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Solid-state electrolytes (SSEs) are capable of inhibiting the growth of lithium dendrites, demonstrating great
potential in next-generation lithium-ion batteries (LIBs). However, poor room temperature ionic
conductivity and the unstable interface between SSEs and the electrode block their large-scale
applications in LIBs. Composite solid-state electrolytes (CSSEs) formed by mixing different ionic
conductors lead to better performance than single SSEs, especially in terms of ionic conductivity and
interfacial stability. Herein, we have systematically reviewed recent developments and investigations of
CSSEs including inorganic composite and organic—inorganic composite materials, in order to provide
a better understanding of designing CSSEs. The comparison of different types of CSSEs relative to their
parental materials is deeply discussed in the context of ionic conductivity and interfacial design. Then,
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DO 10.1039/d0sc03121f the proposed ion transfer pathways and models of lithium dendrite growth in composites are outlined to

rsc.li/chemical-science inspire future development of CSSEs.

Introduction

As efficient energy storage devices, batteries, including nickel-
metal hydride (Ni-MH) batteries, lead-acid batteries and
lithium-ion batteries (LIBs), can be effectively combined with
renewable energy sources such as solar energy, wind energy and
hydrogen energy, and such batteries are expected to be
advanced energy storage systems and reduce fossil fuel depen-
dence. In the past few decades, the energy density of LIBs has
been higher than that of many other types of batteries; they have
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been widely used in the fields of personal electronics, hybrid
and electrical vehicles, and grid energy conversion-storage
systems.>* Although LIBs have appeared in daily life in many
forms, currently available commercial LIBs still cannot meet the
stringent or increasing demand for high-performance equip-
ment in modern society.*™® There is an urgent need to develop
batteries with higher energy density and longer cycle life, along
with an acceptable level of safety and an affordable price. Liquid
electrolytes demonstrate high conductivity and excellent elec-
trode surface wettability, but they often suffer from the prob-
lems of insufficient electrochemical and thermal stability, low
ion selectivity and poor safety.'”>*

Concurrently, lithium metal, as a negative electrode, exhibits
low redox potential (—3.045 V) and high theoretical specific
capacity (3860 mA h g~ %), while also being light-weight (M =
6.94 g mol ', D = 0.534 g cm ™ *).2**” However, as the charging
and discharging process continues, the gradual growth of
lithium dendrites can pierce the separator, leading to a short
circuit in the battery.”® Furthermore, the electrolyte is a flam-
mable substance. If leaked, it can cause serious safety accidents.
In addition, an unstable solid electrolyte interphase (SEI) is
formed between the liquid electrolyte and the electrode mate-
rial.>”**=** The appearance of an SEI will reduce battery capacity
and shorten the cycle life of the battery. Therefore, LIBs using
lithium metal as the negative electrode have poor cycling
performance and serious safety problems. The emergence of
SSEs is expected to enable lithium metal to be used as a negative
material in all solid-state battery systems, resulting in a higher
energy density than what is currently available. Replacing liquid
electrolytes with SSEs can also effectively inhibit the generation
of SEI films and improve the cycle performance of batteries. At
the same time, the size of the battery is reduced, and its
application scope is expanded. More importantly, compared to
liquid electrolytes, SSEs (e.g., inorganic ceramic electrolytes) do
not leak and are non-flammable, and thus, safety is greatly
enhanced. The use of solid-state electrolytes instead of liquid
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electrolytes can not only overcome the liquid electrolyte dura-
bility problem, but also provide an important avenue for
developing next-generation LIBs.

With the emergence of LIBs, research on SSEs continued.
Manthiram et al. provided a detailed account of the develop-
ment of SSEs in 2017."%¢ Solid electrolytes can be divided into
two categories: solid polymer materials and inorganic mate-
rials. Typical conductive polymers are polyethylene oxide
(PEO),”” polyacrylonitrile (PAN),*** polymethyl methacrylate
(PMMA),**** and polyvinylidene fluoride (PVDF).*>** In polymer
electrolytes, the polymer long chains are partially shifted above
the glass transition temperature, thereby creating a binding site
for ion hopping, and the constant hopping of ions in a specific
direction can achieve an ion transport effect. Typical inorganic
lithium-ion conductive materials include lithium phosphorus
oxynitride (LiPON),* perovskite,* sodium superionic conductor
(NASICON),**8 garnet,'>**¢ sulfide,'®'”*-** halide,**”® and
hydride based materials.”*”® Among them, the high ionic
conductivity of solid crystalline materials can be attributed to
the large number of structural defects or special crystal struc-
tures. The former involves point defect-based ion diffusion
mechanisms, including simple vacancy mechanisms and rela-
tively complex diffusion mechanisms, while the latter involves
usually two types of sublattices, which are composed of
immobile and mobile ions. The ionic diffusion process in glass
materials is similar to that of crystalline materials in that ions
move between active sites.

High ionic conductivity, low ionic area specific resistance,
high electronic area specific resistance, high ionic selectivity,
a wide electrochemical stability window, good chemical
compatibility, excellent thermal stability, excellent mechanical
properties, simple fabrication processes, and environmental
friendliness are the main properties of a good solid-state elec-
trolyte.* Much progress has been made in improving the above-
mentioned properties. Perovskite-type oxide compounds, in the
form of ABOj;, show a lithium ionic conductivity as high as
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102 S em ™' in the bulk portion, which has been attributed to
the presence of a significant amount of equivalent deficient
sites for lithium ions to substitute and freely move in bulk
crystals. Additionally, these compounds (e.g., Liz,La,3,TiO3)
have a high grain boundary resistance that is related to the
reduction of Ti** to Ti** upon contact with Li metal.”””® Garnet-
type materials, such as LisLa;Ta,0;, and LisLaz;Nb,0O;,, have
also been considered fast lithium-ion conductors since 2003.7°
Since then, a new garnet-type ceramic of Li;La;Zr,04, has been
discovered with a high ionic conductivity (2.44 X
10~* S cm ").* Although these ceramics are chemically stable
with electrodes, their poor interfacial compatibility with lithium
metal limits their applications in the field of solid-state
batteries. Furthermore, the volume expansion and shrinkage
of the electrode during the charging/discharging process will
cause the electrolyte to crack and thereby lose its capacity. The
mechanical flexibility of SSEs determines whether they easily
crack.® Therefore, electrolytes should have a moderate elastic
modulus. In general, the mechanical flexibility of sulfide-type
materials is better than that of oxide-type materials. Addition-
ally, the replacement of oxygen ions with sulfur ions, which
have a larger radius, can not only provide more migration space
for lithium ions, but also reduce bonding strength. As a result,
compared with oxides, sulfides exhibit higher lithium-ion
conductivity with a value of approximately 107> to
107* S em™ ' at room temperature (RT).*> For example, Li;o-
GeP,S,, exhibits an extremely high lithium ionic conductivity of
1.2 x 107> S em ' at RT owing to its three-dimensional
framework structure.'® Notably, the low output and high cost
of germanium limit the possibility of its large-scale production
and application. Moreover, most sulfide solid electrolytes are
not stable and can easily react with H,O, releasing a highly toxic
gas: H,S.®* More recently, a complex hydride lithium superionic
conductor, 0.7Li(CBgH;,)-0.3Li(CB;,H;,), has been developed
with excellent stability against lithium metal and a high
conductivity of 6.7 x 107* S cm™* at 298 K.** However, the
compatibility of the above material with cathode materials is
poor due to the reducibility of complex hydrides. Unlike brittle
crystalline solid inorganic electrolytes (SIEs), solid polymer
electrolytes (SPEs) are highly flexible. Nonetheless, SPEs have
not been applied in commercial batteries due to their low ionic
conductivities (107 to 107 % S cm™ ") at RT and poor electro-
chemical stability (<4 V).*

Based on the excellent work of many researchers in analyzing
various electrolytes, it is difficult for a single type of SSE to fully
satisfy the challenging requirements mentioned above. This has
led to a growing research interest in CSSEs, which aims to
develop promising SSEs by combining the advantages and
eliminating the drawbacks of both inorganic and organic solid
electrolytes. A brief overview of CSSEs is first introduced
(Fig. 1)."* Inspired by the radar plot from the work of Manthiram
et al.** (Fig. 1a), it is necessary to summarize the recent progress
of composite solid-state electrolytes. Herein, this review
systematically surveys recent CSSE progress, with special
emphasis on the following aspects: polymer-based, oxide-based,
hydride-based, sulfide-based, and halide-based SSEs. The
conductivity, interphase behavior, electrochemical stability and
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properties of these electrolytes, along with their associated all-
solid-state LIBs are also systematically summarized and char-
acterized (Fig. 1b). We focus on the design of the electrolyte
itself and discuss the challenges in developing these materials.
Additionally, CSSEs are discussed with regard to their applica-
tion in many Li battery systems, including Li-ion, Li-metal, and
Li-sulfur batteries.

Progress of CSSEs

Solid-state ionics is the science of ion transport in solids. The
term “ionic” has been used for ionic conduction since the early
days of electrochemical research, but mainly for liquid elec-
trolytes. The field of solid-state ionics first started with the work
of Faraday in heated solid electrolytes of Ag,S and PbF, in
1833.%¢ In general, the mobility of ions in solids is very slow, and
hardly contributes to electrical conductivity. However, high
ionic mobility is observed in certain types of inorganic
ceramics, organic polymers, and composite materials, and their
ionic conductivities are comparable to that of a liquid. In the
1960s, a ceramic-based B-alumina (Na,0-11Al,0;) was found to
possess a remarkable sodium-ion transport characteristic, and
was successfully used in a high-temperature sodium-sulfur
(Na-S) battery for grid energy conversion-storage systems.®” It is
marked as a milestone and subsequently boosted the increase
in practical applications of SSEs. For example, improved Na-S
battery modules were developed and made commercially
available by NGK Insulators Ltd. in 2000.*® Recently, increasing
research has been made to realize the application of solid
electrolytes. In particular, increasing attention has been turned
from purely inorganic SSEs or purely organic SPEs to CSSEs. The
research of these CSSEs has been focused on designing inno-
vative superionic conductors, understanding the ion transport
mechanism at the interface, and improving the electrochemical
performance based on CSSEs. In the following sections,
a comprehensive introduction to different CSSEs, including
polymer-based, oxide-based, hydride-based, sulfide-based and
halide-based CSSEs, will be presented and discussed.

Polymer-based CSSEs

Since 1973, significant attention has been paid to SPEs owing to
their ease of synthesis, low shear modulus, low cost, compati-
bility with large-scale manufacturing processes and inherent
mechanical toughness. However, SPEs exhibit a low oxidation
voltage and poor thermal stability. Additionally, SPEs show
particularly low ionic conductivity (10 ®to 10 ®S cm ™) at room
temperature because the polymer chains are locked in a crystal
lattice which hinders ion-pair dissociation. Improvements in
ionic conductivity and interfacial resistance between the elec-
trolyte and electrodes are still unable to satisfy the requirements
for practical applications. To address these problems, various
physical approaches and chemical strategies, such as polymer-
inorganic material blending, architectural design of inorganic
fillers, copolymerization, crosslinking and the introduction of
ionic side groups, have been adopted.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1

* Good interfacial contact

(a) The superposed radar plot of different types of SSEs and requirements for SSEs. ASR, area-specific resistance. Reproduced from ref. 11

with permission from Springer Nature, copyright 2017. (b) Design of CSSEs from single type SSEs and corresponding physicochemical

characteristics.

Researchers began to invest more effort to balance electro-
chemical stability and mechanical robustness in the development
of composite polymer electrolytes (CPEs). The ionic conductivities
of composite membranes were optimized as the content of Li,-
LazZr,0,, changes. The composite membranes exhibited the
highest ionic conductivity (4.42 x 10* S em™" at 55 °C) and
maintained mechanical flexibility, consisting of an organic PEO
matrix with the optimum composition (52.5% Li;La;Zr,0;,).* In
contrast to conventional blending methods, Cui et al. reported
a new approach for the preparation of ceramic-polymer electro-
lytes via in situ synthesis of ceramic filler particles in polymer
electrolytes. The improved distribution of monodisperse ultrafine
SiO, particles in PEO helped increase the effective surface area and
suppress the crystallization of PEO, thus facilitating polymer
segmental motion for ionic conduction. All of these factors led to
good ionic conductivity (1.2 x 107* S em™* at 60 °C, 4.4 x
107° S em ™' at 30 °C) and greatly extended the electrochemical
stability window up to 5.5 V.** Chung et al reported a novel
composite electrolyte fabricated by a simple solution casting
method. The composite electrolyte (Lis4LazZr; 4Ty 601, (LLZTO)
fillers in a PEO/LIClO, matrix) exhibited low interfacial resistance
and good Li-ion conductivity (4.8 x 10™* S em™" at 60 °C).**

Li"-conducting oxides are considered better fillers than Li'-
insulating oxides for improving Li" conductivity and distribu-
tion in a composite electrolyte. To explore this possibility,
a PEO/perovskite Lis gSr,16Ta3,4Zr1/403 (LSTZ) electrolyte was
prepared. An interphase layer was in situ formed during cycling

This journal is © The Royal Society of Chemistry 2020

with the electrolyte membrane, which indicated the strong
interaction between F~ and the surface Ta’". This strong
interaction improved Li-ion transport at the PEO/perovskite
interface and suppressed lithium dendrite growth.®> More
recently, Goodenough et al. used two Li'-insulating oxides,
fluorite Gdy1Cep901.05 (GDC) and perovskite La, Sty ,Gag g
Mg, ,0, 55 (LSGM), as ceramic fillers in the PEO matrix. Density
functional theory (DFT) calculations and “Li nuclear magnetic
resonance (NMR) measurements confirmed the interaction
between the oxide surface and the Li-salt anion in the polymer,
which modified the activation energy for Li* transport to obtain
a high Li" conductivity that was above 10™* S em™ " at 30 °C.”
Cui et al. reported the facile synthesis of AI*'/Nb>* co-doped
Li;LasZr,04, (LLZO) nanoparticles. The substitution of Li" by
A** enhanced the stabilization of cubic LLZO at RT, and the
substitution of Zr** by Nb°" improved the ion conductivity. After
optimization, the polymer electrolyte with 15 wt% LLZO showed
an improved conductivity of 9.5 x 10”®and 1.1 x 10™* S em ™"
at 20 and 40 °C, respectively.®® There was a higher Li-ion
conductivity in one/two-dimensional fillers than in zero-
dimensional particles. One-dimensional Lij33La0.55,TiO3
(LLTO) nanofiber embedded in a PEO matrix, as shown in
Fig. 2a-c, provided continuous ionic transport pathways and
reduced interfacial resistance.®® Moreover, two-dimensional
garnet nanosheets were first reported via co-precipitation with
a graphene oxide (GO) template. The specially designed CPE
containing garnet nanosheets could robustly isolate Li

Chem. Sci., 2020, 11, 8686-8707 | 8689
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(a) Schematic illustration of the carbon nanofiber (CNF)/S-PEO/LLTO CSSE. (b) SEM images and (c) cross-sectional SEM image of the PEO/

LLTO CSSE. Reproduced from ref. 95 with permission from Elsevier Inc., copyright 2019. (d) Graphical representation of the 3D framework in
cross-linked nanocomposite polymer electrolytes (CNPEs). Reproduced from ref. 97 with permission from Elsevier Inc., copyright 2020. (e)
Schematic illustration of the different interfacial characteristics between the PVDF-based CPE and PVDF/PVAC-based CPE. (f) Cross-sectional
SEM images of the symmetric battery and Li metal after Li plating/stripping 200 h. Reproduced from ref. 101 with permission from Wiley-VCH,

copyright 2020.

dendrites and exhibited a conductivity of 3.6 x 10* S cm ™"

RT.*®

Currently, the general strategies are adding integrated inor-
ganic fillers to the SPE matrix or preparing polymer electrolytes
with specific intermolecular interactions, which can not only
improve the ionic conductivity but also sustain a high working
voltage. Mai et al. provided a new approach to prepare cross-
linked nanocomposite polymer electrolytes based on hydro-
phobic-hydrophilic-hydrophobic triblock copolymers (PPO-
PEO-PPO) in Fig. 2d. In this enhanced framework, polymer-based
composite electrolytes were generated from copolymers and
surface-modified SiO, nanoparticles, which led to the effective
solvation of lithium salts and encapsulation of organic solvents.
Thus, the electrolytes exhibited high ionic conductivity and their
electrochemical stability window was extended to 6.5 V.”” The
experiments, together with theoretical calculations, demon-
strated that the gas releasing behaviour of PEO may be ascribed to
the high oxidizing ability of delithiated LiCoO,. PEO was reported
to decompose and release oxygen from LiCoO, when more than
0.5Li" was removed.”® The surface catalytic effect of delithiated
LiCoO, caused oxidation/dehydration of PEO-based SPBs and
unexpected H, generation at 4.2 V. To mitigate the surface cata-
lytic effect, the surface of LiCoO, was coated with a stable solid
electrolyte Lij 4Aly4Ti; ¢(PO,); (LATP), thus avoiding direct
contact with PEO and therefore extending the stable working
voltage to over 4.5 V.*® Park et al. synthesized a self-standing and
flexible CPE through the introduction of poly-(ethylene glycol)-

at

8690 | Chem. Sci, 2020, 1, 8686-8707

dimethyl ether (PEGDME) to be plasticized in a PEO matrix
with a uniformly distributed ceramic filler. After the addition of
PEGDME, the stable working voltage of the PEO matrix was
extended to 5.0 V.' Besides PEO-based polymer electrolytes,
a PVDF/polyvinyl acetate (PVAC)/LLZTO CPE was first fabricated
to achieve high RT ionic conductivity and a high electrochemical
stability window (4.5 V) (Fig. 2e). More importantly, the inter-
molecular interactions of tetramethylene sulfone (TMS)
combined with PVAC or PVDF showed distinct differences. The
Li/PVDF/PVAC-based CPE/Li symmetric battery shows a good
inhibition of lithium dendrite growth in Fig. 2f. The PVAC/TMS
layer formed on both the cathode and anode interfaces con-
structed an effective sulfurous Li" transport pathway. Therefore,
TMS with low flammability and excellent stability was able to
selectively interact with only PVAC, which was helpful to enhance
lithium-ion conductivity and electrode/electrolyte interfacial
compatibility.***

Recently, sulfide electrolytes, such as Li,S-GeS,, Li,SeP,Ss,
Li,SeB,S; and Li,SeSiS,, have attracted increasing attention due
to their superior ion conductivity (~10"> S cm™') and wide
potential window (>10 V). Furthermore, sulfide electrolytes have
cheaper precursors and simpler processes to provide the elec-
trolyte with a large potential in all-solid-state lithium batteries
(ASSLBs). However, little success has been achieved in adopting
lithium metal anodes with sulfide-based electrolytes in ASSLBs.
The main challenges are the interfacial instability and Li
dendrite formation between Li metal and SSEs.

This journal is © The Royal Society of Chemistry 2020
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To solve these issues, Li;(GeP,S;, (LGPS) was dispersed in
a PEO-based polymer to fabricate SPE membranes. The inor-
ganic LGPS in the organic PEO matrix impeded crystallization
and weakened the interactions between the Li" and PEO chains.
The optimal SPE containing 1% LGPS electrolyte exhibited
a maximum ionic conductivity of 1.21 x 107> S em™ " at 80 °C
and a broadened electrochemical window up to 5.7 V.**
Inspired by the similarity between the H bond and Li bond,
hybrid solid electrolytes were prepared via an in situ coupling
reaction. A commercialized silane coupling agent was used as
a bridge builder to realize the chemical bonding interaction
between LGPS, polyethylene glycol (PEG), and PEO (Fig. 3a and
b). Hence, the optimal ceramic/polymer hybrid solid electrolyte
(HSE) membrane provided an expressway for the transport of
Li", and the growth of lithium dendrites was suppressed.'®
LigPSsCl is a promising solid electrolyte in ASSLBs. In the
preparation process, S and Cl easily formed chemical bonds
with the polymer groups and replaced other anion sites.'** A
LigPSsCl/PEO composite electrolyte with enhanced mechanical
properties and a stable interface was fabricated by a liquid-
phase process. In particular, with an optimal value of 5 wt%
PEO, the CSEs show an improved ionic conductivity and elec-
trochemical window.'® Sun et al. reported a plastic crystal
electrolyte (PCE) interlayer to address the interfacial challenge
and lithium dendrite formation between sulfide electrolytes
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and Li metal. Using PCE as an interlayer, interfacial reactions
could be avoided by preventing contact between the sulfide
electrolytes and Li metal (Fig. 3c-e). In addition, submerging
the cathode in a PCE matrix forms a continuous 3D-conduction
pathway for Li" on the cathode side.'® The synchrotron-based
X-ray absorption spectra in Fig. 3e were used to analyze the
interface between LGPS and Li metal, which suggests that using
the PCE interlayer can prevent the reduction of LGPS by Li
metal.

Oxide-based CSSEs

Oak Ridge Laboratory first synthesized LiPON in the 1990s.'””
Since then, oxide electrolytes have attracted increasing atten-
tion. Compared to SPEs, oxide-based electrolytes are becoming
a research hotspot owing to their chemical stability in air, good
ion selectivity and wide electrochemical window.'* Unfortu-
nately, an increasing number of studies have demonstrated that
lithium dendrites occur in most oxide-based electrolytes owing
to poor interfacial stability, large interfacial resistance and
voids and cracks inside the electrolytes. To develop an interface
with chemical and mechanical stability, researchers have
adopted interfacial engineering by introducing artificial buffer
layers to protect these SSEs against lithium dendrite
growth.'*®% Nevertheless, simple physical contact could not
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(a) Schematic illustration of the as-prepared HSE structure. Electrochemical characterization of the HSE membranes. (b) Arrhenius plot of

different electrolytes from 0 to 50 °C. Reproduced from ref. 103 with permission from Wiley-VCH, copyright 2020. Schematic diagrams of (c)
ASSLMBs and (d) ASSLMBs with the PCE interlayer. X-ray absorption (e) P K-edge and S K-edge spectra of LGPS before cycling, LGPS on the Li
surface after cycling, and LGPS with the PCE interlayer after cycling, respectively. Reproduced from ref. 106 with permission from Wiley-VCH,

copyright 2019.
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copyright 2019.

solve the problems of large area specific resistance and dendrite
formation. Due to a high shear modulus, the problem of
interfacial contact was initially solved by designing a soft
interface, such as polymer layers, amorphous oxides and metal
coatings.''*"*?

In practice, Ding et al. demonstrated that the coating layer
of PEO (LiTFSI) could effectively prevent side reactions
between the Li; 5Al, sGe; 5(PO,); (LAGP) and Li anode.*** It was
exciting that the CSSE remained stable even at a high potential
of 5.12 V. Considering the excellent performance of the poly-
mer layer, Goodenough et al. developed a low-cost composite

8692 | Chem. Sci, 2020, 11, 8686-8707

ceramic/polymer solid-state electrolyte (CPSE) containing up
to 80 wt% garnet Lig 4LazZr; 4Tay 601, (LLZTO).** Composites
consisting of compositions ranging from “ceramic-in-poly-
mer” to “polymer-in-ceramic” were found to be flexible and
mechanically robust (Fig. 4a-d). The crystalline LLZTO parti-
cles not only increased the chain segment motion in a PEO
matrix but also afforded an alternative Li‘-conduction
pathway. Compared with the “ceramic-in-polymer” electrolyte
with high flexibility, the “polymer-in-ceramic” electrolyte was
more suitable for large-scale application in electric vehicles
owing to its high mechanical strength and safety. The PEO-

This journal is © The Royal Society of Chemistry 2020
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LLZTO composite electrolyte showed the highest ionic elec-
trolyte conductivity (above 10™* S em™" at 55 °C) and sup-
pressed Li dendrite growth. Coincidentally, to design an
effective approach to achieve dendrite-free CSSEs, Sun et al.
investigated the performance of composite electrolytes from
“ceramic-in-polymer” to “polymer-in-ceramic” (Fig. 4e-g).***
The different sizes of garnet particles embedded in the elec-
trolyte improved ionic conductivity and tensile strength. The
satisfactory sandwich-type composite electrolyte with hierar-
chical garnet particles simultaneously achieved dendrite
suppression and excellent interfacial contact with the Li metal
in Fig. 4g. The “polymer-in-ceramic” interlayer with 80 vol% 5
um LLZTO showed a high mechanical strength of 12.9 MPa
and hindered Li dendrite propagation due to physical obsta-
cles. The “ceramic-in-polymer” thin-film outer layers with
20 vol% 200 nm LLZTO particles created a smooth and flexible
surface with a high ¢, (Li" transference number) of 0.47.
Symmetric solid-state cells with Li maintained highly stable
plating/stripping cycling for 400 h under 0.2 mA cm™> at 30 °C.
Full SSBs with a LiFePO, cathode and Li metal anode delivered
a RT specific capacity of 99.1 mA h g~* with a good capacity
retention of 82.4% after 200 cycles at 0.1C.

View Article Online
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The design of artificial structures can not only be beneficial
for interfacial contact but also improve mechanical properties.
Composite electrolytes with high loadings of ceramic fillers
(>50 vol%) are necessary to achieve the required mechanical
modulus."® However, high loading can lead to a large inter-
particle contact resistance and insufficient particle-particle
contact area, thus resulting in greatly decreased ionic conduc-
tivity. Therefore, designing a composite with an interconnected
ceramic network takes advantage of the high ionic conductivity
of the ceramic. Inspired by the structure of natural nacre, Yang
et al. fabricated a “brick-and-mortar” arrangement of solid
electrolytes with ceramic electrolyte microplatelets as the
“brick” and polymer electrolytes as the “mortar” (Fig. 5a and
b)."® Compared to pure ceramic electrolytes, the nacre-like
ceramic/polymer composite electrolyte simultaneously exhibi-
ted high fracture strain and an ultimate flexural modulus to
accommodate external deformation. The staggered micro-
structure provided a high fracture strain of 1.1% and a flexural
modulus of 7.8 GPa. An ice template method was used to build
a vertically aligned ceramic/polymer composite electrolyte
(Fig. 5¢ and d), which was composed of LAGP, with a high ionic
conductivity, and PEO."” The vertical LAGP walls in the polymer
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(a) Schematic of the staggered “brick-and-mortar” microstructure of the LAGP-PEO NCPE film, and the corresponding (b) cross-

sectional SEM image. Reproduced from ref. 116 with permission from Wiley-VCH, copyright 2020. (c) The schematic of the preparation process
of the ice-templated LAGP/PEO CSSE, and the corresponding (d) SEM images. Reproduced from ref. 117 with permission from Elsevier Inc.,
copyright 2019. (e) Schematic illustration of the fabrication procedure of the composite electrolyte film, and the corresponding (f) SEM images.
Reproduced from ref. 118 with permission from Elsevier Inc., copyright 2020.
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provided fast ionic transport channels while retaining matrix
flexibility. The ideal structure maximized the ionic conductivity
of the composite electrolyte (1.67 x 10" * S ecm " at RT and 1.11
x 107* S em ™' at 60 °C). In Chen's work, a composite solid
electrolyte with a 3D-interconnected ceramic network was
fabricated using a readily scalable processing method, as shown
in Fig. 5e and f."*® The composite electrolyte had high ceramic
loadings (77 wt% and 61 vol%) and demonstrated high ionic
conductivity (3.5 x 107> S ecm™' at RT) as well as good
mechanical strength (19.5 MPa).

In addition to excellent performance, the cost of processing
should be considered in practical applications. Oxide electrolytes
with superior ionic conductivity are synthesized at a high temper-
ature, increasing the cost of the preparation process as well as the
risk to the operation process.'® Therefore, developing a feasible

Temperature (K)

—
O
~

method to address energy consumption and safety issues is
reasonably significant for SSEs in practical applications. Liquid-
phase sintering additives have received considerable attention
because they have a low melting point and form a liquid phase. Li-
based glass ceramics, such as Li,O, Li;BO; (LBO), and LiSiO,, are
utilized for densifying LLZO at low temperatures.”*** In addition
to borate electrolytes, halide electrolytes Li;OX (X = Cl and Br) also
display good electrochemical stability with Li metal and a low
melting temperature (T, = 282 °C)."**'** Taking advantage of the
above merits, Li;OCl was introduced into the voids and boundaries
of Ta-doped LigsLasZry 75Ta02501, (LLZTO) particles at 350 °C
(Fig. 6). In LLZTO-xLizOCl CSSEs, amorphous LizOCl, as a binder,
filler and bridge, promoted the formation of an integrated
continuous ion-conductive network among the LLZTO particles.
Furthermore, Li;OCl, with excellent affinity, in situ reacted to form
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a stable and dense interfacial layer, which greatly decreased the
interfacial resistance (from 1850 to 90 Q cm®) and effectively sup-
pressed lithium dendrite growth. The integrated CSSEs (LLZTO-
2wt% LizOCl) with compact and stable structures presented
optimal ionic conductivity (2.27 x 10°* S em %), and their elec-
trochemical stability window was up to 10 V at RT."® The above
studies highlighted a novel strategy for developing integrated and
compact CSSEs at ultralow temperature for high-performance
ASSLBs.

Hydride-based CSSEs

In contrast to oxide and polymer SSEs, hydride SSEs belong to
the complex hydride family and have been widely investigated
as solid-state hydrogen-storage materials.””'*® To date, there
has been little research on ionic conduction in complex
hydrides owing to their poor ionic conductivity at moderate
temperatures. In 2007, LiBH, was reported as a fast-ion
conductor by Orimo et al., and this is regarded as a turning
point in the development of hydride SSEs.” The ionic conduc-
tivity dramatically jumped by 3 orders of magnitude from

View Article Online
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7S em ' (303 K) to 10 ° S em ™! (393 K), accompanied by
a structural transition from orthorhombic to hexagonal
(Fig. 7a).**® Furthermore, no polarization has been detected at
the LiBH,-Li metal interface due to good reduction stability and
low grain boundary resistance. The interfacial stability was even
tested under a high current density of 2.8 mA cm™2.'* However,
the fast 2D-Li* conduction phenomenon could only occur in the
high-temperature phase, which was a serious constraint for
applying hydride SSEs in practical solid-state batteries. To
improve the ionic conductivity of orthorhombic LiBH, or
prepare RT-stabilized hexagonal LiBH,, great efforts have been
made, such as second-phase compositions, anion doping, and
interfacial modifications. Therefore, a series of CSSEs have been
synthesized based on hydrides.”™

Alarger ionic radius (such as I, 0.220 nm) can help increase
the distance between alkali-metal ions and [BH,]~ ions, which
exhibit a low transition temperature.” With efforts to obtain
high conductivity at moderate temperature, the concept of
partially replacing [BH,|” complex ions with I" ions was
proposed and investigated. Among these conceptual materials,
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(a) Discharge—charge profiles at 298 K. (b) Stability of the composite electrolyte with lithium metal. (c) Cycling performance of the closo-

type complex hydride-based Li-S battery. (d) FE-SEM image of the electrolyte/Li interface. (e) lonic conductivity properties. Reproduced from
ref. 84 with permission from Springer Nature, copyright 2019. (f and g) Crystal structures of Li(NHz)BH4, LiBH4, (LiBH4),AB, and LiBH4AB.
Reproduced from ref. 76 and 142 with permission from Elsevier Inc., copyright 2018 and permission from American Chemical Society, copyright

2019.
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a LiBH,-Lil system was proven to be the most successful due to
showing a high Li* conductivity in the order of 107> S ecm™" for
3LiBH,-Lil at RT (Fig. 7b). No significant structural change was
observed from differential scanning calorimetry (DSC) profiles,
which revealed good structural stability and thermodynamic
properties of the composite electrolyte.®* After a halide modi-
fication, the stability against Li was demonstrated by SEM and
Li plating/stripping experiments. An all-solid-state Li-S battery
with a 3LiBH,-Lil electrolyte exhibited high reversible
capacity.”®* Afterwards, researchers found that nanoconfined
LiBH, in the pores of ordered mesoporous silica scaffolds led to
high Li" conductivity due to the fast Li* mobility at the interface
between LiBH, and SiO,.”>%**** The above result also led to
a lower phase transition temperature than for bulk LiBH,. More
recently, inspired by the success of hydride-halide composites
and nanoconfinement through mesoporous materials,
Li,(BH,4);I was nanoconfined into SBA-15 via a two-step process
by Zheng et al.(Fig. 7c and d).*** Liy(BH,);I@SBA-15 exhibited
a high conductivity of 2.5 x 107* S em™" at 35 °C with a Li-ion
transference number of 0.97. Furthermore, the formation of
a stable SEI between Li and the electrolyte could effectively
suppress the growth of Li dendrites. More significantly, the
good compatibility of Liy(BH,);I@SBA-15 for ASSLBs was
investigated with different cathodes, ie., Li,TisOq,, S and
LiCoO,. On the other hand, the origin of dendrite growth in
LiBH, was clarified by Sun et al in 2019. Li' combines with
electrons within the grain boundary/pore of the SSE, reducing to
Li® and eventually leading to a short circuit. Herein, the elec-
tronic conductivity of SSEs plays a significant role in dendrite
formation. In this case, LiF was employed as an insulator for the
LiBH, SSE. The LiBH,-LiF CSSE exhibited amazing stability at
5.0 mA cm > for over 200 cycles, successfully inhibiting the
growth of Li dendrites.**°

A low activation energy is also needed to obtain a superionic
conductor.”* For example, the E, of 0.46 eV for Li,(BH,);I@SBA-15
was lower than that of 0.56 eV for Liy(BH,);I, which contributed to
the high conductivity of the former. Thus, to weaken the electro-
static interaction between Li* and [BH,4]'", sulfide materials were
introduced into LiBH, to form a hybrid system."” A pseudo-binary
system composed of a complex hydride and sulfide was reported
by Orimo et al. in 2016."* A new crystalline phase of 90LiBH,:10-
P,Ss with a possible orthorhombic structure was achieved with
a high ionic conductivity of log(¢/S ecm ™) = —3.0 at 300 K. A lower
E, for the new structure was calculated to be 0.38 eV compared
with 0.53 eV for HT-LiBH,. A smooth charge transfer between the
SSE and TiS, electrode was certified to occur through a charge/
discharge process. Unlike single complex hydrides, the new
composite electrolyte exhibited no phase transition before 473 K
and a wide electrochemical window of 0-5 V. Hydride-based CSSEs
also experience stability issues as many candidates decompose on
the cathode side.™ Many approaches have been developed to
enhance the interfacial stability of CSSEs against cathodes, such as
designing stable interfaces between the hydride SSEs and cath-
odes. To accommodate high-voltage cathodes, such as commercial
LiCo00,, sulfides have recently been introduced to decrease the
interfacial resistance between LiCoO, and hydride-based SSEs by
forming a stable Li-ion conductive cathode electrolyte interphase

8696 | Chem. Sci, 2020, 11, 8686-8707
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(CEI) layer.**>* These hydride-based CSSEs can work well in all-
solid-state LIBs with a LiCoO, cathode, which exhibits typical
high-voltage plateaus for charge/discharge.

Additionally, a novel SSE from a solid solution of two closo-
type  complex  hydrides, videlicet  0.7Li(CBoHjo)-
0.3Li(CB4;H;,), was reported with a high ionic conductivity of
over 10> S em ™! at 298 K (Fig. 8a—€).** High stability against
lithium metal was certified by lithium plating/stripping for
300 cycles with an extremely stable lithium-ion transfer capa-
bility at 0.2 mA em>. Based on a cathode loading of 2.5 mg
ecm 2, all-solid-state Li-S batteries (ASSLSBs) presented a good
reversible capacity of 1239 mA h g~ ' after 20 cycles at 1C (298
K); the notable energy densities were calculated to be over
2500 W h kg™' at high current densities (1-3C). Moreover,
based on the SEM observation it was found that dendrite
growth was suppressed at the interface between
0.7Li(CBgH;()-0.3Li(CB;1H;,) and Li metal. Overall, these
CSSE-based SSLSBs exhibited outstanding electrochemical
performance at 298 K. Alternatively, approaches to improve
the conductivity of LiBH,-based composites in regard to
inducing defects and changing the atomic arrangement have
been attempted. To decrease the volume density of Li ions in
LiBH,, neutral molecules were brought into LiBH,. This new
concept was first achieved by the utilization of ammonia
absorption into LiBH,, leading to a structural transition and
reducing the activation energy of Li-ion mobility (Fig. 8f).”®
Li(NH;),BH, (0 < n = 2) exhibited high ionic conductivity (2.21
x 107 S em™'). A drastic increase in ionic conductivity
occurred at approximately 37 °C, which is close to human body
temperature, which shows its potential to be utilized in
wearable devices. More recently, the Li'-conduction mecha-
nism in LiBH,-1/2(NH;) was systematically investigated
through crystal structure analysis and DFT calculations by
Jensen et al.*** The molecular volume of NH;BH; (v = 69.86 A3
per unit cell) was much larger than that of NH; (v = 37.79 A®
per unit cell), which would intrinsically increase the cell
volume of LiBH, and lower the volume density of Li ions
(Fig. 8g). Remarkably, a novel RT ultrafast CSSE (LiBH,-NHj;-
BH;) was demonstrated with a conductivity up to 4.04 X
107" S em™ ' at 298 KM

In short, the formation of composites with other materials
can effectively promote high ionic conductivity in LiBH,.
Additionally, the original shortcomings of hydride-based SSEs,
such as the ionic area specific resistance, thermal stability of
composites, and oxidation stability with cathodes, have been
overcome accordingly. Inspired by these studies, other nano/
composites have been investigated, e.g., 2.0 x 107> S cm ™' for
the LiBH,;-Cqo composite at 298 K.*** There are also several
reports on ionic conductivities in hydride-nitride/imide
systems,*** including but not limited to a LiBH,;-LizN
system'* and a LiBH,-Li,NH system.'*®

Sulfide-based CSSEs

By replacing oxygen ions with sulfur ions, owing to their lower
electronegativity and larger radius, sulfide SSEs present
a weaker bonding strength between the sulfur and lithium ions

This journal is © The Royal Society of Chemistry 2020
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and provide a wider migration tunnel for lithium ions. As
a result, sulfide SSEs exhibit higher ionic conductivities,
approximately 1072 to 107* S em™"' at RT, which are almost
comparable to those of liquid electrolytes. In 1986, Li,S-SiS,
was first synthesized by twin roller quenching.'*” Then, through
further doping with a Li;PO, electrolyte, the conductivity
increased to 0.69 x 10> S cm™.® In 2011, a thio-lithium
superionic conductor (thio-LISICON) Li;,GeP,S;, was first re-
ported to have a high ionic conductivity of 1.2 x 107> S cm ™" at
RT (Fig. 9a), which greatly promoted the development of sulfide
SSEs.' To improve conductivity, the same group discovered
a novel lithium superionic conductor, Lig 54Si; 74P1.44511.7Clo 3,
based on a double substitution with aliovalent-ion doping
(Fig. 9b)." An exceptionally high conductivity of 2.5 x
107> S em ™" was obtained.

However, under current laboratory conditions, the cell-based
energy density of ASSLBs is much lower than that of their
competitors with liquid electrolytes. Because of the brittleness
of electrolyte materials, the thickness of the electrolyte layer is
often more than 1 mm to avoid the formation of cracks during
high pressure stress."*® Synthesizing a sulfide/polymer
composite electrolyte is an effective method to slim the elec-
trolyte layer and maintain a high ionic conductivity. Kanno et al.
prepared a thio-LISICON/silicone composite electrolyte sheet.*>*
Recently, an increasing number of compliant sulfide-polymer
composite electrolytes have been successfully developed.
Whiteley et al. produced a 64 pm-thick membrane with a sulfide
loading of 77 wt% that exhibited a low shear modulus and high
ionic conductivity of 107* S em™" at RT (Fig. 9¢c). An ultrathin
solid-state membrane (100 pm) was fabricated based on
77.5Li,S-22.5P,Ss with a self-healing polymer matrix. It was

Triaminopolyimine

-

Hexaminopolyimine

" N-methylaminopolyimine

Fig. 9
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applied as a separator (80 wt%) in ASSLBs with an FeS,-based
cathode and achieved excellent rate capability and stable
cycling for over 200 cycles.*** More recently, Nan et al. prepared
a free-standing composite solid electrolyte membrane with
78Li,S-22P,S; concentrations from 80 to 97 wt%. The sulfide/
PEO and sulfide/PVDF composites showed ionic conductivities
of 4-7 x 10™* S cm ™' with a thickness of 120 um.*® A moderate
PEO content could help the composite electrolyte achieve good
mechanical properties and a stable electrolyte/lithium inter-
face.'*>'>% For example, with 5 wt% PEO, the proportional
limit of LigPS5Cl composite solid electrolytes was enhanced to
a value of 60 MPa. The as-assembled cell exhibited a good
capacity retention rate of 91% over 200 cycles at 0.05C and 303
K. Further characterization indicated that lithium dendrite
growth could be effectively inhibited after the PEO modifica-
tion.'” The formation of P-O-C bonds between the sulfide glass
and oligomers was the key factor to ensure a high conductivity.
It was also noted that the addition of small amounts of poly-
mers improved ion conduction by lowering the glass transition
temperature.**®

In addition to combining with organic polymers, inorganic
materials can act as fillers in sulfide-based electrolytes. Hood
et al. reported the effect of oxide fillers in composites with B-
LizPS, for the enhancement of the parent electrolyte. For
example, 2 wt% Al,O; increased the ionic conductivity of the
parent electrolyte to 2.28 x 10~" S em™" while maintaining
electrochemical stability against metallic lithium up to 5 V.**’
Similarly, the same group examined the composite electrolyte of
a “hard” oxide (Li;LazZr,0;,, LLZO) and a “soft” sulfide (B-
LizPS,, LPS), which demonstrated an excellent conductivity of
5.36 x 107" S em ™" at 298 K; the above conductivity was higher
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(a) Framework structure of Li;oGeP,S;, and conduction pathways of lithium ions. Reproduced from ref. 13 with permission from Nature

Publishing Group, copyright 2011. (b) Crystal structure of Lig 54Si174P1.445117Clo 3 and nuclear distributions of Li atoms. Reproduced from ref. 7
with permission from Nature Publishing Group, copyright 2016. (c) Schematic of the formation of the solid electrolyte in a polymer matrix
membrane. Reproduced from ref. 151 with permission from Wiley-VCH, copyright 2015. (d) Schematic illustration of the preparation process of
the LPS—LLZO CSSE. (e) The ionic conductivity properties of the LPS:LLZO mixture. (f) TEM image of the LLZO-LPS composite electrolyte (the
core—shell structure) and the EELS map show a higher Li concentration across the LLZO-LPS interface (the bright part has a high concentration
of Li). Reproduced from ref. 158 with permission from the Royal Society of Chemistry, copyright 2014.
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than that of its parent electrolytes (Fig. 9d and e). The improved
conductivity was considered an effect of the space charge layer
at the interface between the LLZO and LPS particles, which was
believed to redistribute the ionic and electronic point defects
(Fig. 9f).**® As both sulfide and hydride SSEs are very sensitive to
humid air, the handling process is always conducted in a glove
box in an inert gas atmosphere. Due to the similarity of the
chemical stability of these two types of electrolytes, a composite
of hydride (LiBH,) and sulfide (LizPS,) showed the potential to
improve the total lithium-ion conductivity. Tatsumisago et al.
examined the effects of the addition of LiBH, on the structures
and properties of sulfide electrolytes. The conductivities of the
composite SSEs increased with increasing LiBH, content. The
CSSEs had a wide electrochemical window up to 5 V vs. Li'/Li".
The glass with a composition of 2Li;PS,-LiBH, showed the
highest conductivity of 1.6 x 107> S em™" at RT.**

Halide-based CSSEs

To realize the application of ASSLBs at RT, current research
efforts focus mostly on ionic conductivity and a wide electro-
chemical stability window. Compared to other SSEs, halide SSEs
have had a relatively delayed development before 2018 because
of their low ionic conductivity and low oxidation voltage.*¢****
With the tireless efforts of countless researchers, a large
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breakthrough in halide SSEs occurred in 2018.%® Tetsuya Asano
et al. successfully synthesized Li;YCls and LizYBrs with high
ionic conductivities of 0.03-1.7 x 10> S em " at RT.®® After-
wards, other halide SSEs with high ionic conductivity, such as
LizErClg,**>'** LizInCl, (ref. 70 and 164) and Li;_,M;_,Zr,Cls (M
=Y, Er),"* were also successfully fabricated. In addition, recent
experimental and theoretical results have further demonstrated
that halide SSEs are quite promising owing to their wide elec-
trochemical windows, good electrode stability, high humidity
tolerance, and simple production processes. Halide SSEs and
their application in ASSLBs are relentlessly advancing. These
new developments make it necessary to revisit halide SSEs for
potential applications in ASSLBs. Among halide SSEs, Li;MXg
(M = Sc, Y, Ho, Er, X = Cl, Br)-type SSEs have received wide
attention. However, there is still a large gap between their
experimental and theoretical results. To date, only a few halide
SSEs, such as Li;YBrs and Liz;InClg, have achieved a high ionic
conductivity over 107 S cm™" at RT. In addition, chloride-based
SSEs showed an oxidation onset voltage of approximately 4 V,
which cannot fully meet the electrolyte needs of high-voltage
cathodes. Therefore, a tremendous amount of work is
urgently required to improve ionic conductivity and optimize
the electrochemical stability window in chloride-based SSEs.
The LizYBrs, LizInClg, and LizInBrg SSEs, which possess
a cubic close-packed (ccp)-like anion arrangement, display
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Fig. 10 (a and b) The Li* probability density based on AIMD simulations. (c) The Li* migration pathways of the LizScClg structure. (d) The Li*
probability density marked by yellow isosurfaces of LisScClg (x = 5), LizScClg (x = 3), Li; gScCly g (x = 1.8) and LiScCly (x = 1) structures along the
a axis. (e) The blocking effect of Sc. (f) Radial distribution function (rdf) of Sc—Li ions in the Li,ScCls,, (x =1, 1.8, 3, and 5) SSEs. (g) Arrhenius plot of
Li* diffusivity in Li,ScClz,, (x = 1, 1.8, 3, and 5) from AIMD simulations. Reproduced from ref. 167 with permission from the American Chemical
Society, copyright 2020. (h) The crystal structure of Li, sErg5Zro sCL (i) Li connectivity along the [100] direction. (j) Phase evolution of LizM;_-
Zr,Clg (M = Er, Y) upon Zr substitution. Reproduced from ref. 164 with permission from the American Chemical Society, copyright 2020.
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relatively high ionic conductivities of 1-2 x 1072 § cm, 768164166
Furthermore, theoretical calculations demonstrated that halide
SSEs with ccp anion sublattices could display high ionic
conductivities.'” Inspired by the possibility of achieving fast Li*
migration in ccp halide SSEs, new routes have opened in the
development of ASSLBs. Recently, Li,ScCls,, SSEs (x = 2.5, 3,
3.5, and 4) were synthesized by a simple co-melting strategy
from LiCl and ScCl;. The structural evolution and ionic diffu-
sion mechanisms in LiScCl;,, were also systematically
explored, and it was found that the vacancy concentration has
the opposite trend with increasing x in Li,ScCl;., (Fig. 10). The
Li" probability density and migration pathways were fitted
based on AIMD simulations (Fig. 10a—c). The site occupations of
metal/vacancies favoured Li" migration within the local struc-
ture (Fig. 10e-g). As a result, the obtained Li;ScCls showed
a high ionic conductivity of 3 x 107> S em ™. Moreover, the all-
solid-state LiCoO,/Li;ScClg/In full cell exhibited a long cycle life
and a wide electrochemical window of 0.9-4.3 V. Note that
Li3;ScClg was not stable towards Li in the initial cycles of plating/
stripping.'®® To enhance the ionic conductivity, the covalent
substitution of metal ions was also an effective strategy to
introduce vacancies in the mobile ion sublattice. Nazar et al.
prepared a class of mixed-metal chloride solid-state electrolytes,
Li;_,M; ,Zr,Cls (M = Y, Er) SSEs. These new halide SSEs
exhibited high ionic conductivities (up to 1.4 mS cm ™" at RT)
due to their unique new structures (Fig. 10h and i). In Fig. 10j,
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combining neutron and single-crystal X-ray diffraction
methods, the evolution of new structures after a Zr substitution
revealed trigonal to orthorhombic phase transition processes.
Most importantly, chloride SSEs without any protective coating
showed excellent oxidation stability. When using unprotected
LiCoO, as the cathode material, ASSLBs exhibited exceptional
electrochemical oxidation stability up to 4.5 V at RT.'*
Remarkably, halide SSEs based on close-packed anion
arrangements or covalent substitution of metal ions exhibited
a high ionic conductivity. However, the chemical and electro-
chemical stability was difficult to satisfy with both high oxida-
tion and low reduction voltages in full battery applications. One
of the possible solutions is to combine halide SSEs and other
SSEs to be compatible with cathode and anode materials,
respectively. Unlike chloride SSEs, fluoride SSEs exhibit a wide
electrochemical stability window (~6 V). However, they have the
lowest ionic conductivity among halide SSEs. To solve this
problem, tuning the chemical composition of lithium difluor-
o(oxalato)borate (LiDFOB) and PEO can heighten the stability
and improve the ionic conductivity in CSSEs,'**'® which
undoubtedly proves the possibility of modifying CSSEs with
other types of SSEs. Therefore, the lower performance compared
to other SSEs can be enhanced by various physical approaches
and chemical strategies. It is predicted that halide SSEs will
become more deserving of in-depth attention, and their
commercialization in ASSLBs will be realized in the near future.

Table 1 List of representative composite solid-state electrolytes and their properties

Stability
Conductivity Vs.
CSSEs (Sem™) Characteristics Li/Li* (V) Cycle performance Ref.
Polymer- PEO/GDC/LSGM 107%,30°C Reduced interfacial resistance 4.8 100 cycles (Li||CSSE|NMC) 93
based PEO/LLZO 1.1 x 107%, 40 °C  Reduced interfacial resistance >4 200 cycles (Li||CSSE||S) 94
PVDF-PVAC 4.8 x 1074 RT Good flexibility 4.8 200 cycles (Li|[CSSE|[LCO) 101
PEO/PEG-LGPS 9.83 x 10~ %, RT Good interfacial compatibility 5.1 Over 3200 h (Li||CSSE||Li) 103
PCE/LGPS/PCE 2.12 x 10°°,RT  Good thermal stability 4.1 120 cycles (Li||CSSE|[LFP) 106
Oxide-based PEO/LLZTO 107%, 55 °C High mechanical strength 5.0 100 cycles (Li||CSSE||LFP) 56
Sandwich-PEO/LLZTO 9.1 x 107%,55°C  Freestanding and flexible, 11.3 5.03 200 cycles (Li||CSSE||LFP) 114
MPa
LAGP-PEO 1.3 x 107%,60 °C  High thermal stability 4.5 300 cycles (Li||CSSE||[LFP) 116
Vertically aligned LAGP-PEO 1.11 x 10 3,60 °C  Good interfacial compatibility 4.5 300 cycles (Li||CSSE|LFP) 117
Hydride- Li,(BH,);I@SBA-15 2.5 x 107%,35°C  Good interfacial contact 5.0 350 h (Li||CSSE||Li) 135
based 90LiBH4:10P,S5 107%27°C Good interfacial contact 5.0 10 cycles (LiIn||CPE||TiS,) 138
0.7Li(CBoH,0)-0.3Li(CB1;H;,) 6.7 x 1073, 25 °C  High stability and flexible 5.0 300 h (Li||CSSE||Li) 84
Li(NH;),BH, (0 <n = 2) 2.21 x 107%,40°C  Good interfacial contact >3.7 12 h (Li||CSSE||Li) 76
Sulfide-based Lig 54Si;.74P1.44811.7Clo.3 2.5 x 1072 Good interfacial contact 2.6 1000 cycles 10
(LTO||CSSE||LCO)
78Li,S-22P,Ss/polymer 4-7 x 107*, RT Self-standing 3.0 100 cycles (LiIn||CPE||S- 58
CNT)
LPS/LLZO 5.36 x 10™*,25 °C  Good interfacial stability and 5.0 4500 min (Li||CSSE||Li) 158
contact
LPS-LiBH4 1.6 x 107, RT Good interfacial contact 5.0 5 cycles (Li||CSSE||TiS,) 159
Halide-based Li,ScClsiy 3 x 1073, RT Good interfacial stability 4.3 160 cycles (Li||CSSE|LCO) 168
Liz_yM;_,Zr,Cls (M =Y, Er) 1.4 x 10 *, RT Good interfacial stability 4.5 200 cycles 165
(Li;1Sne||CSSE||LCO)
LisErClg 3.15 x 10°%, RT Good oxidative stability — — 163
PEO/LiDFOB-40wt% 1.85 x 10 *,30 °C  Good interfacial contact 4.0 50 cycles (Li||CSSE||LFP) 170
EMIMTFSI
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Mobile ion migration mechanism in
CSSEs

A comprehensive summary of different CSSEs, including
polymer-based, oxide-based, hydride-based, sulfide-based and
halide-based CSSEs, is provided in Table 1. For practical
application in ASSBs, in addition to the ionic conductivity,
electrochemical stability window, chemical compatibility, and
mechanical properties, other properties such as thermal
stability, fabrication processes, cost, device integration and
environmental friendliness are also important.**"**”> In 2017,
Manthiram et al. summarized the properties of the existing
solid electrolyte materials and visualized those properties in
radar plots." It is clear that single solid-state electrolytes have
difficulties satisfying the increasing demands in our daily life.
Even though significant progress has been achieved, huge
challenges still remained for CSSEs to seek an equilibrium
relationship, which minimizes the weaknesses of individual
SSEs to enhance the overall performance. Therefore, it is
important to summarize previous achievements in order to

Electeode ( b )
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understand, design, and fabricate novel CSSEs. Fig. 11 briefly
describes the migration mechanism of lithium ions in different
kinds of composite solid-state electrolytes. For polymer-based
electrolytes, the diffusion in the polymeric host is based on
ether linkages. However, with the increase of inorganic fillers,
the ion transport gradually transits to the newly formed inter-
phase between the dispersed crystalline and polymer matrix
(Fig. 11a)."”® It is noticed that many solid-state electrolytes turn
out to be superionic phases only at high temperature, such as
hydride-based electrolytes (Fig. 2b).'”* Typical approaches,
including cationic/anionic doping and compositing, could
provide an effective method to stabilize the metastable phase
via interfacial interactions. Recent studies have suggested that
the ion transport of sulfide- and halide-based SSEs strongly
depends on the ion channels formed by the special crystal
structure.'” For instance, the transformation of Li;PS, from the
glassy state to the crystalline state after heat treatment can
effectively improve its ionic conductivity (Fig. 11c-f). In this
case, understanding the basic conduction mechanism helps
design better composite SSEs. In this section, we discuss how to
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(a) Illustration of ion conduction paths in polymer-based CSSEs and inorganic material-based CSSEs. (b) Free energy diagram of crys-

talline SSEs with a phase transition. (c and d) Structural transition and common sulfide crystal structures. Reproduced from ref. 173 with
permission from the Royal Society of Chemistry, copyright 2020. (e) Summary of the reported RT ionic conductivities of representative halide
SSEs. Reproduced from ref. 174 with permission from the Royal Society of Chemistry, copyright 2020. (f) 1D migration pathway of the crystal
structure of Li> sErgsZrosClin the ab plane. Reproduced from ref. 165 with permission from the American Chemical Society, copyright 2020.
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combine hosts with dispersed phases to make an ideal solid-
state electrolyte with high ionic conductivities and favourable
electrochemical stability.

By combining isotope labelling and solid-state Li NMR to
track the ion-diffusion pathway, Hu et al. first provided experi-
mental evidence to show that Li ions favour the pathway
through the LLZO ceramic phase, not the interface or the PEO
polymer phase.”” After that, Pan et al. prepared a flexible
composite solid electrolyte membrane consisting of inorganic
solid particles Li; 3Aly 3Tiy ,(PO,); (LATP), PEO, and boronized
polyethylene glycol (BPEG), which provided good mechanical
strength and physically inhibited the free growth of lithium
dendrites. The authors discussed the relationships between the
stability against lithium dendrite formation and the combina-
tion of well-designed components. As proposed in Fig. 12a, the
growth of lithium dendrites could easily penetrate the SPE
membrane, while the close packing of the inorganic particles
worked as a physical barrier to restrict the free growth of lithium
dendrites in the CSE membrane. The post-cycling SEM images
of the Li-electrolyte interfaces in Fig. 12b-d showed that CSE-B-
71515 (LATP, PEO and BPEG in the weight ratio of 70 : 15 : 15)
had the smoothest Li surface and Fig. 12e showed that CSE-B-
71515 had the smallest impedance value. The main reason
was the effect of BPEG on lithium dendrite formation in
Fig. 12f. The addition of BPEG oligomers disorganized the
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crystallinity of the PEO domain and improved ionic conduc-
tivity. Additionally, the planar structure of the oligomers
chemically enabled homogeneous lithium plating/stripping on
the lithium metal and reduced the polarization effects.'”®

However, the mechanism of dendrite formation and propa-
gation remains unclear. Uneven Li' transport across the elec-
trode-electrolyte interface causes heterogeneous nucleation,
which is tied to dendrite formation during electrodeposition. To
solve the safety problem induced by lithium dendrites, high
shear modulus (Gs) CSSEs have been prioritized. In this case,
the mechanism associated with dendrite formation can be
modelled using Butler-Volmer physics:*””

1 — o) Ape- :
en(t )

where i is the current density at either a deformed or unde-
formed interface, «, is the anodic charge-transfer coefficient,
and Ap.- is the change in electrochemical potential of the
electron at a deformed interface. In this equation, the
mechanical stresses and interfacial surface tension are the only
factors for potential chemical changes. For stable electrodepo-
sition, it needs to be ensured that igcformeqa has a lower value
than iyndeformed at the peaks and a higher value in the valleys.
Thus, Au.- should be negative.””””® In addition, v is negligible,
and the deviatoric stress is always destabilizing. Therefore, Au.-
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Fig. 12 Proposed lithium ion transfer pathways and lithium dendrite growth in SSEs (a) without inorganic particles and (b) with closely packed
inorganic particles. (c—e) SEM images of the Li/CSE membrane interface in symmetrical cells after cycling, and corresponding to (f) electro-
chemical impedance spectra. (g) Schematic showing lithium plating/stripping processes with different CSE membranes. Reproduced from ref.
175 with permission from Wiley-VCH, copyright 2017. (h) Chemomechanical model underlying the successes and failures of SSEs during
charging. (i) Schematic figure of prepared nano-LiF@PIM CSSEs. Scale bar, 1 pm. Reproduced from ref. 181 with permission from Nature
Publishing Group, copyright 2020. (j) Schematic diagram of synchrotron nano-tomography characterization through the transmission X-ray
microscopy technique. (k) Representative volume showing the ceramic and the polymer phase distribution within the CSSE. (1) Representative
ceramic substructures and the polymer size distribution of the CSSE. Reproduced from ref. 186 with permission from Elsevier Inc., copyright
2020.
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is dominated by the hydrostatic stress term, which is a function
of Vi, Vi, Gs and Gy;. Hence, Helms et al. built a chemo-
mechanical model (Fig. 12h) underlying the successes and
failures of SSEs in stabilizing Li metal anodes according to the
volume ratio v = Vy;+/Vy;. For v > 1, Au.- becomes negative only
when SSEs with Gg¢/Gy; > 2.2 are needed to block dendrite
propagation.*® Then, when G¢/Gy; < 0.7 and v < 1, density-driven
suppression of dendrites is achievable with low volume changes
of the soft SSEs. However, polymer electrolytes, known as soft
electrolytes, generally undergo large volume expansion because
the formed solvation ‘cages’ of Li* result in v > 1. To confirm
their predicted dendrite-suppressing character in ASSBs, Helms
et al. successfully prepared nano-LiF@PIM CSSEs using an in
situ cation metathesis (Fig. 12i)."®" The redesigned CSSEs
showed minimally reconfigurable, ceramic-like, ion-conducting
domains, which were embedded in a soft, polymer-like matrix
with a relatively low shear modulus. Specifically, LiF@PIM
composites were useful for Li-S and Li-NMC-622 cells, which
exhibited superior performance, suggesting a path forward for
dendrite suppression.

CSSEs contain numerous solid/solid interfaces, including
intrinsic and extrinsic interfaces, the former one is the contact
region between the matrix phase and mixed media phase, and
the later one is the contact surface between the electrode and
electrolyte. These interfaces are responsible for ion-
transportation, electrode/electrolyte = compatibility, and
stability in solid-state batteries. Understanding and evaluating
interfacial properties have a significant effect on the rational
design of ASSBs. Currently, there are few studies that report the
effect of extrinsic interfaces on electrochemical performance.
Extrinsic interfaces are responsible for high interfacial resis-
tances, which can cause a catastrophic failure in capacity due to
Li dendrites,*®*'®* dead Li,"®* or interfacial delamination.*®

Hatzell's group systematically evaluated the relationship
between the electrolyte structure and extrinsic interfaces in
solid-state batteries and investigated how extrinsic interfaces
impacted electrochemical performance in ASSBs. By design,
CSSEs with similar transport properties were manufactured and
displayed varying interfacial properties. The mechanical,
adhesion, and interfacial ion-transport properties in the
extrinsic interfaces were estimated using an effective mean field
theory model and atomic force microscopy techniques (AFM).
They found that the difference in physical properties at the
extrinsic interfaces depended on the distribution of inorganic
particles in CSSEs. Hence, synchrotron X-ray nanotomography
was performed to evaluate the heterogeneous distribution of
inorganic materials. Then, combined with physics-based
modelling, the 3D-structure of CSSEs was reconstructed to
elucidate the origin of heterogeneous interfacial properties.
These findings revealed that mechanical properties, rather than
transport properties at the extrinsic interface, largely dictated
the electrochemical performance. To achieve facile and long-life
ASSBs, microstructural control over inorganic constituents may
provide a pathway towards tailoring interfacial properties with
spatial control, which can be achieved by controlling the CSSE
nano- and microstructures (Fig. 12j and Kk).'®® Despite the
significant achievements in state-of-the-art CSSEs, the above
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detailed mechanistic study is insufficient to form a complete
system to support the advanced performance of CSSEs and
realize their application in ASSBs.

Summary and outlook

All solid-state batteries have experienced rapid progress and
have drawn increasing attention owing to the introduction of
high-energy density metal anodes. Developing advanced CSSEs
is considered to be one of the most promising directions to
achieve a breakthrough in solid-state battery technology. With
more and more attempts, various hosts and dispersed phases
are combined into potential CSSEs, which not only have high
ionic conductivity, but also show good stability and properties.
For instance, composites consisting of “oxides and polymers”
are flexible and mechanically robust. A new strategy of forming
a thin electrolyte is introduced by creating sulfide-in-polymer
composites. Hydride-based CSSEs have good stability against
metallic Li, which help overcome the side reaction problem of
sulfides/oxides. Meanwhile, sulfide/oxide-based CSSEs also
match high-voltage cathode materials. Although SSEs have been
widely believed to be safer for ASSB application, such a point of
view still lacks sufficient data support, in particular for batteries
with Li as an anode electrode. Challenges including continuous
interfacial side reactions, limited electrochemical window, poor
air stability, large volume expansion/shrinkage, undesirable
dendrite growth, inescapable heat generation and thermal
runaway should be conquered for achieving better perfor-
mance."® For example, very recent progress suggests that the
release of oxygen from SSEs at increased temperatures is found
to be responsible for thermal runaway with Li. It is also
demonstrated that oxide SSEs exhibit different thermal stability
against highly reactive metallic Li."®® A further artificial layer
(such as Al,O3, Li,CO3) can help stabilize the interface between
Li and SSEs. For example, solid/solid interfacial architecturing
through atomic layer deposition of Al,O; on the SPE surface
could suppress the “shuttle effect” of lithium polysulfide
intermediates in the SPE and increase the interfacial compati-
bility between the metal lithium anode and the SPE.*®
Considering the unique advantages of SSEs, some perspectives
presented herein are based on CSSEs.

Lithium dendrite growth is mostly discovered in single poly-
mers or inorganic electrolytes based on recent research contribu-
tions. Among CSSEs, there are few reports on the growth of lithium
dendrites, which is an open field for further research. Information
on architecture and composite content, component contribution
and ion-conduction tunnels, along with lithium deposition
behaviour is required for the design of advanced CSSEs.

Currently, most syntheses of CSSEs are based on dissolving
particles in a matrix, or compounding layer by layer. The
interfacial contacts between two phases and the ion transport
mechanism need further investigation. More importantly,
advanced CSSEs need to be designed from nanoscale. There-
fore, it also requires in situ/operando characterization tech-
niques, such as time-of-flight secondary-ion mass spectrometry
and in situ electrochemical spherical aberration electron

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc03121f

Open Access Article. Published on 20 July 2020. Downloaded on 12/6/2025 6:15:01 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Minireview

microscopy, to provide an in-depth study on the interfacial
dynamics and ion transport mechanism.

To further improve the capacity and energy density of CSSE
based ASSBs, matching suitable and smart cathode materials
according to the electrochemical window and stability is
another key objective. This could be realized through increasing
more sites for active substances by constructing efficient elec-
tronic and ionic conductive networks. The interfacial design
between the cathode and anode would progress from micron to
nanoscale, and the mechanism of ion transport would transit
from interfacial contact into atomic contact, which may rely on
advanced nanotechnology.

From traditional single SSEs to composite SSEs is a research
trend that we believe. Many issues have been exposed along
with thorough studies, but fortunately the pace has never
stopped to face challenges. Fully exploiting their potential has
high scientific and practical value for large-scale energy storage
in ASSBs in the near future.
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