RCC1)!?*-12Cl-4(H,0)
(c, e and 1), thus the conductivity can be significantly improved 3.

As shown in Fig. 20, a typical case of the electrolyte used in
lithium batteries is a solid—liquid electrolyte nanocomposite (SLEN)
fabricated from porous molecular cage and LiTFSI/DME (1,2-
dimethoxyethane) electrolyte solution proposed by Aaron Petronico
and co-workers*®, which exhibits exceptional ionic conductivity of
1x103 S cm™! at room temperature and a wide electrochemical
window of 4.7 V. The organic cage in those POCs imposes a
conduction pathway that is necessarily three-dimensional to maximize
ionic conduction.
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Fig. 19 Molecules of porous organic cages and protonated cage salts. (a) Neutral
porous organic cages CC1 and CC3, (b) and (c), from RCC1 (RCC1; the reduced form
of CC1) to protonated cage salts; (d) hydrated 3D diamondoid pore network of CC3;

3D interconnected pores in 1 (e) and 2 (f). 365 Reprinted with permission from ref.
365. Copyright 2016, Nature Publishing Group.
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Fig. 20 Schematic illustrations of solid-liquid electrolyte nanocomposite (SLEN)
half-cell configuration and the magnified structure of SLEN. 3%¢ Reprinted with
permission from ref. 366. Copyright 2018, American Chemical Society.

Table 7 COF—derived solid state electrolytes

Fillers (NP) Solid electrolytes 6 (S cml) Ref.

With organic solvent and Porous CB[6] CBJ[6]/0.8LiPF¢ 3PC 0.9+0.4 x 104 (RT) 332

lithium salt CB[6]/0.4LiCl0O,-3.4PC 0.8+0.4 x 10 (RT) 352

CBJ[6]/1.1LiPF4¢-2.2DMC 1.0+0.2 x 10 (RT) 352

COF-5 COF-5/LiClIO4/THF 2.6 x 104 (25°C) 353

TpPa-1 TpPa-1/LiCl0,/THF 1.5 x 104 (25°C) 353

ICOF-2 ICOF-2/PVDF/PC 3.16 x 105 (RT) 355

CD-COF-Li CD-COF-Li/LiPF¢/EC-DMC 2.7 x 103 (30°C) 356

H-ImCOF H-ImCOF/LiClO,/PC 4.0 X107 (RT) 357

With organic solvent H-Li-ImCOF H-Li-ImCOF/PC 5.3 x103 (RT) 357

CH;3-Li-ImCOF CH;-Li-ImCOF/PC 8.0 X103 (RT) 357

CF;-Li-ImCOF CF;-Li-ImCOF/PC 7.2 x1073 (RT) 357

H-COF-1@10 H-COF-1@10/PVDF/LiCIO/EC-DMC 2.5 x 10 (RT) 358

Without organic solvent and/or CON Li-CON-TFSI 2.09 x 107#(70°C) 359

lithium salt EB-COF PEG-Li*@EB-COF-CIO, 1.78 1073 (120°C) 361

TpPa-SO;Li TpPa-SO;Li 2.7 %107 (RT) 363

With lithium salt TPB-BMTP-COF TPB-BMTP-COF/LiClO4 6.04 x 106 (40°C), 362
5.49 x 10 (90°C)

TPB-DMTP-COF TPB-DMTP-COF/LiClO, 1.36 x 10”7 (40°C), 362
5.37 x10¢ (70°C)

With lithium salt in polymer TPB-DMTP-COF TPB-DMTP-COF/PEQ4(¢/LiClO4 7.93 x 107 (40°C), 362
matrix 2.48 x10* (70°C)

COF-PEO-x COF-PEO-3/LiTFSI 9.52 x 107 (200°C) 364

COF-PEO-6/LiTFSI 3.71 x 10*(200°C) 364

COF-PEO-9/LiTFSI 1.33 x 103 (200°C) 364

*COF-5, CgH4BO,; ICOF-2, a spiroborate-linked ionic covalent organic framework with lithium counterion; PC, propylene carbonate; DMC, dimethylcarbonate; THF,

tetrahydrofuran; CD, cyclodextrins; LiTFSI, lithium bis (trifluoromethane)sulfonimide; CON, COF nanosheet; TPB, 1,3,5-Tri(4-aminophenyl) benzene; BMTP, 2,5-bis((2-
methoxyethoxy)methoxy)terephthalaldehyde; DMTP, 2,5-Dimethoxyterephthalaldehyde; H-COF-1@10, COF-1 ((CsH,BO)e:(CoH1,)1) with different porosity; COF-PEO-9,
here PEO-9 is 2,5-bis((2,5,8,11,14,17,20,23,26-nonaoxaoctacosan-28-yl)oxy)terephthalohydrazide; ImCOFs, imidazolate-based COFs; H-ImCOF, (Cy7H,0N4),; H-Li-ImCOF,
(Ca7H19NgLi),; CH3-Li-ImCOF (CpgHp1NyLi),; CF3-Li-lm-COF (CpgH1gNgFsli),; EB, ethidium bromide; TpPa-SOsLi, which is prepared from TpPa-SOsH (Tp is 1,3,5-

triformylphloroglucinol, Pa-SOsH is 1,4-phenylenediamine-2-sulfonic acid) and LiOAc.

4. Emerging advanced characterization and
computational simulation technologies

In order to overcome challenges such as higher ionic conductivity,
long term stability and economic feasibility to meet the requirements
of further practical implementation and commercialization, deep and
fundamental understandings are necessary. Specifically, the
investigations on ASSLBs involve complicated material analysis such

as crystal structure and morphology, deeper chemical analysis

This journal is © The Royal Society of Chemistry 20xx

including elemental and valence state, real-time electrochemical
processes, etc.8” Although composite electrolytes can overcome the
shortcomings of each consisting component and even leverage their
advantages, the characterization and clarification for those above
investigations in such a composite system are much more
challenging®”. In the last few years, some advanced computational
methods and novel techniques have been designed and established to
facilitate these investigations specifically, which will be focused on in
this section.
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4.1 In situ or operando techniques

Normally, four main categories of prevailing techniques are
chosen to investigate the SSEs. First, the basic crystal structures from

XRD and neutron diffraction patterns (NDP) with precise refinements.

their
electrochemical performance using current-voltage (I-V) tests,

Second, electrochemical measurement to evaluate

electrochemical impedance spectroscopy (EIS), linear sweep

voltammetry (LSV), etc. Third, microstructure characterization
through scanning electron microscopy (SEM), transmission electron
microscopy (TEM), scanning transmission electron microscopy
(STEM), scanning tunneling microscopy (STM)/scanning tunneling
spectroscopy (STS) and atomic force microscopy (AFM). Four, some
typical surface analysis by XPS (X-ray photoelectron spectroscopy,
or ESCA, electron spectroscopy for chemical analysis), SIMS
AES

spectrometry), and LEIS (low-energy ion scattering spectroscopy)

(secondary ion mass spectroscopy), (auger electron
with the inspect surface depths from interfaces of 1-10 nm, several to
hundreds of nm, 1-3 nm, as well as to inspect the outer atomic
monolayer.

Unlike the conventional ex situ techniques, which are static and
difficult to capture the materials structures or the electrochemical
processes in metastable or unstable conditions, some emerging in situ
or even operando characterization techniques can directly identify the
dynamic information for material structures or reaction processes in
real time>. Here in operando means the measurement is performed
when the battery is in operation, which is one specific case of in situ
368 Some of these techniques have been widely used in the researches
on SSEs of lithium batteries.

The first basic one is the in situ XRD measurement for overall
crystal structure at various conditions. Such as the materials formation
at increasing temperatures from room temperature to 800 °C for
LiMn, sNip 504 (LMNO) and Li; 4Aly 4Ge; ¢(POy4); (LAGP) powders,
thus the interfacial products between electrode and electrolyte can be
determined at elevated temperature.3® Or the crystal behavior of
Li;La;Zr,0;; (LLZO) in the absence of pressure mediums during
compression and decompression.?’® Moreover, XPS can detect the
chemical constitution and valence state of a certain system, while the
in situ XPS can dynamically study the chemical reaction during
electrochemical processes®7!373. A typical use for lithium battery is to
understand the formation and evolution process for the solid-
electrolyte interphase (SEI) between metal electrode and SSE 374375,
For instance, the chemical state information provided by in situ XPS
indicated that the SSE Li;P;S;; was likely to react with lithium metal
electrode to form the decomposition phases of Li,S and Li;P374. On
this basis, another research further demonstrated how the SEI layer
evolves chemically during actual battery charge-discharge cycles via
operando XPS (opXPS) 37, the schematics of opXPS and related Li
1s core level evolution during charging and discharging from 0 to 45
hours are presented in Fig. 21 (a) and (b), in which the SEI layer’s
formation and further evolution can be clearly reflected. Obviously,
the in situ and even operando XPS is crucial to further understand the
mechanisms of chemical processes in ASSLBs.

In addition to crystal structure or the chemical states of SSEs via
X-rays, the lithium ion transport during battery operation can also be
detected by in situ characterization techniques. A typical candidate is
the in situ NDP as shown in Fig. 21(c), which is highly sensitive
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towards light elements (e.g. H, Li or O) and thus can detect much
deeper range than that of ordinary X-rays.376377 Especially, this
technique is very suitable for lithium ion battery studies because
spatial distribution and density of lithium element during plating and
stripping can be accurately observed through this nondestructive
method.’%37837 In order to clarify the origin of lithium dendrite
formation, Han et al. !7 used operando NDP to determine the dynamic
evolution of lithium concentration profiles in three typical SSEs
including LiPON, LLZO, and Li;PS4, the results indicate that
lowering the electronic conductivity is vital to deal with lithium
dendrite issues. Researches on SSEs such as the degradation issues in
thin-film system?°, or the material behavior at interface of SSE/Li
metal?’7378 are also vital and complimentary towards the goal of
understanding SSEs.

Solid-state nuclear magnetic resonance (NMR) is a powerful tool
to study local structural environments and dynamics of lithium ion in
ASSLBs, in which the NMR active isotopes °Li and 7Li can be
detected to reflect the pathways of lithium ions?¢%381, Particularly,
NMR is sensitive enough to distinguish various lithium ions in
different structural environments in ceramic phase, polymer phase, or
their interfacial region. 32 Thus the CSSEs with more complicated
components than single phase solid electrolyte can be better
investigated through this technique.?”” Compared with the ex situ
NMR, which is difficult to capture the signal in metastable process,
the lithium ion transport in real time can be directly identified via in
situ NMR during battery cycling. 33 For instance, Xu et al.3® used in
situ 7Li NMR to study underlying solid-state (de)lithiation mechanism
of the improved electrochemical performance. And Nakayama et al.
384 revealed the key factors affecting capacity fading of ASSLBs with
PEO as electrolyte using in situ '’F-NMR.

Imaging technique is one of the most widely used
characterization methods to observe the morphology of energy
materials in different scales. Those techniques include in situ TEM, in
situ SEM 37° (STEM-EELS), cryo-electron microscopy (CE), in situ
AFM, operando X-ray tomography microscopy (XTM), and in situ
electron holography are performed to study the SSEs. One typical
research objective using these advanced techniques is to study the
interfaces between electrode and solid state electrolyte, in which the
interfacial region is a transition layer between different phases with
inhomogeneous spatial distribution.?” For instance, Li et al. 37
observed the morphology evolution of LLZTO near Li/LLZTO
interface by employing an in situ SEM to study the lithium
plating/striping behavior at the intimately contacted interface.

Other than materials’ 2-dimensional surface pictures offered by
SEM based on scattered electrons, in situ TEM based on transmitted
electrons can provided more details about internal crystal or
morphology of solid electrolytes with high spatial resolution. 2
Moreover, using STEM combined with EELS can obtain some
conclusive evidences such as atomic distribution®®>, local crystal
orientation386, or valence states 3%7 to further facilitate the research of
materials. 3% Gong et al. 3% used in situ STEM to directly observe
nanopolycrystallization in a working ASSLBs with LLZO as
electrolyte, and found that the single crystal LiCoO, became
connected through nanopolycrystallization during charging/dis-
charging. As shown in Fig. 21(d) and (e), Wang et al 3" presented in
sitt STEM combined with EELS to observe the phenomena at
LiCoO,/LiPON interface in real time and indicated that the interfacial
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impedance was caused by chemical changes rather than space charge
effects.

Another advanced TEM is cryo—electron microscopy (CE),
which measures the samples at a very low temperature of about -185
°C. The first application of this technique ASSLBs was published by
Cui’s group as presented in Fig. 21(f) 3°!, which shows the possibility
of single-particle studies of pristine lithium metal and SEI. Moreover,
even some organic electrolytes in liquid lithium batteries can also be
conveniently investigated as SSEs due to their freezing in the low
temperature environment 392393, Representatively, Zachman et al. 3%
used cryo-STEM and EELS to obtain the structure, elemental
composition, and chemical bonding environment of lithium dendrites
and SEI layer, in which cryo-FIB coupled with cryo-SEM is used to
present 3D morphologies for better understanding. Considering the
destructive operation of FIB-SEM, an alternative method, operando
X-ray computed tomography (XCT) has been developed as a non-

ARTICLE

destructive 3D radiographic visualization technique, which can
directly visualize the morphological and compositional evolution of
materials during battery cycling.3%*

In situ imaging technique can also be combined with some other
characterization techniques. Very recently, a novel experimental set-
up of in situ atomic force microscope-environmental transmission
electron microscope (in situ AFM-ETEM) has been proposed to
further understand lithium dendrite growth in ASSLBs, as shown in
Fig. 21(g).>* The individual Li whiskers, i.e. the primary Li dendrite
morphologies, can be in situ observed at room temperature as shown
in Fig. 21(h), it can be seen that the a nano-sized Li ball nucleated
from CNT and further growth with a whisker. The growth stress under
an increased applied potential was tested and the results provide
quantitative benchmarks for the design of SSEs for ASSLBs with
suppressed Li dendrite formation.
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Fig. 21 Some cases for in situ or operando techniques. Operando XPS schematic and Li 1s core level evolution during (a) charging from 0 to 6 hours, and (b) discharging

from 6.5 to 45 hours; 37> reprinted with permission from ref. 375. Copyright 2018, Nature Publishing Group. (c) Operando NDP schematic and the measured Li distribution

during 10 plating and stripping cycles at a current density of 1mA cm2; 378 reprinted with permission from ref. 378. Copyright 2019, American Chemical Society. (d)

Schematic of in situ TEM biasing of nanobattery, (e) STEM image and related EELS mapping, HAADF images of LiCoO,/LiPON interfacial region along with Li K-edge

concentration mappings with pristine, ex situ, and in situ samples. 3% reprinted with permission from ref. 390. Copyright 2016, American Chemical Society. (f) schematic

diagram of the in situ AFM-ETEM set-up, the TEM image of an AFM cantilever approaching the counter electrode of Li metal, and the TEM image of carbon nanotube

(CNT) attached to a flattened AFM tip; (h) TEM images of Li whisker growth with time3%, reprinted with permission from ref. 395. Copyright 2020, Nature Publishing

Group.
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Other than these prevailing in situ/operando techniques for the
studies of SSEs, some other advanced methods such as in situ AES37>,
in situ XAS3%, high-resolution TOF-SIMS373% and so on are also
being rapidly developed and have widely attracted research attention.
While current characterization studies for ASSLBs are mainly focused
on the single phase SSEs, very few researches have applied them to
CSSEs. Due to the composite system consisting of more components,
and the material structures or chemical processes are more
complicated to be identified, there are both urgent need and many
research opportunities in this regard. In the near future, more and more
in situ/operando techniques will be further developed and they will
play more and more crucial roles in the research of energy materials.®’

4.2 Advanced computational simulations

Many advanced characterization methods have been developed
for further detecting the materials and processes in recent years as
summarized above. However, some detailed atomistic information is
still very difficult to directly characterize in specific experiments. As
a complement to experiments, computational simulation methods play
a useful role in analyzing and predicting the structures and properties
of materials in an atomic or molecular scale. 3%

Over the past few years, the modelling methods based on first-
principles density functional theory (DFT) have been developed and
widely used in better understanding of material structures and
electrochemical processes, including the energies of atomic structures
and the ionic transport mechanisms in SSEs. 400401 For instance,
Kihun Jeong et al. proposed a novel SSE, lithium sulfonated covalent
organic framework (TpPa-SOsLi) as shown in Fig. 22 (a) and (b). The
theoretical elucidation of lithium ions conduction behavior in TpPa-
SOsLi is presented through DFT calculation as shown in Fig. 22 (c).

(a) (c)

Axial pathway

Journal Name

To be specific, the migration barriers (E.,) of lithium ions in both axial
and planar pathways are calculated at various states, including initial
(IS), intermediate (IM), transition (TS), and final (FS) states as
compared in the energy diagrams. Compared to the energy barriers of
lithium ion migration in the planar pathway (E,, = 31.6 kcal mol!, Fig.
22(c), bottom), the axial lithium ion migration is preferred and shows
lower energy barrier (E,, = 7.6 kcal mol!) because of the shorter
hopping distances, which is promoted by the O atoms of keto groups
(green circles) (Fig. 22 (c), top). Obviously, the DFT simulation plays
a useful role to explain the material behaviours and direct the material
design for SSE.

In addition to the energies related to lithium ions transfer, the
thermodynamics of the chemical and electrochemical stability at the
interfaces of electrode and some typical SSEs, including LGPS
(Li;oGeP5S15), LLZO (LisLasZr;012), LLTO (Lig33Lag s¢TiO3), LATP
(Li; 3Alp3Ti; 7(PO4)3), and LiPON (Li,POyN,), have been investigated
systematically through DFT simulation, in which the calculated
decomposition energies (AEp) are regarded as an important indicator
to evaluate the stabilities. °° Regarding CSSEs, Pazhaniswamy Sivaraj
et al. 402 prepared a PVDF-LiClO4/LLTO (LigsLagsTiO3) nano
composite solid state electrolyte. The interaction between the
inorganic LLTO particles and polymer matrix has been inferred by
DFT-IR (infrared spectroscopy) analysis, in which two clusters of
C,H,LiCl04 and C,H,Li,LaTiClO; are modelled to virtually construct
the polymer/lithium salt system (PVDF/LiClO,4) and the inorganic/
polymeric composite system (PVDF-LiClO4/LLTO), respectively.
The calculated DFT results of ionization potential, intermolecular
distance, and the energy of structural rearrangement reveal that the
incorporation of LLTO into the polymer salt cluster reduces the
coordination bonding between Li* and ClO4 in the obtained CSSE,
which are in line with the experimental IR analysis.
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Fig. 22 (a) Conceptual illustrations of ion transport phenomena and (b) chemical structure of TpPa-SOsLi, and (c) Simulation of Li-ion migration behaviors inside the pore

(top) and corresponding energy diagrams (bottom) at the initial (IS), intermediate (IM), transition (TS), and final (FS) states.3%3 Reprinted with permission from ref. 363.

Copyright 2019, American Chemical Society.

Compared to DFT, which can be used to study the
thermodynamics related to material structures and electrochemical
processes, molecular dynamics (MD) is an advanced computational
simulation method used to learn the physical movements of atoms and
molecules, namely focusing on the dynamic evolution process of
atoms and molecules within a certain period of time. In MD

(c)

simulations, it is recognized that the trajectories of atoms and
molecules are controlled by interatomic potentials or molecular
mechanics forces, and the motions of interacting particles are
numerically solved using Newton’s equations.” With respect to SSE
for lithium batteries, one typical use of MD simulations is to
investigate the Li" transport mechanisms.
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Fig. 23 Simulation model of Li* transport in (a) a random system and (b) z-aligned PEO system, and (c) the corresponding results of MSD vs. time.3! Reprinted with
permission from ref. 31. Copyright 2019, Nature Publishing Group. The density of Li* spatial occupancy (d-f) and Van Hove correlation functions of Li* dynamics (g-i) of

three typical ceramic SSEs during AIMD simulations, including LGPS (Li;oGeP,S1,), cubic-phase LLZO (Li;LasZr,04,) and LATP (Li; 3Alo3Tiy 7(PO4)3), respectively.4%> Reprinted

with permission from ref. 405. Copyright 2017, Nature Publishing Group.

Very recently, a CSSE with vertically aligned structure was
proposed by Jiayu Wan et al. in Yi Cui’s group 3!. To be specific, an
8.6-um-thick nanoporous polyimide (PI) film filled with PEO/LiTFSI
vertically was reported (Fig. 23 (a) and (b)) and shows very excellent
performances including nonflammable, flexibility, mechanically
strong, high conductivity, very good long-term cycling, and also can
withstand some abuse tests. The authors use MD simulation to explore

This journal is © The Royal Society of Chemistry 20xx

the origin of enhanced ionic conductivity in the CSSE with aligned
structure. PEO/LiTFSI with random and aligned polymer chains are
simulated and their simulation snapshots are compared in Fig. 23 (c),
indicating their difference in Li ionic conduction. Their mean squared
displacements (MSDs) of lithium ions at 350 K are also calculated
using MD simulation and presented in Fig. 12D (d). Compared to the
Li* diffusion with time in all directions in the random system, an
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obvious increase of Li* diffusion along the aligned z-direction can be
observed in the aligned system. In this regard, the best diffusion
pathway of Li* can be obtained using MD simulations. Some other
similar researches of SSE using MD simulations were also carried out,
such as the systematic study of Li* transport process in polyester-
based polymer electrolytes 403, the Li* transport in the lamellar phase
of polystyrene—polyethylene oxide (PS-PEO) block copolymer
electrolyte, 4%* or the Li* migration in the pores of MOF-modified
electrolyte. 331

Another recently emerging MD method, the ab initio molecular
dynamics (AIMD) simulations, is proposed for the research of
SSEs.405:406 Tt has played the main role in recent advancements such
as simulating the density of Li* spatial occupancy and Van Hove
correlation functions of Li* dynamics of three typical ceramic SSEs,
including LGPS (Li;0GeP,S;), cubic-phase LLZO (Li;La3Zr,01,)
and LATP (Lij3Aly3Ti;7(POy4)s), as shown in Fig. 23 (d-1).40°
Compared to the classical MD simulation, which requires force fields
that may not be suitable for new materials, AIMD simulations are
chemically agnostic and better for predicting SSE candidates.*"?
Moreover, the real-time dynamics of ions in the material modelled
over time in AIMD simulations can lead to the direct observation of
diffusion mechanisms without the need of related prior assumptions.
399 Therefore, AIMD is very suitable to directly reveal the Li* transfer
pathway and further design new candidates of CSSEs, related
researches should be strengthened in future studies.

4.3 Artificial intelligence and machine learning

In recent years, artificial intelligence (AI), which is the broad science
of mimicking human abilities, has become the fastest-growing branch
of the high-tech industry and gained significant attention in a wide
variety of sectors. 408410 As a specific subset of Al, machine learning
(ML), that trains a machine how to learn, is very prominent and
recently used in the area of energy storage and conversion devices,*!!
especially for the lithium batteries.*!> Some aspects such as critical
materials selection,*'? cell design, state estimation,*'**!5> charging
optimization,*'? and life prediction*'®#!7 can be promoted using ML,
from which many time-consuming experiments will be significantly
reduced. Relating to the researches on those topics, there are many
studies focused on the improvement of SSEs for lithium batteries.
Current researches can be divided into several categories, including
materials screening, 418419 structural properties, “? ion diffusion
mechanism,*! and composition optimization. 4?2

One of the typical uses of ML is to select the suitable SSE
candidate materials. The conventional DFT-MD simulations guided
by ML-based model are performed to discover new solid lithium ion
conductors for ASSLBs, in which over 12000 candidates with very
diverse structures and compositions are screened. '8 Compared to the
conventional DFT approach or the random search of materials space,
the ML-based model is much more efficient for identification of Li*
conductor.

Aside from the screenings based on lithium superionic
conductivity, stability at the interface of SSE and Li metal anode is
also regarded as the criteria.*'® Mechanical properties of inorganic
SSEs including shear moduli, bulk moduli, and elastic constants, are
fed into the theoretical framework as the feature parameters to
evaluate the stabilities related to lithium dendrite. Crystal graph
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convolutional neural network (CGCNN) is performed to predict the
shear and bulk moduli, and the gradient boosting regression and
kernel ridge regression (KRR) are employed to train the elastic
constants. As a result, 12950 solids and over 15000 interfaces have
been screened and over 20 interfaces with six solid electrolytes are
selected as candidates.

Another typical case focused on improving the stability at
SSE/Li interface was proposed by Bo Liu et al. 33, who used ML and
automated reaction screening to select the appropriate dopants in
LLZOM (M doped Li;La;Zr,01,, here M is dopant, Fig. 24(a) and (b)
to improve the interfacial stability between SSE and lithium metal
anode. ML methods including support vector machine (SVM) and
kernel ridge regression (KRR) are performed to evaluate the
thermodynamic stability and reaction energy at the interface,
respectively. The formation energy per atom (AHgy., in MOy, which
is defined as AH¢., = AHy/(x+y)) and product of coordination number
CN with the formation energy of oxide MOy per M atom (CN x AHgy)
are regarded as indicators of the M-O chemical bond strength which
determine the interfacial thermodynamic stability. The results are
presented in Fig. 24(c), in which 100 LLZOM compounds considered
and the stable and unstable compounds at electrolyte/Li anode
interface are clearly divided by the black solid line. Additionally, the
reaction energy (AG) between LLZOM and Li is further predicted by
ML and confirmed by DFT calculations as shown in Fig. 24(d),
indicating a good agreement between those two methods. All in all,
this research shown a good potential for material screening and
improving by ML approach.

In addition to the material selection, further researches into the
ionic transfer mechanism of SSEs using ML have also been performed.
Specifically, the structural properties of lithium ionic conductors are
investigated using ML and high-throughput bond-valence
calculations.*? 1025 Li compounds of ICSD (Inorganic Crystal
Structure Database) have been scanned and their crystal structures are
characterized by some descriptors such as the cation site energy (Egie),
cation bond-valence sum (BVS), migration energy (E,), computed
(rp), the
coordination numbers (N), etc., which are derived from bond-valence

percolation radius cation—cation and cation—anion
(BV) theory, graph percolation and geometric analysis. Then the ML
technique known as random forests is used to build a regression model
to connect the set of descriptors with the target property of ion
migration energy. As shown in Fig. 24(e), the correlation of each two
descriptors can be obtained, for example, the E,, and r, are negatively
correlated, because the increased r, will reduce the repulsive forces
and further lead to reduced E,,. Furthermore, the results of scanned
IDSD of the SSEs are summarized and the correlations between E,
and r, are shown in Fig. 24(f), indicating a negative correlation
between these two descriptors. As a result, some lithium ionic
conductors with a 7, of ca 0.5 A and lower E,, are selected as shown
in this figure, including Lij¢GeP,S15, LiTiy(POy)s, LisLa;Zr,0ys,
LigsLag 567T103, and Lig 7,PS5Cl.

Most of the current researches on SSEs using ML are mainly
focused on pure inorganic ceramics, with very few studies relating to
CSSEs. One similar case in point is about composite lithium ionic
conductors, an optimum composition ratio of ternary Li;PO,4-Li;BO;-
Li,SO,4 (LPO-LBO-LSO) system was predicted by ML and DFT-MD
simulations.*?> The model unit cells for the ternary mixed system is
presented in Fig. 24(g). Here the composition ratio (A, B, C) indicates

This journal is © The Royal Society of Chemistry 20xx
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the percentiles of LPO, LBO, and LSO, respectively. For the three
phases, 15 different composition ratios are simulated through ML
techniques using Gaussian process regression to predict the Li-ion
conductivity and phonon free energy, and the results are presented in
Fig. 24 (h) and (i), from which the composition radio with highest
conductivity can be seen clearly. The correlation between ionic
conductivity and phonon free energy can also be found, although it is
not as strong as that in a binary system***. Moreover, another
parameter used for prediction of proper ratio is z-score, which is

(a)

nical Society Reviews ;-

ARTICLE

defined as z(x) = [6(X) - Gmax)/0(X) (x = (A, B, C); o(x) is the predicted
value of Li-ion conductivity as a function of the composition ratio;
5(x) is the standard deviation at X; G,y 1S the maximum value among
the 15 models, 193.0 S cm™). In this way the ranking of the z-score
and its composition radio have been summarized and the best
predicted radio is (55, 26, 19) as shown in Fig. 24(j). Compared to
DFT-MD
combinatorial space, ML strategy can explore the vast number of

screening which is difficult to cover the entire

combinations available.
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Fig. 24 Some cases for SSEs using ML. (a) The crystal structure of Li;LasZr,01, and its possible doped elements in periodic table; (b) The workflow of computational

Li,BO,

00100 BTN O =T (0100

Li,SO, Li,SO, Li,BO, Li.SO,

screening of SSEs using ML to improve the interfacial stability; (c) Map of AHg,., vs. (CN x AHz,), blue circles and yellow circles are the 100 training data points, and blue
crosses and yellow crosses are the 18 predicted data points. Stable and unstable regions are presented by brown and sky-blue areas; (d) DFT calculated reaction energies
(AG) vs. ML predicted reaction energies using a kernel ridge regression model. 423 Reprinted with permission from ref. 423. Copyright 2019, Royal Society of Chemistry.
(e) Correlograms between the descriptors for lithium compounds, the descriptors include percolation radius (r,), ion migration energy (E), the cation bond-valence sum
(BVS), the anion and cation volume fractions (fVo and fV¢ation), the cation site energy (Esie), the Voronoi polyhedra of the anion and cation (Vo and Vation), the cation—
cation and cation—anion coordination numbers (Ncation-cation and Neation-0) and density (p). (f) lonic migration energy (En) vs. the percolation radius (rp) for lithium
compounds; (g) Model unit cells for the ternary LPO-LBO-LSO mixed system; Contour maps of (h) Li-ion conductivity and (i) normalized phonon free energy of 15 simulated
data points, the open blue circles indicate the presents of valleys; (i) Contour map of the z-score. 420 Reprinted with permission from ref. 420. Copyright 2019, International
Union of Crystallography.

CSSEs, key evaluation parameters, mechanisms of Li ionic transport
and performance requirements for CSSEs, are then summarized.
Particularly, the main contents of key materials and advanced
structures of CSSEs are classified and summarized in this paper,
which are divided into the inorganic fillers in polymer matrix,
heterogeneous layered structures, 3D inorganic continuous
framework with filled polymer, and open-framework related
composite electrolytes. In addition, to further accelerate the
developments of CSSEs and their practical uses, advanced
characterization and simulation techniques are also presented for
better understanding.

5. Summary, challenges and perspectives
5.1 Summary for this review paper

To facilitate the research and development of composite solid
state electrolytes (CSSEs) of inorganics and polymers used for all
solid state lithium batteries (ASSLBs), a comprehensive overview of
developments in recent years in advanced materials and structures are
presented in this paper. Aside from a brief history from solid-state
ionic conductors to composite solid-state electrolytes being reviewed
first, the fundamentals including basic structure of ASSLBs with

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 39
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5.2 Challenges and perspectives

Despite the rapid advances and increasing research efforts
summarized in this review, current researches for CSSEs are in still in
their infancy. It seems that the technical maturity of CSSEs used in
ASSLBs for energy conversion and utilization is still not sufficient to
the
commercialization. This is due to several major challenges, such as

reach requirements for practical implementation or

the not yet fully understood mechanisms for ionic transport in CSSEs,
the
mechanical/thermal

ionic  conductivities, chemical/electrochemical/
stability issues of ASSLBs with CSSEs,

insufficient economic and technological feasibilities. More details for

sluggish

the challenges and perspectives are presented below.

(1) Further fundamental understanding of ion conduction
mechanisms and material behaviors in CSSEs. The physical
models of intrinsic ionic transportation in each type of pure SSEs have
been built up since the first proposed solid ionic conductors, however,
most of the models are focused on the intrinsic ion conduction
mechanisms within pure SSEs, and some controversial theories still
need to be clarified. As for various CSSE systems, the ionic
conduction mechanisms between different material compositions and
phases play a critical role in lithium ion conduction, especially for the
complicated interfacial regions between inorganic fillers/polymers,
polymers/polymers, inorganic ceramics/inorganic ceramics, and
CSSEs/electrodes. Therefore, it’s more necessary to further our
understanding on the complex ion conduction mechanisms. To
achieve this goal, both experimental and theoretical approaches
should be performed to investigate the Li ions’ behaviors in CSSEs,
which includes the thermodynamic and kinetic behavior in migration
process. As we summarized, only very few researches employ the
advanced  characterizations and computational  simulation
technologies in the research of CSSEs. Obviously, those advanced
methods such as in situ/operando NDP, XTM, solid-state NMR, etc.
or the simulation methods such as DFT and AIMD, can meet the
complex needs well for those composite material systems.

(2) Further enhancing the ionic conductivities of CSSEs via
developing novel materials or/and optimizing

Although there are some recent advances in improving the

structures.

conductivities of CSSEs, the current conductivities in most reports are
still in the range of 104 to 10~ S cm! at room temperature. Very few
works can reach up to 103 S cm! or even higher. To maximize the
performance of solid-state batteries and further accelerate their
practical implementation, requirement of 103 to 102 S cm'! at ambient
temperature comparing to that of liquid electrolyte should be met. In
addition to current structural system reviewed in this paper, basing on
deeper understanding of the fundamentals, some other advanced novel
structures or electrolyte materials could be further developed in
interdisciplinary fields. Aside from that, the interactions between
different components in CSSEs should be strengthened to facilitate
continuous ionic migration. On the other hand, Al and ML are useful
tools to precisely and efficiently develop novel materials and also
optimize their structures and compositions, which is very suitable for
the discovery and screening of fast lithium ion candidates, and further
design of the complicated composite material systems. Those
computational technologies have seldom been used in current studies
of CSSEs, but are critical and expected in thriving development of
solid state batteries in the near future.

40 | J. Name., 2012, 00, 1-3

(3) Optimizing the stabilities between CSSEs and electrode
even at higher current density, high-voltage and wider
temperature range. Multifaceted stabilities including chemical,
electrochemical, thermal, and mechanical stabilities between SSEs
and electrode are significant for the long-term operation of ASSLBs.
The perform of CSSEs, especially the inorganic fillers in polymer
matrix, the double or sandwiched layered structure, or the 3D
inorganic continuous frameworks with polymer infiltration, can
largely mitigate the stability issues, including decreasing the
interfacial resistance of ceramic/electrode, or enhancing the
mechanical strength of polymer-based systems. However, most of
current researches are still in the preliminary stage and incomplete.
Operating the batteries at more extreme conditions such as higher
current density, high-voltage and wider temperature range should be
considered in the future research to further improve their performance
(e.g. higher energy density) and broaden application scenarios.
Therefore, further in-depth studies on the stabilities in ASSLBs with
CSSEs is still indispensable and urgent. Some researches could be
highlighted in the
characterization for greater understanding of the interfacial chemical

future endeavors, such as interfacial
reactions kinetics, interfacial protection layers with antioxidation
and/or inhibit reduction to extend the stability window (e.g. 0-5 V) for
high-voltage ASSLBs, the degradation mechanism under higher
current density, the material behaviors, e.g. lithium dendrite growth,
at interfacial region at severe temperature condition (below 0 °C and
above 40 °C), or the mechanical properties in a proper range, such as
a thickness less than 100 um to further reduce interfacial resistance,
or a value of Young’s modulus higher than 5 MPa to suppress dendrite
and accommodate the stress from battery assembly and the cycling
process.

(4) Improvement of economic and technological feasibilities
for practical implementation of ASSLBs with CSSEs. Compared
to current conventional liquid electrolyte used for lithium batteries,
obviously higher production cost is required for most available SSEs,
especially for the CSSEs contained complex structures or components.
To improve the economic feasibility, the design and manufacturing of
CSSEs should be considered in advance, such as the selection of
components without or with less rare earth or expensive elements,
simplifying the synthesis routes with regards to raw materials-saving
and energy-saving, and designing the CSSEs with reasonable
composite structures. Moreover, the scale-up of production is still
remain challenges for processing, the compatibilities of CSSEs and
electrodes or various components inside CSSEs should be ensured
during synthesis and even running. The balance between mechanical
flexibilities (strength, thickness, and elasticity) and enough practical
energy densities is also indispensable. Beyond CSSEs, the risk in
storage and transport of lithium metal should also be addressed with
protection systems. Finally, one more consideration to facilitate the
practical implementation is the unified and well-established
evaluation criteria for the performance, safety and recycling of CSSEs
and even solid-state batteries in both researches and actual

applications.
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