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All-solid-state Li batteries (ASSLBs) are well recognized as potentially high energy density, safe systems
for future energy storage. The development of solid-state electrolytes is one of the most crucial steps for
ASSLBs. Nanocomposite solid-state electrolytes (CSSEs)—which contain both polymer electrolytes and
nanoscale inorganic fillers (such as inorganic solid electrolyte filler)—have attracted tremendous interest
with their good processability, flexibility, and reasonable ionic conductivity. In this review article, we will

discuss the recent progress, design principles, and challenges of CSSEs for ASSLBs.
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1. Introduction

Li-ion batteries exist ubiquitously in modern society, finding
roles in areas such as portable electronics, electrical vehicles, and
grid-scale energy storage [1—5]. Commonly used, commercialized
Li-ion batteries are comprised of a Li transition metal oxide cathode
and graphite anode, separated by a nanoporous separator and
organic liquid electrolyte [6—8]. However, the growing demands for
higher energy density surpass the limit of state-of-the-art Li-ion
chemistry (250 Wh/kg), and thus, other chemistries that allow for
higher energy density are urgently needed [9—18]. With this
movement toward higher energy density, safety issues for Li-ion
batteries become even more critical, considering the serious acci-
dents already associated with the current Li-ion technology [19].
The rise of metallic lithium as the ‘ultimate’ anode material for Li
batteries brings with it both opportunities and challenges for their
operation [20—26]. Dendritic Li growths—which are commonly
formed during plating and stripping—can potentially pierce the
separator, leading to short circuit and safety hazards.
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A revolutionary Li battery design would potentially solve the
aforementioned issues, enabling high energy density and safe Li
batteries. Instead of using a liquid, flammable organic electrolyte
with a separator, a Li-ion conductive solid-state electrolyte (SSE)
could be placed in between the cathode and anode of the Li battery
[27—35]. A mechanically rigid, non-flammable SSE film would
ideally suppress the dendritic Li metal formation, leading to safe
operation of high-capacity Li batteries. In addition, solid/solid in-
terfaces are expected to have slower side reactions, which would
lead to improved coulombic efficiency and cycle life for all-solid-
state Li batteries (ASSLBs).

Currently, both inorganic and organic materials are known to
conduct Li ions. Thus, the study of SSEs is grouped into three cat-
egories: glasses/ceramics [28], polymers [19], and their hybrids
[36]. The main advantages of glass/ceramic SSEs are their high Li-
jon conductivity (107#—10~2 S/cm) at ambient temperature, me-
chanical rigidity, and lack of flammability. However, the brittle
nature of thin glass/ceramic films and the fact that Li grows along
the grain boundaries of these SSEs may hinder their application as
SSE in ASSLBs [37,38]. Pure polymer SSEs are flexible and have high
processability, but their low intrinsic Li-ion conductivity
(1078-107> S/cm) at ambient temperature and soft nature limit
their utilization for ASSLBs [39]. Thus, a system that combines the
advantages of the aforementioned two SSE categories while


mailto:yicui@stanford.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtnano.2018.12.003&domain=pdf
www.sciencedirect.com/science/journal/25888420
https://www.evise.com/profile/#/MTNANO/login
https://doi.org/10.1016/j.mtnano.2018.12.003
https://doi.org/10.1016/j.mtnano.2018.12.003
https://doi.org/10.1016/j.mtnano.2018.12.003

2 J. Wan et al. / Materials Today Nano 4 (2018) 1-16

avoiding their weaknesses is needed for ASSLBs. Fortunately, so-
phisticated designs for hybrid systems of inorganic/organic solid
electrolytes show promise in addressing the problem. We will
discuss the development of nanoscale composite solid-state elec-
trolytes (CSSEs) in five aspects, namely ionic conductivity, physical
stability, chemical stability, processability, and advanced charac-
terizations in the later sections, as shown in Fig. 1.

2. Improving the Li-ion conductivity in CSSE

The discovery of an ionically (alkali metal ion) conductive solid
polymer—a poly(ethylene oxide) (PEO) salt complex—was first
made by Fenton et al. [40] and Wright [41] and suggested by
Armand et al. for use as a solid electrolyte for electrochemical de-
vices [42,43]. Since then, a variety of polymer electrolytes with high
Li-ion conductivity have been reported, such as poly(acrylonitrile)
(PAN) [44,45], poly(methyl methacrylate) (PMMA) [46,47], poly(-
vinyl chloride) (PVC) [48], poly(ethylene carbonate) (PEC) [49], and
poly(vinylidene fluoride) (PVDF) [50]. However, most of these
polymer systems containing significant amount of liquid additive
and the resulting systems are therefore more properly known as gel
electrolytes. This practice mainly stems from the fact that the
aforementioned dry polymers display limited to negligible dry Li
ionic conductivity and thus can hardly compete with the PEO sys-
tem in an all-solid case [36]. PEO has a high dielectric constant and
solvates Li ions easily, and the motion of its -(CH2-CH;-0O),-seg-
ments and the breaking/formation of interchain/intrachain
lithium-oxygen coordination bonds are mainly what induce the Li-
ion movement in the complex. This mechanism implies that
amorphous PEO with higher chain flexibility should offer greater
Li-ion conductivity, and so the majority of literature works
concentrate on inhibiting the crystallinity of the PEO polymer
matrix. Despite this, a few reports suggest that crystalline PEO is
capable of obtaining higher conductivity than its amorphous
counterpart [51,52]. The glass transition temperature (Tg) of a
polymer is a critical measurement of its degree of chain motion
because polymer chains are able to move at temperatures above the
T; of a system. Thus, it is possible to enhance the ionic
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conductivities of a polymer solid electrolyte by lowering its Tg [53].
It is similarly important to pursue a high lithium transference
number to ensure effective Li-ion transport and uniform, non-
dendritic Li deposition [54].

Various strategies, such as the addition of fillers, plasticizers, or
block copolymer crosslinking have been demonstrated to improve
the ionic conductivity, Li-ion transference number, and/or me-
chanical properties of solid polymer electrolytes (SPEs) [53,55—58].
Of particular importance is the addition of ceramic fillers as it holds
a number of advantages. The addition of ceramic fillers can disrupt
the crystallinity of polymers and provide ionic pathways along the
polymer/ceramic interface, leading to higher ionic conductivity. If
these fillers are also intrinsically Li-ion conductive, additional ionic
pathways are provided through the ceramic fillers themselves.
Ceramic fillers, in general, have also been shown to improve the
mechanical strength, temperature/voltage stability range, and
lithium-ion transference number of polymer solid-state electro-
lytes without compromising their processability and flexibility. As
the addition of ceramic fillers affords a unique and diverse set of
benefits, in this section, we will be delving into the myriad attempts
at adding ceramic fillers to CSSEs to improve their performance.
Note that the ionic conductivity of a CSSE depends on a variety of
factors, including the type of polymer used, the molecular weight of
the polymer, the ratio of polymer repeating units (i.e. ethylene
oxide) to Li ions, the type of Li salt used, whether the polymer is
linear or cross-linked, and the addition of waxy or liquid plasti-
cizers. As a result, although it is difficult to compare the ionic
conductivities from different references, some general structure-
property relationships can still be concluded from the existing
literature.

2.1. Addition of fillers with random structures to CSSE

2.1.1. Addition of passive fillers to CSSE

Passive fillers used to improve the performance of solid polymer
electrolytes include the canonical ceramic oxides and more exotic
materials such as graphene oxide [59], clays [60], and metal-
organic frameworks (MOFs) [61]. Poorly Li-ion conductive
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Fig. 1. Schematic of the promises and challenges of composite solid-state electrolyte (CSSE) for Li batteries.
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materials as passive fillers were first introduced to solid polymer
electrolytes to enhance their mechanical and interfacial properties
(Fig. 2a) [62]. However, no ionic conductivity increase was observed
as the added particles are large (40 um) [62,63]. In the late 1980s,
researchers reported that the addition of fine ceramic fillers
(diameter ranging from submicron to a few microns) enhanced the
ionic conductivity of CSSEs [39,64]. The addition of small particles
increases the volume fraction of the amorphous phase of the
polymer/salt, leading to a corresponding increase in ionic conduc-
tivity. In 1998, Croce et al. [65] first reported that the addition of
nanoscale ceramic particles (5.8—13 nm) in PEO/LiClO4 electrolyte
enhanced the ionic conductivity of the polymer electrolyte over
three orders of magnitude at ambient temperature (2 x 10~ Sjcm
at 31 °C, Fig. 2b). The high ionic conductivity resulted from the large
surface area of the nanoparticles, which locally prevented the
recrystallization of polymer chains in the cooling process (from
above 60 °C, the melting temperature of PEO), and from the Lewis
acid—type surface of the nanoparticles [66]. A high transference
number of 0.6 is also achieved with this type of CSSE, whereas the
transference number of pure PEO/LiCIO4 is as low as 0.2—0.3.
Wieczorek et al. [67] reported a detailed study on the Lewis acid
surface effect of CSSEs, in which it was found that the Lewis acid
center can form complexes with anions, helping the dissociation of
the Li salt and plasticizing the system. The Lewis acid center also
can interact with polymer chains and thus stiffen the CSSE. How-
ever, the ex situ addition of particles down to a few nanometers
often leads to the agglomeration of nanoparticles [68]. Such ag-
glomerations do not allow for the full utilization of the aforemen-
tioned large surface area and lead to residual crystallized polymer
regions. To overcome this problem, Lin et al. [69] reported the in
situ synthesis of SiO, nanoparticles with PEO/LiClO4 (Fig. 2c). This

method successfully demonstrated the effect of monodispersed
SiO, nanoparticles in the PEO/LiClO4 matrix, with the nanoparticles
obtaining both chemical and mechanical bonding with the PEO
chains. This design shows enhanced ionic conductivity
(4.4 x 107> Sjcm at 31 °C) compared to an ex situ addition of SiO,
nanoparticles with the same diameter and concentration [69].

A network of 1D passive nanowires provides a better percola-
tion Li-ion conducting pathway than what is achieved with 0D
nanoparticles. Liu et al. [70] report the addition of nanowires that
do not conduct Li into a PAN/LiCLO4 complex, which shows higher
Li-ionic conductivity (1.07 x 10~ S/cm at 30 °C) than the nano-
particle scenario (2.89 x 10~® S/cm at 30 °C). The same group
further introduced a lightweight, large-surface-area 3D structur-
e—Si0O, aerogel—as filler for CSSE [71] (Fig. 2d—f). This novel
design, when combined with cross-linked PEO/Lithium bis(tri-
fluoromethanesulfonyl)imide (LiTFSI), demonstrated excellent
mechanical properties (modulus of 0.43 GPa, hardness of 170 MPa)
and ionic conductivity (6 x 10~% S/cm at 30 °C), even though a
plasticizer of succinonitrile was added.

2.1.2. Addition of active fillers to CSSE

Unlike passive ceramic fillers, active ceramic fillers exhibit high
intrinsic Li ionic conductivity. Typical active fillers include garnet-
structured LiyLasZr,012 (LLZO) and perovskite-structured LisyLay,
3-x[1/3-2xTi03 (LLTO) [28]. The attempts of adding active fillers for
CSSE are slightly behind compared to passive fillers [39]. Because
both components of such a CSSE would provide Li-ion conductivity,
the overall ionic conductivity is expected to be higher than that of a
CSSE with passive additives. The early attempts of adding active
LizsN showed promise in terms of increasing the ionic conductivity,
but a large portion (>90%) of the active material was needed to
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Fig. 2. Adding passive fillers in polymer electrolyte for CSSEs. (a) Schematic of CSSE with ceramic particle fillers at various sizes. Reproduced with permission from Elsevier. (b) lonic
conductivity plot of ceramic-free polymer electrolytes vs. oxide nanoparticle—added CSSEs. Reproduced with permission from Nature publishing group. (c) Schematic of in situ
synthesized, monodispersed SiO fillers in PEO/LiClO4 complex CSSE. Reproduced with permission from American Chemical Society. (d) Schematic of SiO, aerogel-PEO CSSE.
Reproduced with permission from John Wiley and Sons. CSSE, composite solid-state electrolyte; PEO, poly(ethylene oxide).
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maintain this higher ionic conductivity (1 x 10~% Sjcm at 30 °C)
[39,72]. Plocharski et al. [155] reported that the addition of (Na)
super ionic conductor (NASICON)-type active fillers in PEO/Nal
produces effects similar to those achieved with the addition of
alumina powders—i.e. an enhanced ionic conductivity of
1 x 10~° S/cm at room temperature. More recently, Zhang et al. [73]
reported a CSSE composed of PEO/LIiTFSI and Li-ion—conducting Al-
doped Lig75La3Zry75Tag 25012 (LLZTO) particles with moderate Li-
jon conductivity (1.12 x 10~> S/cm at 25 °C, Fig. 3a and b). This
CSSE obtained a high transference number of 0.58, much higher
than is seen in regular polymer electrolytes and common liquid
electrolytes, and is comparable to CSSEs with passive fillers. This
CSSE shows excellent flexibility and good resistance to Li dendrites.
With the addition of more LLZTO in a polymer electrolyte matrix, a
transition from ‘ceramic-in-polymer’ to ‘polymer-in-ceramic’ takes
place, as is demonstrated by Chen et al. [74] The highest ionic
conductivity (1.17 x 10~% Sjcm at 30 °C) is achieved with 10 wt% of
LLZTO particles. When the LLZTO loading reaches 85 wt%, its
mixture with PEO and Poly(ethylene glycol) (PEG) demonstrates
excellent flexibility as a film (Fig. 3h and i), which can survive
bending and twisting tests. A similar work carried out by Pandian
etal. [75] reported a CSSE with high ceramic concentration (greater
than 60 vol%), which showed an excellent Li* transference number
of 0.79. Other active additives also reportedly enhance the perfor-
mance of CSSEs. Wang et al. [76] reported that the addition of active
Li13Alg3Ti17(PO4)s (LATP) nanoparticles (diameter of 65 nm) in
PEO/LiCIO4 results in a record high ionic conductivity of
1.7 x 10~ Sjem at 20 °C, surpassing that of passive TiO, nano-
particle (diameter 21 nm) and SiO; nanoparticle (diameter 250 nm)
systems. Highly ionically conductive SSE particles, such as
LijoGeP,S13, can also be incorporated in polymer electrolyte
matrices for CSSEs [77]. lonic conductivities of 1.21 x 1073 S/cm at
80 °C and 1.18 x 10> S/cm at 25 °C can be achieved with the
incorporation of only 1% of active additive, a significant improve-
ment over pure PEO-LITFSI polymer electrolyte (7.98 x 10~%S/cm at
80 °C and 6.16 x 10 S/cm at 25 °C).

1D fibrous filler additives to polymer electrolytes are expected
to have a better effect than those of OD particles because the ionic
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percolation pathway at the polymer/ceramic interphase in a 1D
system is more efficient (Fig. 4a) [78]. Liu et al. [79] demonstrated a
high ionic conductivity of 2 x 104 S/cm at 25 °C with the addition
of 15 wt% of LLTO nanowires in PAN/LiClO4 complex (SEM image
shown in Fig. 4b). The enhanced ionic conductivity is attributed to
the surface Li vacancy of the LLTO nanowires. Similar results were
also reported by Yang et al. [80] by adding 5 wt% of Ta-doped LLZO
nanowires to a PAN/LiClO4 complex, achieving an ionic conduc-
tivity of 1.5 x 1074 S/cm at 20 °C. Fu et al. [81] further extended the
1D fibrous fillers to a 3D interconnected fibrous network (Fig. 4c),
where the 3D LLZO network was synthesized through an electro-
spinning/calcination process, as shown in Fig. 4d. The as-
synthesized CSSE film shows decent flexibility with a high ionic
conductivity of 2.5 x 1074 Sjcm at 25 °C. The same group later
utilized a textile template—assisted synthesis procedure with an
LLZO textile to form a LLZO/PEO/LITFSI CSSE (Fig. 4e and f). The ionic
conductivity for this study was reported to be 2.7 x 107> S/cm at
25 °C [82].

2.2. Addition of fillers with ordered structures to CSSE

2.2.1. Addition of discontinuously aligned fillers

In the aforementioned discussions, all of the CSSEs demon-
strated isotropic Li-ion conductivity because the fillers were
randomly oriented in the polymer matrix. The discontinuous and
tortuous nature of these polymer/filler interfaces (Fig. 5a and b)
suggests that the Li ionic conductivity of these CSSEs has not been
maximized. It is also worth mentioning that, when stretched, a
pure polymer/Li salt complex shows enhanced Li ionic conductivity
along its stretched direction [83,84]. Therefore, an aligned polymer/
filler interface with fast Li-ion transport properties needs to be
developed for high ionic conductivity (Fig. 5¢). Kitajima et al. [85]
introduce magnetically aligned 2D montmorillonite (MMT)
ceramic plates in PEO/LiClO4 to form such an aligned CSSE. Fig. 5d—f
shows the 2D Wide-angle X-ray scattering (WAX) patterns and
schematics of random, horizontally aligned and vertically aligned
MMT in a cross-linked PEO matrix, respectively [85]. At 30 °C, the
vertically aligned CSSE shows higher ionic conductivity than both
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Fig. 3. Adding active fillers to polymer electrolyte for CSSEs. (a) SEM image and (b) photo images of LLZTO particle/PEO CSSE. Reproduced with permission from National Academy
of Sciences, USA. (c) Li-ion transference numbers of various electrolyte systems. (d—f) Schematic images of LLZTO particle/PEO CSSE at various concentrations. (g) Photo image of
LLZTO particle/PEO CSSE (without PEG). (h—i) Photo images of LLZTO particle/PEO CSSE with PEG (the weight ratio of PEO:LLZTO:PEG is 10:85:5). Reproduced with permission from
Elsevier. CSSE, composite solid-state electrolyte; LLZTO, Lig75LasZry75Tag25012; PEO, poly(ethylene oxide); SEM, scanning electron microscopy; DOL, 1,3-dioxolane; DME, dime-
thoxyethane; EC, ethylene carbonate; DEC, diethyl carbonate; PLL, (PEO)—lithium bis(trifluoromethylsulphonyl)imide (LiTFSI)-LLZTO.
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state electrolyte; LLTO, LizxLaz/3_x[J1/3-2xTiO3; LLZO, LizLasZr,012; PAN, poly(acrylonitrile); PEO, poly(ethylene oxide); SEM, scanning electron microscopy.

pure polymer electrolyte and random/horizontally aligned CSSE at
a wide range of filler concentrations (5 wt% to 20 wt%, Fig. 5h).
However, the authors show that at 20 wt% of MMT in the CSSE, the
vertically aligned CSSE only shows a higher conductivity than the
other CSSEs under 60 °C (Fig. 5g). Although this demonstrates the
enhancement effect of vertical alignment for ionic conductivity, the
overall ionic conductivity of the vertically aligned MMT CSSE
(1.2 x 107> S/cm at 30 °C) is not high when compared to other
CSSEs.

2.2.2. Addition of continuously aligned fillers

To demonstrate the enhancement effect of continuously aligned
fillers, Liu et al. measured the ionic conductivity of LLTO nanofibers
with PAN/LiClIO4 CSSE at different orientations (0°, 45°, 90°,
random, Fig. 6a—d). The continuously aligned LLTO nanowires
show the highest conductivity among all orientations and two or-
ders of magnitude enhancement compared with filler-free polymer
electrolyte in a wide temperature range (Fig. 6e) [86]. This work
shows the importance of a continuous interface for aligned CSSEs
although the ionic conductivity measurement was performed by
horizontally oriented interdigital electrodes. In fact, these struc-
tures with anisotropic properties have also been widely utilized in
energy applications [87—89]. Other works by Zhang et al. [90] and
Zhai et al. [91] demonstrated that passive anodized aluminum ox-
ide (AAO) (Fig. 6f and g) and active LATP templates provide verti-
cally aligned interfaces with enhanced ionic conductivity compared
to their filler-free counterparts. The highest ionic conductivities
achieved by solid AAO/PEO/LiTFSI and LATP/PEO/LiClO4 are
1.79 x 1074 S/cm at 25 °Cand 5.2 x 10~ S/cm at 25 °C, respectively.
Although the structures can be potentially used for real battery
applications, neither of the works demonstrated the utilization of
these CSSEs with full-cell configurations, which is potentially due
to difficulties in fabricating it with the CSSEs. It is worth noting that
unlike magnetic field—assisted alignment, the in situ electrical
field—assisted alignment (with active fillers) is able to create a

(quasi)continuous interface (Fig. 6i—j) and leads to a greater
enhancement of ionic conductivity than CSSE with randomly
orientated fillers [92]. An extreme extension of this case would be
changing the (quasi)continuous interface to a continuous, one-
particle-thick layer of ion-conducting ceramic in thin polymer
membrane, which is demonstrated by Aetukuri et al. [37], although
the authors used a Li-ion—insulating polymer membrane and the
ionic conductivity is not directly reported. From the aforemen-
tioned discussions, we conclude that a less tortuous, continuous
network of active inorganic/organic interfaces would benefit the
ionic conductivity of CSSEs. This could be achieved through the
creation of a continuous 3D inorganic additive scaffold or well-
aligned inorganic network.

2.3. Transference number of CSSE

The transference number is defined as the fraction of the total
ionic current carried in an electrolyte by a given ionic species, such
as lithium ions (tg;, ) or its anions (tapion) [93]. In polymer electro-
lytes, the lithium-ion transference number is generally (with some
exceptions) very low (t;;,<0.3) due to the coexistence of dissoci-
ated, mobile anions in the system [36,94,95]. The low t;;, leads to
the buildup of a large concentration gradient inside batteries upon
operation and is detrimental to cell performance [96]. However, the
addition of functional inorganic additives in CSSEs partially im-
mobilizes these anions due to surface Lewis acid-base interactions
and thus allows CSSEs to have an ion transference number superior
to that of SPEs [59,66,97].

3. Physical stability of CSSE

Physical stability is a key measurement of a composite polymer
electrolyte's prospects for application within batteries. Possessing
the highest specific capacity and lowest electrochemical potential,
lithium metal has long been considered the most promising anode
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for lithium batteries [12]. However, the formation of lithium den-
drites may short the battery and cause catastrophic safety in-
cidents. Among the various approaches to solving this problem, the
development of a solid electrolyte with high physical stability has
attracted significant attention [98]. It is well accepted that a thin
film of high shear modulus will suppress the formation of Li den-
drites [99]. Theoretical calculations have predicted that an elec-
trolyte with a shear modulus of 7 GPa or greater can suppress
lithium dendrites because of the compressive force generated by
solid polymer electrolyte upon deformation [100]. Therefore,
designing solid electrolytes that have strong mechanical properties
is important to allow the further application of lithium metal in
lithium batteries. With the incorporation of inorganic fillers,

composite polymer electrolytes may finally be able to provide
satisfactory mechanical properties for the lithium metal anode.
Early results have shown that inert nanoparticle fillers can
improve the mechanical properties of composite polymer electro-
lytes. Weston and Steele [62] first reported that adding 10% a-
alumina improved the mechanical properties of the LiClO4/PEO
composite polymer electrolyte, especially at an elevated tempera-
ture. Compared to the pure LiClO4/PEO polymer electrolyte that
would soften and creep at an elevated temperature, the addition of
inert filler improved the tolerance of the composite electrolyte to
mechanical stress at high temperature (Fig. 7a) [62,101]. In addition
to a-alumina, other nanoparticles (e.g. y-LiAlO, [102—104], TiO;
[104], and fumed silica [105,106]) and nanowire fillers (LLTO [79]
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with permission from Nature publishing groups. (f) Schematic and photo images of PEO-filled AAO CSSE. (g) SEM image of aligned channels in AAO. Reproduced with permission
from American Chemical Society. (h—i) Schematic and SEM images of aligned LATP network for CSSEs. Reproduced with permission from American Chemical Society. (j) Schematic
of electric field—aligned LATP nanoparticle for CSSE. Photo images of (k) random and (1) aligned nanoparticles in polymer electrolyte. (m) Electrochemical Impedance Spectroscopy
(EIS) of samples in (k) and (1). Reproduced with permission from American Chemical Society. AAO, anodized aluminum oxide; CSSE, composite solid-state electrolyte; LATP,
Liy 3Alo3Tiq7(PO4)3; PEO, poly(ethylene oxide); SEM, scanning electron microscopy; PDMS, Polydimethylsiloxane; PEGDA, Poly(ethylene glycol) diacrylate.

and LLZO [81]) are also capable of improving the mechanical
properties of the composite polymer electrolyte. Very recently,
Zhang et al. [90] have shown that a composite solid polymer
electrolyte based on a mechanically rigid AAO backbone could
effectively suppress lithium dendrite penetration. The composite
solid polymer electrolyte allowed Li/Li symmetric cells to be cycled
for more than one hundred cycles without shorting (Fig. 7b). In
addition, a cross-linking approach has been successfully demon-
strated by Choudhury et al. [107] to achieve a freestanding, me-
chanically robust, and flexible composite polymer electrolyte. Silica
functionalized with hydroxide group—terminated PEO was cross-
linked with polypropylene oxide-diisocyanate (Fig. 7c). The stor-
age modulus of the cross-linked polymer is 5 orders of magnitude
higher than the non—cross-linked suspension (Fig. 7d), which is
very promising for the application of lithium dendrite suppression.

Apart from the benefit of forming a mechanically strong
network, the addition of inorganic fillers in composite polymer

electrolytes also improves the lithium-ion transference number
compared to polymer-only electrolytes. Both theoretical and
experimental works have shown that electrolytes with high
lithium-ion transference numbers are far more able to prevent
lithium dendrite formation [54,108,109]. Calculations have shown
that when the lithium-ion transference number approaches unity,
the electrodeposition of lithium is more uniform and the formation
of lithium dendrites is less likely (Fig. 7e) [54]. Benefitting from the
high lithium-ion transference number (0.58) and mechanical
strength, Li/CSSE/Li symmetric cells and LFP/Li metal batteries
utilizing a CSSE (LLZTO/PEO/LIiTFSI) demonstrated excellent cycling
life without shorting (Fig. 7f) [73].

In addition to the traditional blending of rigid ceramic additives
into polymer electrolytes, engineering the polymer matrix itself
can provide another effective approach to achieving highly physi-
cally stable SSEs. Lopez et al. [110] reported an elastic CSSE that
achieved outstanding mechanical properties without sacrificing Li-
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ion conductivity. As shown in Fig. 8a, the polymer matrix poly(-
propylene oxide) (PPO) elastomer (ePPO) was composed of a
combination of dynamic hydrogen bonds (to dissipate stress) and
static covalent bonds (to provide elasticity). It was then mixed with
fumed SiO, nanoparticles, LiTFSI salt, and propylene carbonate
plasticizer to form the final CSSE. The resulting simultaneously high
modulus of resilience (the maximum energy that can be reversibly
stored in a material, in this case 0.32 MJ/m?) and room-temperature
ionic conductivity (0.25 mS/cm)—compared to other types of SSEs
(Fig. 8b)—demonstrated its great promise in all-solid-state batte-
ries. The superior mechanical properties of this design also ensure
the safety of batteries made with ePPO CSSEs. The all-solid-state
battery can withstand extreme abuse, such as high load hammer
impacts, whereas batteries with the traditional separator/liquid
electrolyte setup died easily under the same conditions. This
property may be of great significance in a variety of applications
such as portable electronics and electrical vehicles.

4. Chemical stability of CSSE

Chemical and electrochemical stabilities represent important
parameters for battery electrolytes. For a battery to operate with
high stability over long-term cycling, chemical and electrochemical
parasitic reactions between the electrolyte and electrode have to be
minimized [111—113]. In the ideal case, a stable electrolyte needs to

have a highest occupied molecular orbital (HOMO) lower than the
electrochemical potential of the cathode and a lowest unoccupied
molecular orbital (LUMO) higher than the electrochemical poten-
tial of the anode (Fig. 9a). From basic thermodynamics, if the
electrochemical potential of the cathode is below the HOMO of the
electrolyte, the electrolyte can be oxidized by the cathode. Simi-
larly, if the electrochemical potential of the anode is above the
LUMO of the electrolyte, the electrolyte can be reduced by the
anode. While kinetic stability can potentially be achieved by
forming a solid electrolyte interphase with the addition of elec-
trolyte additives, thermodynamic stability is still highly desired to
prevent the electrolyte from being oxidized by the cathode or
reduced by the lithium metal anode. The aforementioned parasitic
reactions, when accumulated during long-time cycling, may lead to
battery failure (high interfacial resistance) and safety hazards (side
product accumulation and heat generation).

To improve the electrochemical stability of composite polymer
electrolytes, all components (polymer, fillers, and lithium salts)
need to be optimized to achieve high overall stability. However,
many widely used polymers such as PEO [114,115] can be unstable
at high applied potentials and are therefore cannot be used for
batteries with high voltage cathodes (Fig. 9b). As PEO represents
one of the most conductive and extensively studied polymer elec-
trolyte systems, many approaches have been developed to improve
the stability window of PEO-based polymer electrolytes, such as
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developing PEO derivatives with wider electrochemical windows
and designing stable interfaces at the PEO/cathode interface [116].
On the other hand, inorganic fillers also experience similar stability
issues (Fig. 9c) as many candidates also decompose at the anode
and/or cathode side [117—119]. Possible approaches include form-
ing a stable interfacial layer upon electrode/electrolyte contact
[120] and replacing non-stable inorganic fillers with stable ones
[121]. Even so, the addition of inorganic fillers significantly en-
hances the interfacial stability of CSSEs against Li metal, compared
to pure polymer electrolytes [39].

More importantly, the increasing charging rate and energy
density of batteries both pose significant safety concerns and
introduce even more requirements for the electrolyte [122].
Although one major goal for solid electrolytes is to increase the
safety of batteries by replacing flammable commercial liquid elec-
trolytes, most polymers in solid polymer and composite polymer
electrolytes are still flammable. To solve such a challenge, future
studies need to focus on the development of non-flammable
composite polymer electrolytes while still maintaining their
physical and chemical stability.

One direct method to improve the non-flammability of a com-
posite polymer electrolyte is to replace the flammable polymer
(such as linear PEO) with a less (or non-)flammable one. A few
candidate polymers have been proposed such as polyacrylonitrile
[123], fluoropolymers [124], and PEO derivatives (Fig. 10a—b) [57].
Although they all have low flammability, most of these candidate
polymers are inferior lithium-ion conductors to PEO. Thus, future
research needs to focus on developing non-flammable polymers

while still maintaining high lithium-ion conductivity. Another
method to improve the non-flammability is to increase the fraction
of non-flammable fillers—an approach that has already been
demonstrated with liquid electrolytes. For instance, Agrawal et al.
has shown that simply increasing the non-flammable content of
SiO,-PEG hairy nanoparticles in flammable carbonate electrolyte
can prevent the entire composite electrolyte from igniting [125].
More recently, Liu et al. [126] developed an exciting approach of
using thermally triggered flame retardant to suppress fire incidents
in batteries. The flame retardant (triphenyl phosphate) was sealed
inside a polymer to avoid side reactions with the cathode and
anode; when battery temperature is increased, the flame retardant
was released to prevent a battery fire (Fig. 10c and d). Although this
technique was demonstrated with liquid electrolyte, it can poten-
tially be applied to the CSSE case.

5. Advanced characterization techniques for CSSEs

The design of better CSSEs that possess high ionic conductivity
and stable interfaces relies on an in-depth understanding of the
relevant electrochemical processes [127,128]. Characterization
techniques such as X-ray diffraction (XRD), scanning electron mi-
croscopy (SEM), differential scanning calorimetry (DSC), Fourier-
transform infrared spectroscopy (FTIR), and Raman spectroscopy
are among the most common characterization techniques used to
probe the workings of CSSEs. Both XRD and DSC are widely used to
characterize the crystallinity of polymers in CSSEs [129]; inciden-
tally, DSC is also capable of providing the glass transition
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temperature of the polymer complex in question [130,131]. FTIR
and Raman spectroscopy, on the other hand, are often used to
determine the polymer's conformational changes, ion dissociation,
solvation, etc. [132—135] The mechanical properties such as elastic
modulus can be determined with tensile testing or nano-
indentation techniques [71,136]. Transmission electron microscopy
(TEM) has been widely used to characterize batteries, including
SSEs [137—141]. However, it is difficult to obtain useful information
for CSSEs with traditional TEM techniques. Despite the power of
these different characterization techniques, many important
details—such as the mechanism of lithium-ion transport in
CSSEs—still remain unelucidated. Again, it is widely proposed that
the increased ionic conductivity from the addition of passive fillers
is mainly due to the amorphous interfaces between such fillers and
their polymer hosts. The ionic transport mechanism of CSSEs with
active fillers, however, remains controversial.

a . , LLZO-PEO composite

Li symmetric battery r‘

5Li foil Electrolyte éLi foil

As lithium is a light element, it is challenging to probe with
regular characterization techniques. As a result, more advanced
material characterization methods, such as nuclear magnetic
resonance (NMR) spectroscopy, synchrotron X-ray, and neutron
scattering techniques, are used to understand the behavior of
ASSLBs [142—147]. Zheng et al. [142], for example, used high-
resolution solid-state NMR to characterize the Li-ion transport
mechanism of CSSEs with LLZO fillers. Fig. 11a shows the schematic
of a Li symmetric cell, with both electrodes made from Li foil. After
cycling, SLi had entered the LLZO-PEO composite at three different
locations, namely the PEO/LiClO4 bulk, the polymer/LLZO interface,
and the LLZO particles themselves (Fig. 11b). The bLi shift obtained
from solid-state NMR indicated that the bLi primarily accumulated
in the LLZO particles, which implied that the fastest ionic transport
pathway for this particular CSSE was through the active LLZO fillers
(Fig. 11c and d). Mackanic et al. also reported using 7Li NMR
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measurements to detect the loosened O-Li+ coordination in a
cross-linked poly(tetrahydrofuran) (xPTHF)/LIiTESI polymer elec-
trolyte system [147]. This structure benefits to a higher Li conduc-
tivity and transference number (0.53) compared with a cross-
linked PEO system at the same length.

An understanding of Li deposition at the CSSE/anode interface is
also crucial for the effective utilization of CSSEs in Li batteries.
Although the plating and stripping behavior of Li in liquid elec-
trolyte is well documented, the characterization of Li deposition in
CSSEs is rare [148—152]. In one of these few studies, Harry et al.
[143] used X-ray tomography to observe Li deposition in the
presence of a solid polymer electrolyte. As charge accumulated, the
Li proceeded to nucleate, grow, and finally penetrate the solid
polymer electrolyte (Fig. 11e—h, Fig. 11i—1). This work suggests that
the successful suppression of Li dendrite growth may start with
suppressing the nucleation of subsurface structure on the Li metal.
Wang et al. [144] reported an in situ neutron depth profiling
measurement (Fig. 11m and n) of Li deposition in the presence of an
LLZO SSE. Owing to the sensitivity of neutrons to light elements
such as Li, the authors were able to monitor Li at the electrode/
electrolyte interface. This technique could provide not only a
method of effectively characterizing the plating/stripping behav-
iors of ASSLBs but also a way to diagnose short-circuiting within
these batteries (Fig. 110).

Ceramic SSE full cell
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6. Processability of CSSEs

The replacement of liquid electrolytes with SSEs represents a
major structural/component change in Li batteries. Thus, the pro-
cessability and compatibility of SSEs with full cells are two of the
major concerns for the usability of any type of SSE. Schematic im-
ages of a hard, ceramic SSE full cell and a soft/flexible polymer/
composite SSE full cell are shown in Fig. 12a and b, respectively.
Digital photographs of ceramic-type SSEs such as Li10GeP2S12
(LGPS) (Fig. 12c, c3 displays a pulverized solid electrolyte after
cycling in a full cell) [153] and LLZO [27] (Fig. 12e) are also shown as
examples. The thick, rigid ceramic films inhibit the flexibility of the
full cells, and their brittle nature may add extra concerns to the
damper system of some applications (i.e. electrical vehicles) to
avoid risks such as short circuiting. The flexible CSSEs, on the other
hand, are both easy to fabricate/handle and compatible with state-
of-the-art Li-ion battery technologies. The aforementioned ePPO
CSSE, in fact, can even withstand abuses such as puncturing and
stretching, as shown in Fig. 12d [110]. Pouch-type cells with CSSEs
in full-cell configurations have also been reported, as shown in
Fig. 12f [73]. Because of their flexibility, the CSSEs in these cells can
continue to function properly even when bended or folded [73,110].
Other concerns, such as electrolyte thickness, are nevertheless still
issues for both ceramic SSE- and CSSE-based electrolytes. Because

Polymer/Composite SSE
full cell

i Cathode

Fig. 12. Full-cell schematics of all-solid-state Li batteries utilizing (a) ceramic solid-state electrolyte and (b) CSSE. Digital photographs of the aftermath of ceramic (c) LGPS elec-
trolyte tests in a full cell and (d) ePPO electrolyte abuse tests. Reproduced with permission from John Wiley and Sons. Digital photographs of (e) LLZO-based and (f) CSSE-based full-
cell demonstration. Reproduced with permission from Nature publishing group and National Academy of Sciences, USA. CSSE, composite solid-state electrolyte; ePPO, poly

(propylene oxide) elastomer; LLZO, Li;La3Zr,012; SSE, solid-state electrolyte.
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both types of SSE weigh significantly more than typical liquid
electrolyte/separator systems, it is feared that their implementa-
tion may lead to a decrease in energy density [154].

7. Outlook

After the ceaseless efforts of researchers over the past few de-
cades, CSSEs now obtain high room-temperature ionic conductivity
(10~ S/cm), high mechanical stability, high chemical stability, and
excellent processability, all of which show great promise for
ASSLBs. Still, the lack of large-scale, commercialized ASSLB pro-
duction, despite the widespread demand for safe, high energy
density batteries, is indicative of the challenges inhibiting their
implementation. Future directions for improving CSSEs include, but
are not limited to (1) Obtaining higher ionic conductivity and cation
transference number. Although an ionic conductivity of 1074 Sjcm
can be realized with CSSEs, it is still lower than that of some
ceramic SSEs and liquid electrolytes. Owing to their lower ionic
conductivity, batteries based on CSSEs are reported to cycle best at
elevated temperatures and generally cycle poorly at room tem-
perature. (2) Achieving a higher electrochemical stability window
for CSSEs. To date, most CSSEs are based on PEO, which is known to
decompose at > 4.0 V (vs. Li/Li"). Modifications to PEO or the cre-
ation of entirely new polymers are needed to pair these electrolytes
with high-voltage cathodes such as Lithium Nickel Manganese
Cobalt Oxide (NMC) materials and thus achieve high energy density
batteries. (3) Improving interface stability. The absence of a lower,
more stable interface resistance at the Li metal side is also a major
obstacle for faster cycling at ambient temperature. (4) Designing
thinner and lower density CSSEs that still retain satisfactory me-
chanical properties. The thickness of CSSEs and other SSEs in
existing literature generally exceeds 100 pm, making these solid
electrolytes much thicker and heavier than their liquid electrolyte/
separator counterparts. This thickness could potentially compro-
mise the energy density of ASSLBs, although the tight packing of
ASSLBs is still an advantage over liquid electrolyte—based batteries,
and could partially mitigate this drawback. (5) Developing more
advanced characterization techniques and simulations. These
methods would make great progress toward elucidating phenom-
ena such as ion transport mechanisms and electrolyte/electrode
interfacial properties. With this crucial information, the develop-
ment of CSSEs for ASSLBs could improve tremendously in the years
to come.
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