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ABSTRACT: Solid-state polymer electrolytes are considered to be
the most promising electrolytes for next-generation high-energy
rechargeable lithium batteries due to the advantages of high safety,
good mechanical flexibility, and easy film-formation ability. Among all
the polymers, polyethylene oxide (PEO) is demonstrated to be a
feasible polymer host, based on its high dielectric constant and strong
lithium salt dissolving ability. However, the practical application of
PEO in the all-solid-state lithium batteries is limited mainly by its low
ionic conductivity at room temperature. For decades, researchers
dedicate to increase the ion conductivity at room temperature and
mechanical properties according to the technology strategy of
composite polymer electrolytes. In particular, the electrode/electrolyte
interface structure is designed and optimized according to the
requirement of different battery systems. Accordingly, in this review,
the basic characteristics, ion transport mechanism, composite mechanism of inert/active fillers with polymers, and electrode/
electrolyte interface structures are evaluated for the PEO-based composite polymer electrolytes. Finally, the outlook is presented for
future development of the solid-state polymer electrolytes and high-energy rechargeable lithium batteries.
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1. INTRODUCTION

Lithium ion batteries have occupied a dominant position in the
field of portable appliances and electric vehicles due to the high
energy density and long cycle life. However, traditional lithium
ion batteries still have certain hidden troubles in safety,
especially the use of volatile organic liquid electrolytes, which
easily leads to leaking, burning, and explosion accidents. In
order to improve the safety of batteries, replacing traditional
liquid electrolytes with solid-state electrolytes (SEs) has
become a potential alternative.1

SEs can be divided into solid-state inorganic electrolytes and
solid polymer electrolytes (SPEs) according to their different
components. There are two typical systems in solid-state
inorganic electrolytes: oxide solid-state electrolytes (O-SEs)
and sulfide solid-state electrolytes (S-SEs).2 In general, solid-
state inorganic electrolytes have a high ion conductivity and
lithium ion transference number at room temperature. In
particular, the ion conductivity of S-SEs (such as Li10GeP2S12
and Li9.54Si1.74P1.44S11.7Cl0.3) can reach up to 10−2 S cm−1 at
room temperature, near or even beyond the conductivity of
liquid electrolytes.3,4 However, there are some disadvantages
for such S-SEs, such as large grain boundary resistance, a
complex preparation process, and poor interface compatibility
between electrolytes and electrodes. The practical application

of solid-state inorganic electrolytes is seriously restricted by
such poor characteristics.5 Compared with solid-state inorganic
electrolytes, SPEs have good interface compatibility and
mechanical properties, which have emerged in the process of
practicalization due to simple preparation technology and easy
film-forming properties.6 Particularly, polyethylene oxide
(PEO) complexed with alkali metal salts shows certain
advantages on ion conductivity, which was discovered by
Wright et al. in 1973.7 Furthermore, Armand proposed
complex polymers and lithium salts as solid-state electrolytes
for lithium ion batteries.8 Subsequently, research and develop-
ment of SPEs are moved gradually on the fast track.
Gel polymer electrolytes (GPEs) and SPEs are two

important types of polymer electrolytes, according to the
state of their components. Common polymer hosts are used in
GPEs and SPEs together, including poly(ethylene oxide)
(PEO),9 polyacrylonitrile (PAN),10 polyvinylidene fluoride
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(PVDF),11 polyvinylidene fluoride-hexafluoropropylene co-
polymer (PVDF-HFP),12 poly(methyl methacrylate)
(PMMA),13 poly(propylene oxide) (PPO),14 and poly-
(vinylidene chloride) (PVDC).15 Usually, GPEs are prepared
by swelling polymers in liquid electrolytes. It means that the
safety problem is not eliminated completely because flammable
organic liquids are still used as the solvent of lithium salts in
GPEs.16 On the contrary, without any organic liquids, lithium
salts can be readily dissolved into the polymer matrix through
the interaction of lithium ions and ether oxygen bonds to form
SPEs. Because of its excellent safety, high mechanical flexibility,
good viscoelasticity, and easy film formation, an SPE is
considered to be a promising electrolyte system for practical
battery applications in the future.17

More specially, SPEs can be mainly divided into the
following three electrolyte systems: polycarbonate-based
electrolytes, polysiloxane-based electrolytes, and polyethylene
oxide (PEO) electrolytes. Here, PEO demonstrates many
excellent characteristics, such as good solubility for lithium
salts, high stability to the lithium metal, and low glass transition
temperature. Therefore, PEO is widely investigated as an ideal
polymer matrix to fabricate SPEs. At present, the ionic
conductivity of the PEO-based SPE at room temperature is low
(only 10−8 to 10−4 S cm−1), but it is still the most competitive
candidate electrolyte material for building solid-state bat-
teries.18

Compared with previous review papers of SPEs, here, this
review focuses on PEO-based composite polymer electrolytes
(CPEs) with various fillers, which are more suitable to probe
and discuss the interaction mechanism of PEO and fillers, as
well as the ion transport mechanism in depth. Meanwhile,
some performance verifications of PEO-based CPEs in
different battery systems are introduced, including the
interfacial stability and electrochemical performance. In
addition, this review summarizes the corresponding strategy
and development status of PEO-based CPEs. Moreover, a
perspective of the future development and challenges is
proposed for PEO-based CPEs, based on the requirements
of good safety, high energy density, and long cycling stability
for lithium batteries.

2. PEO-BASED SOLID-STATE POLYMER
ELECTROLYTE (SPE)

Intrinsically, PEO is a crystalline, thermoplastic, and water-
soluble polymer with the chemical formula of H−(−O−CH2−
CH2−)n−OH. The molecular weight of PEO can vary within a
wide range, usually above 20,000 g mol−1; those with a
molecular weight of less than 20,000 g mol−1 are called
polyethylene glycol (PEG).19

As mentioned above, lithium salts can be readily dissolved
into the PEO matrix to form SPEs. In the framework of SPEs,
ethylene oxide (EO) units have a high donor number for Li
ions and good chain flexibility, which are helpful to enhance
the transport of Li ions. In addition, PEO has a high dielectric
constant and strong solubility to lithium salts. PEO is often
prepared by ring-opening polymerization of ethylene oxide
with the presence of catalysts. At room temperature, the
crystallinity of PEO can reach 70−84%, and it has a low glass
transition temperature (−63 °C).19

PEO is a semicrystalline polymer at room temperature, and
the ion transportation is mainly dominated by the irregular
complex chain movement of the amorphous-phase PEO. The
transport of Li ions occurs by intrachain or interchain hopping

in the PEO-based SPE, with the processes of breaking/forming
lithium−oxygen (Li−O) bonds (Figure 1). The continuous

segmenting rearrangement of ligands (EO) leads to long-range
displacement of Li ions, thereby achieving rapid transmission
of Li ions.19 In addition, the PEO-based SPE exhibits similar
mechanical properties to a true solid because of the chain
entanglement of the polymer host. Meanwhile, Li ions seem to
remain in a liquid-like state in a microscopic environment,
indicating effective ion conduction by the local segmental
movement of the polymer.20

At room temperature, the transport of Li ions is limited
mainly by low ion conductivity of PEO (high crystallinity),
which makes it difficult to meet the charge and discharge
requirements of normal Li ion batteries. It was early believed
that ion mobility occurred inside crystalline PEO with higher
ion conductivity.21,22 However, it is generally believed from
recent evidence that ion conduction is mainly carried out in
the amorphous region of PEO, and the high ion conductivity is
usually related to the formation of the amorphous phase in the
SPE.23 Usually, ions can move in the space provided by the
free volume of the polymer body, which exhibits good ion
conductivity above its melting temperature. However, the
polymer presents a molten or amorphous state at this time,
resulting in reduced mechanical properties and a limited
electrochemical stability window. Thereby, the growth of
lithium dendrites is induced correspondingly in the polymer
electrolyte, triggering the safety issue of batteries. As the
temperature lowers, the ion conductivity decreases rapidly due
to the substantial increase in the crystallinity of PEO.
Therefore, promoting segment movement and high ion
conductivity by adjusting the crystallinity of PEO at room
temperature is very important.24

In order to improve the ion conductivity of PEO-based SPEs
at room temperature, previous research focused on the
adjustment of the amorphous form, such as plasticizing,25

blending,26 copolymerization,27 cross-linking,28 and com-
pounding with fillers to reduce the crystallinity of the system,
which can improve electrochemical stability and inhibit the
formation of lithium dendrites to a certain extent. Therefore, a
composite polymer electrolyte (CPE) is considered to be one
of the important technical strategies for the development of
PEO-based SPEs in the future because it can combine the
merits of both the polymer matrix and fillers.29,30

Figure 1. Ion transport mechanism in PEO.
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3. PEO-BASED COMPOSITE POLYMER ELECTROLYTE
(CPE)

Improving the ion conductivity and ion transfer rate of SPEs at
room temperature can be achieved by adding fillers into the
polymer matrix. Compared with a pure SPE, a CPE has a lower
melting temperature and glass transition temperature. In-
troducing fillers into polymers can improve the ion
conductivity and mechanical properties of CPEs. A high ion
conductivity can promote the rapid transportation of lithium
ions in the bulk of CPEs and at the interface between
electrodes and CPEs and reduce the interfacial impedance.
The enhanced mechanical properties can inhibit the
deformation of the interface and the growth of lithium
dendrites during the cycle. Furthermore, the electrochemical/
chemical stability and structural stability of the electrode/
electrolyte interface can be significantly improved. Early
research on the fillers is mainly focused on the “inert fillers”,
without transferring Li ions. On the one hand, the fillers are
added to improve the mechanical properties of SPEs. On the
other hand, the fillers can also inhibit the crystallization of
polymers and enhance the movement ability of the PEO
segment, thereby improving the ion conductivity of CPEs. As
shown in Figure 2, there are four types of inert fillers for

fabricating PEO-based CPEs: (1) inert ceramic, (2) ferro-
electric ceramic, (3) porous materials, and (4) clay, mineral,
and carbon-based materials. In recent years, with the
development of solid inorganic electrolytes, “active fillers”
with a good capability of transferring Li ions have also been
used to compound with polymers, such as S-SEs and O-SEs
(Figure 2).31 While reducing the degree of polymer
crystallization, the “active fillers” further improve the ion
conductivity. Therefore, the “active fillers” could help to
construct the CPE with different components and adjustable
structures. The increase in the ion conductivity of CPEs is
mainly attributed to the decrease in the crystallinity of PEO
based on the physical/chemical interactions between the filler
particles and PEO chains. Here, as the physical interaction, the
addition of fillers can promote the increase in the “free
volume” and mobility of polymer segments near the filler

surface, which can significantly increase the formation of the
amorphous phase and reduce the crystallinity of PEO.
Chemical interaction worked mainly as Lewis acid−base
interaction between Lewis acid sites on the filler surface and
ionic substances (such as EO segments and lithium salt
anions), which can generate additional sites and favorable
conduction pathways for ion transport, thus significantly
increasing the solubility of lithium salts and reducing the
crystallinity of PEO. In addition, there are some other
interaction mechanisms for impacting on the crystallinity of
PEO, such as osmotic behavior, adsorption, and dielectric
polarization.

3.1. Transportation Path of Lithium Ions in the PEO-
Based CPE with Different Fillers. According to the
morphology and structure for incorporating into the PEO
matrix, the inert and active fillers can be divided into four
types: zero-dimensional (0D) particle fillers, one-dimensional
(1D) linear fillers, two-dimensional (2D) sheet fillers, and
three-dimensional (3D) structural fillers. In addition, 3D
structural fillers can be further divided into three types: array
structure, porous structure, and interpenetrating cross-linked
network structure according to their unique morphology
(Figure 3).
In general, the 0D particle fillers include metal oxide ceramic

particles, ferroelectric ceramic particles, and inorganic solid
electrolyte active fillers. The performance of CPEs is affected
by the intrinsic characteristics, size, shape, and content of these
fillers. In particular, the content of the fillers plays a decisive
role in the performance of the CPE and ion transmission paths.
The transport of Li ions is mainly through the polymer matrix
phase in the CPE with a low filler content, along the
permeation network formed by the matrix phase and filler
particles in the CPE with a medium filler content, and through
the continuous ceramic particle phase in the CPE with a high
filler content. Of course, according to the different intrinsic
characteristics of different fillers, the definition of the content is
also relatively different.60,77,88,92,100,107

The 1D linear fillers, such as nanowires, and nanotubes, are
usually prepared from 0D fillers by means of electrospinning.
The continuous transport pathways for Li ions and high ion
conductivity in CPEs can be provided by these 1D fillers.
Usually, Li ions are transferred along the interface between the
filler and the polymer based on the consideration of high active
sites. Thus, the arrangement of 1D fillers into the polymer
matrix has a great influence on the performance of CPEs. The
random arrangement of 1D fillers could hinder the continuous
transportation of Li ions due to the irregular distribution.
Fillers arranged in a straight line could be beneficial to form a
continuous path throughout the whole polymer host in order
to obtain high ion conductivity.52,70,71,95 The 2D sheetlike
fillers, such as layered clay, natural mineral vermiculite sheets,
g-C3N4 nanosheets, and garnet nanosheets, also can be used to
construct continuous conducting networks to achieve fast ion
transport in the PEO-based CPE.60,69,73,89

The ion transport in the PEO-based CPE with 3D structural
fillers is complicated because of their complex structure. For
example, in the CPE with 3D array fillers prepared by the
template method, lithium ions can rapidly transport through
the bulk or the interface of the fillers. In the CPE with some
porous fillers, such as MOFs and molecular sieves, lithium ion
transportation is usually fast and continuous along the interface
of the pore structure. In addition, in the CPE with a filler of 3D
interpenetrating cross-linked network structures prepared by

Figure 2. Schematic diagram of the PEO-based CPE with different
fillers.
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hot pressing, high temperature annealing, quenching, and
hydrogel technology, lithium ions can transport together
through the filler phase, the polymer matrix, and the interface
between fillers and the polymer host.53,54,61,62,65−67,91,98,103,104

In short, the transport mechanism of lithium ions is very
complex in PEO-based CPEs due to the variety of fillers and
composite methods. It means that the transport mechanism of
lithium ions depends strongly on the composition strategy with
fillers and structures of CPEs. Correspondingly, CPEs with
high ion conductivity and a stable interface can be achieved by
rational composition and structure design.
3.2. PEO-Based CPE with Inert Fillers. In 1982, the inert

Al2O3 filler was first introduced into the (PEO)8-LiClO4
system and was verified to significantly enhance the mechanical
properties and ion conductivity of SPEs.32 Subsequently, a
large number of inorganic inert fillers were used to improve the

performance of CPEs, including inorganic ceramics, ferro-
electric ceramics, porous materials, clays, minerals, and carbon-
based materials (Table 1).
Adding ceramic powders into SPEs can not only inhibit the

crystallization kinetics but also promote the retention of the
amorphous phase below ambient temperature. It is demon-
strated that there is no direct interaction between filler
particles and polymer chains.33 The enhancement of
conductivity in CPEs may be attributed to indirect specific
interactions of the surface groups on filler particles with
polymer chains and lithium salt anions, as well as to osmotic
behavior or Lewis acid−base interactions. In addition, the
main chain dynamics for controlling ion transportation is not
significantly affected by adding fillers into polymers. When
fillers are added into polymers, the corresponding results are
only the increase in the “free volume” and mobility of the

Figure 3. Schematic diagram of the transportation path of Li ions in the PEO-based CPE with different filler morphologies.

Table 1. Performance Parameters of the PEO-Based CPE with Inert Fillersa

filler year electrolyte composition ionic conductivity (S/cm) temperature ref.

inert ceramic 2010 PEO18-LiTFSI-10% acid-modified SiO2 about 10−5 RT 47
2011 PEO18-LiTFSI-SiO2-PP13TFSI 3.6 × 10−5 25 °C 48
2015 PEO-LiClO4-MUSiO2 1.2 × 10−3 60 °C 50
2019 PEO-PPO-PEO-LiTFSI-25% nano-SiO2 4.58 × 10−5 RT 51
2018 AAO-PEO-LiTFSI-Al2O3 5.82 × 10−4 RT 53

ferroelectric ceramic 2000 PEO8-LiClO4-1.4% BaTio3 1.2 × 10−3 70 °C 55
2015 PEO-LiClO4-20% MMT-8% BaTiO3-38% SrTiO3 3.46 × 10−5 50 °C 57
2017 PEO-PVdF-HFP-LiClO4-PC-6% BaTiO3 6 × 10−3 RT 58
2019 PEO-LiTFSI-8% 5 nm BaTiO3 2.2 × 10−5 25 °C 59

1.9 × 10−3 80 °C
porous material 2005 PEO-LiClO4-LiAlSBA 3.4 × 10−5 RT 64

2013 PEO-LiTFSI-10% MOF-5 3.16 × 10−5 25 °C 61
2018 PEO-LiTFSI-COF 1.33 × 10−3 200 °C 66
2018 PEO-LiTFSI-SSZ-13 1.19 × 10−3 60 °C 65

clay, mineral, and carbon-based materials 2020 PEO-LiClO4-10% clay-CNT 2.07 × 10−5 25 °C 71
2019 PEO-LiTFSI-10% HNT-1% LFP 9.23 × 10−5 25 °C 70
2019 PEO-LiTFSI-5% g-C3N4 1.52 × 10−4 60 °C 72
2019 PEO-LiTFSI-VAVS 1.89 × 10−4 25 °C 69
2019 PEO-LiTFSI-50% ENR 6.45 × 10−5 RT 67

aRoom temperature referred to as RT (applicable to all forms in the text).
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polymer segment near the filler surface, rather than the
increase in the number of charge carriers.34,35 Therefore, the
content and dispersibility of fillers are the key factors affecting
the ion conductivity of CPEs.
3.2.1. PEO-Based CPE with Inert Ceramic Fillers. Here,

inert ceramic fillers mainly refer to metal oxides, including
TiO2,

36 Al2O3,
37 SiO2,

38 ZrO2,
39 and ZnO.40 Moreover, some

composite metal oxides and sulfides are also used as fillers to
improve the conductivity of the PEO-based CPE, such as
MgAl2O4, LiAlO2, and ZnS. Usually, these inert ceramic fillers
exist in the form of nano- or micrometer particles, the function
of which is to reduce the crystallinity of polymers and enhance
mechanical properties.41 The enhancement of conductivity in
the PEO-based CPE is due to the creation of additional sites
and favorable conduction pathways for ion transport through
Lewis acid−base interactions between filler surface groups (H/
OH) and ionic substances.42

Generally, the size of fillers is considered to be a key factor
in improving the performance of the PEO-based CPE.43

Compared to the CPE with added nanosized Al2O3 fillers, the
conductivity of the electrolyte film with added microsized
Al2O3 fillers is an order of magnitude higher. In addition, it is
found from SEM images that the microsized filler can be
distributed well on the polymer matrix. Therefore, the
conductivity of the CPE is not linearly related to the particle
size of fillers. The concentration, surface area, and morphology
of inorganic fillers are also crucial factors affecting the
conductivity of the PEO-based CPE.44 As shown in Figure
4a, the filler concentration, which provides the maximum
improvement in ion conductivity, is inversely proportional to
the aspect ratio (AR): spherical nanoparticles at the
concentration of 10 wt % (AR = 1), ellipse at 5 wt % (AR
about 4.4), and nanorods at 1−2 wt % (AR close to 6.6). This
shows that in pure metal oxide nanofillers, the performance in
terms of ion conductivity cannot be distinguished based on the
chemical properties. On the contrary, the shape of the
nanofillers has a much more significant effect on the
performance.45 At the same time, the dielectric properties of
the nanofillers are also important factors on the performance of
the CPE.46 The dielectric and electrical properties of the CPE
composed of PEO and polymethyl methacrylate (PMMA)
blends, containing different fillers at fixed concentrations, are
shown in Figure 4b. The dispersion of nanoparticles interferes
with the parallel arrangement of some EO···Li+, CO···Li+, and
CO···Li+···OE ion−dipole pairs, leading to the decrease in
dielectric polarization and hindering the dynamics of

cooperative polymer chains. In other words, the dielectric
polarization strength and structural dynamics mask the
contribution of the increase in the amount of the amorphous
phase to the enhancement of the lithium ion conduction
mechanism in this type of nanofiller containing solid ion−
dipole complexes. This also verifies that ion conduction is
based on the combination of the jumping mechanism and
cooperative polymer segment motion.
With further research, the surface modification method of

fillers is proposed to increase the dispersion of filler particles in
the PEO matrix, which can increase the number of carrier
charges and further improve the performance of CPEs.47,48

Furthermore, the traditional preparation of CPEs, with ceramic
particles directly dispersed into the polymer matrix, could lead
to the condensation of nanomaterials. It indicates that there
are still large areas of crystallization in the polymer matrix.49

Therefore, the in situ synthesis of ceramic filler particles in
PEO is proposed, and monodisperse ceramic particles can be
formed in the PEO matrix by in situ hydrolysis. There is a
stronger chemical/mechanical interaction between the uni-
formly distributed filler particles and the PEO chain, which
significantly suppresses the crystallization of PEO and thus
facilitates polymer segmental motion for ion conduction.50

The influence of material morphology on conductivity
cannot be ignored while considering the filler type and surface
characteristics. As shown in Figure 3, constructing a 1D or 2D
morphology filler helps to enhance CPE performance. The 1D
nanowires can provide more continuous ion conduction
pathways, thus increasing ion conductivity.51 For example,
the ZrO2 nanowires doped with Y2O3 can be prepared by
electrospinning. The nanowires are rich in positively charged
oxygen vacancies on the surface, which could combine with
anions and then release more lithium ions, thereby significantly
enhancing the ion conductivity of the CPE.52 In addition, the
CPE with 3D fillers also shows excellent performance. For
example, using surface-modified anodic alumina (AAO) as a
ceramic scaffold, the AAO-PEO composite electrolyte with
densely packed, vertically aligned, and continuous nanoscale
ceramic−polymer interface can be prepared. A vertically
aligned interface structure enables the CPE to exhibit superior
ion conductivity and high mechanical strength.53 Similarly, the
3D cross-linked network PEO@nano-SiO2 CPE can be also
prepared to improve its electrochemical and mechanical
stability. Specifically, the PEO@nano-SiO2 CPE presents a
high ion conductivity (4.65 × 10−3 S cm−1) at room
temperature, a broad electrochemical stability window with

Figure 4. (a) Conductivity boost versus nanofiller concentration at room temperature for (PEO)10:LiClO4 with variously shaped nanofillers. (b)
Lithium ion transport model of the PEO-PMMA-based nanocomposite electrolyte. Reproduced with permission from ref 46. Copyright 2017
Elsevier.
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5.4 V vs Li/Li+, a high ion transference number (0.45), and
excellent mechanical strength and interfacial stability.54 Hence,
there are two different modes of lithium ion transport in CPEs.
The first one is conventional lithium ion transport by ether
oxygen-assisted hopping or polymer chain movement, while
the second approach is to enhance lithium ion transport along
the ceramic−polymer interface. The ion transport mechanism
and conduction characteristics of CPEs can be regulated by
adding fillers of different types and morphologies.53

3.2.2. PEO-Based CPE with Ferroelectric Ceramic Fillers.
Because of the spontaneous polarization in the lattice,
ferroelectric materials usually have a high dielectric constant.
Therefore, introducing ferroelectric materials into the SPE can
promote the ionization of lithium salts and thus improve the
conductivity of CPEs, including BaTiO3,

55 PbTiO3,
55

SrBi4Ti4O15,
56 and LiNbO3.

55 The conductivity of CPEs with
ferroelectric ceramic fillers depends on the combination of
lithium salts and ferroelectric materials. The conductivity
enhancement in the PEO-LiX CPE with ferroelectric ceramic
fillers is rationalized by correlating the combination of anions
with lithium cations and the spontaneous polarization of the
ferroelectric ceramic materials due to their particular crystal
structure.55

An electric field has an important influence on the ion
conductivity of CPEs with ferroelectric ceramic fillers.57 One-
order enhancement of conductivity due to the field is observed
at 323 K. The electric field (beyond 15 V cm−1) can
significantly increase the ion conductivity (by an order of
magnitude) in the range of 0−100 V cm−1, further verifying the
field dependence of conductivity. In addition, the particle size
and content of ferroelectric ceramic fillers are also important
factors on the performance of CPEs. For example, the ion
conductivity of CPEs gradually increases with increasing the
content of BaTiO3 fillers and reaches a maximum of 6 × 10−3 S
cm−1 at 6 wt % BaTiO3 filler.

58 However, when the content of
BaTiO3 exceeds 6 wt %, the CPE film shows a rather
heterogeneous morphology, which is due to the immiscibility
caused by excessive addition of BaTiO3.

58 The crystallinity of
the CPE decreases with the increase in the content of BaTiO3
and the decrease in average particle size.59 Meanwhile, various
shapes of ferroelectric ceramic fillers also have a great effect on
the performance of CPEs. For example, 5 wt % BaTiO3
nanowires, nanocubes, and nanospheres are added to SPEs,
respectively, and then, the CPE with BaTiO3 nanospheres
shows the highest ionic conductivity (1.8 × 10−5 S cm−1) at 25
°C.60 Therefore, ferroelectric ceramic fillers can effectively
improve the ion conductivity of CPEs because of their high
dielectric constant. In the future, we should further explore the
composite mechanism and expand the composite system.
3.2.3. PEO-Based CPE with Porous Material Fillers. The

porous material fillers not only have good compatibility with
the polymer matrix but also provide a favorable transmission
channel for lithium ions due to the macromolecular pore
structures. Therefore, adding porous material fillers into the
PEO-based CPE is also an effective way to improve the ion
conductivity.
As typical porous material fillers, metal−organic frameworks

(MOFs) have attracted attention in various applications due to
their high specific surface area and an ordered microporous
structure. The addition of MOFs can reduce the crystallinity of
PEO and increase the ion conductivity of CPEs to a certain
extent and improve the stability of CPEs to the lithium
anode.61 Recently, a Zn4O(1,4-benzenedicarboxylate)3 metal−

organic framework (MOF-5) was first incorporated into a
PEO-based CPE by an in situ method. The highest ion
conductivity of 3.16 × 10−5 S cm−1 at 25 °C was obtained for
the CPE with 10 wt % MOF-5.61 Usually, it is believed that in
such a CPE, the enhancement of conductivity is mainly caused
by the interaction of Lewis acid groups on the MOF surface
with PEO and lithium salts, which inhibits the crystallization of
PEO and facilitates the formation of lithium ion transport
channels on the filler surface. Subsequently, some other MOFs
as fillers were also demonstrated to be effective to improve the
conductivity of PEO-based CPEs, such as the UIO-66 MOF,
copper benzene dicarboxylate MOF (Cu-BDC MOF), and
magnesium-benzene tricarboxylate MOF (Mg-BTC MOF).
A molecular sieve is a kind of typical 3D porous material

with a strong adsorption ability, high selectivity, and high
temperature resistance, which can be also used as a new type of
porous material filler for fabricating CPEs. In particular, a
shape-selective molecular sieve ZSM-5 is added as a filler to a
PEO-based CPE, which can effectively reduce the crystallinity
of PEO, through the Lewis acid−base interaction between the
Lewis acid site on the framework of ZSM-5 and the ether
oxygen in the PEO chain.62,63 Subsequently, the mesoporous
molecular sieve LiAlSBA with a pore size of about 7 nm was
also added to the PEO/LiClO4 system to prepare the CPE.
The increase in ion conductivity was mainly due to the
increase in continuous amorphous domains and the decrease
in crystallinity.64 Meanwhile, the improvement of ion transport
along the LiAlSBA surface is beneficial to the improvement of
CPE conductivity. Similarly, the highly ordered nanoporous
SSZ-13 can be also used as a filler to prepare CPEs. The
nanoporous adsorption effect, provided by SSZ-13 in CPEs, is
found to significantly improve the lithium ion conductivity
(1.91 × 10−3 S cm−1 at 91 °C) and widen the electrochemical
stability window to 4.7 V vs Li/Li+.65 The high ion
conductivity of such a CPE can be attributed to the following
factors: (1) the low crystallinity of the CPE due to the addition
of fillers, (2) the surface with opposite charges promoting
dissociation of the lithium salt, and (3) a continuous
permeation pathway produced by the nanoporous adsorption
of the Lewis basic center and lithium ions.
A covalent organic framework (COF) is a new type of

organic porous polymer with a periodic structure, adjustable
function, and potential as a unique ion conductor or
transporter. Using a bottom-up self-assembly approach,
dynamic PEO groups with a high concentration can be
accumulated into the networks of imine-bonded 2D COFs in a
crystalline state. That can solve lithium ions for rapid transport
through their segmental motion in rigid 2D COF structures.
This also reveals that the conductivity of lithium ions depends
on the kinetics and length of the PEO chain in a crystalline
state.66

In general, this kind of porous material has a stable and fixed
pore structure, which can greatly enhance the mechanical
strength of CPEs and effectively inhibit the structural change of
CPEs during the battery cycle. Therefore, through reasonable
regulation, it can provide a good lithium ion transmission
channel and has great application potential in batteries.

3.2.4. PEO-Based CPE with Clay, Mineral, and Carbon-
Based Materials. Among all the fillers investigated previously,
natural clay and minerals are electronically conductive inert
materials with adjustable microstructures, which can be
introduced into SPEs for improving the performance and
reducing costs.67 Among them, clay generally has a multi-
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layered nanostructure and is often used as an ideal polymer
filler. For example, montmorillonite (MMT), as a layered
body, can provide a large interfacial contact area. In particular,
MMT has high dielectric properties for improving the
solubility of lithium salts and a good cation exchange ability
for participating in the embedding and swelling process, which
makes sure that MMT has a better application prospect in
CPEs. In addition, the performance improvement of CPEs is
mainly attributed to the high chemical affinity between fillers
and PEO, which leads to higher microstructure uniformity for
the polymer.68 In a similar way, after further treatment, some
natural minerals such as vermiculite and elochite can be also
used in CPEs with good results. For example, the vertically
arranged vermiculite sheets (VAVS) can be added into the
PEO matrix to form a continuous and penetrating polymer−
filler interface. A high ion conductivity (1.89 × 10−4 S cm−1) is
achieved with a lithium ion transference number close to 0.5.69

Along with the enhancement of the mechanical strength, Li|Li
symmetric cells using CPEs are stable over 1300 h with a low
overpotential.69 In addition, halloysite nanotubes (HNT), with
a tubular structure, are also incorporated into PEO because
they can provide channels for ion transport. In this PEO-HNT
composite electrolyte, adding a small amount of lithium iron
phosphate (LFP) greatly improves the stability of the interface
between the electrolyte and the LFP electrode, thereby
achieving good ion conductivity.70 As a result, the introduction
of electrode active materials would be helpful for CPE
application in practical battery systems.70

Generally, conductive carbon-based materials are not
suitable fillers for CPEs because they easily cause short circuits
between the positive and negative electrodes in the battery.
However, it is proven that carbon-based materials can be
added to polymers to improve the ion conductivity of the
electrolyte after certain modification. In particular, carbon
nanotubes (CNTs) are ideal mechanical enhancers for
polymer matrices, and ions can be transported with low
energy along the interface between fillers and the polymer
matrix. In order to avoid the short circuit of electrons, it is
necessary to package CNTs in an insulating clay layer to form
an effective 3D nanofiller (Figure 5). With the addition of clay-
modified CNTs, the free ions in CPEs could be increased,
reaching a maximum of 95.7 in the PEO-10% clay-CNT
composite electrolyte. This hybrid nanofiller can increase the
lithium ion conductivity of the PEO electrolyte by almost two

orders of magnitude. Furthermore, the mechanical properties
of the CPE can be significantly improved, with the increase by
160% in the tensile strength. Importantly, electron conduction
in CNTs is blocked by surface clay crystals, eliminating the risk
of a short circuit.71 Similarly, g-C3N4 nanosheets as current hot
spot materials can be also selected into PEO to prepare CPEs.
The improvement of the ion conductivity depends highly on
two-dimensional g-C3N4 forming an effective ion transport
network in the composite electrolyte.72 In addition, there is a
strong interaction between the surface atoms of g-C3N4 and
the groups in lithium salts, which promote further dissociation
of lithium salts.72 Furthermore, adjusting polymer morphology
through heat treatment can further improve the compatibility
between CPEs and the electrode.73

3.3. PEO-Based CPE with Active Fillers. Since the inert
fillers can effectively improve the performance of CPEs, the ion
conduction materials should have more effective functions as
active fillers to improve the performance of CPEs. Therefore,
in recent years, some active fillers, such as S-SEs (such as
Li10GeP2S12) and O-SEs (such as garnet-type Li7La3Zr2O12),
and new inorganic solid electrolytes are investigated as
candidate fillers for enhancing the performance of PEO-
based CPEs. In general, such solid-state electrolytes are
demonstrated to have high intrinsic room temperature
conductivity and a high number of ion transference. However,
the application of solid-state electrolytes as active fillers in
CPEs is still limited by some shortcomings, such as large grain
boundary resistance and poor electrode−electrolyte interfacial
stability.74 Therefore, it is necessary to combine the individual
advantages of the polymer and inorganic solid-state electrolytes
for an effective composite, taking into account both ion
transportation and mechanical properties, which provides new
design ideas for improving the performance of PEO-based
CPEs. Table 2 summarizes the performance parameters of
active fillers in PEO-based CPEs.

3.3.1. PEO-Based CPE with Sulfide SEs. Usually, S-SEs has
high lithium ion conductivity (about 10−2 S cm−1), low grain
boundary resistance, and a wide potential window.75 Two
types of S-SE systems are widely studied, including
Li10GeP2S12 (LGPS) (Figure 6a−c)3 and Li3PS4 (LPS-1)
(Figure 6d) or Li7P3S11 (LPS-2) (Figure 6e).76 In particular,
LGPS is shown to be effective to incorporate into the PEO
matrix for fabricating CPE membranes.77 LGPS particles
behave as cross-linking sites between ether oxygen segments
and anions, which change the polymer chain structure on the
interface and provide a pathway to transport lithium ions in
addition to segmental movement. After composition opti-
mization, the PEO-based CPE membrane (Figure 7a) exhibits
a maximum ion conductivity (1.21 × 10−3 S cm−1 at 80 °C and
1.18 × 10−5 S cm−1 at 25 °C) (Figure 7b). Meanwhile,
compared with the PEO sample (0−4.8 V vs Li/Li+), the
electrochemical stability of the CPE film with 1% LGPS is
significantly improved (0−5.7 V vs Li/Li+). When the
composite film is used in all-solid-state lithium batteries (Li/
LFP and Li/LiCoO2), the Li/LFP battery exhibits fascinating
electrochemical performance, including high capacity retention
(92.5% after 50 cycles at 60 °C) and outstanding rate
performance (Figure 7c,d). Furthermore, incorporating the
solid plasticizer succinonitrile (SN) into the PEO-based
electrolyte can further improve battery performance. Usually,
an all-solid-state Li/LFP battery with the CPE needs a slow
activation process, which may be related to the formation of a

Figure 5. (a) Fraction of dissociated salt ions (ClO4
− anions) based

on FTIR analysis of pure and filled PEO electrolytes. (b) Schematics
of the interactions between clay, carbon nanotubes, polymer chains,
and lithium salts. Reproduced with permission from ref 71. Copyright
2012 American Chemical Society.
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new SEI layer and the construction of a new ion diffusion path
in the polymer electrolyte.78

Correspondingly, the preparation method has a great
influence on the performance of PEO-based CPEs with active
fillers. Compared with the PEO-LPS-1 composite polymer
electrolyte prepared by mechanical mixing, the PEO-2% LPS-1
composite electrolyte prepared by an in situ liquid phase
reaction method has a more uniform distribution, which is
beneficial to the ion transfer and the formation of a stable
electrochemical interface.79 In addition, in the in situ prepared
PEO-LiClO4-LPS-2 composite polymer electrolyte, LPS-2 is
wrapped by PEO-LiClO4. Thus, the polymer layer can
effectively separate the lithium metal and the LPS-2 solid

electrolyte, inhibit side reactions between the solid electrolyte
and lithium, and reduce interfacial resistance.80 Similarly, the
tin-doped sulfide solid electrolyte Li10SnP2S12 (LSPS) can be
also incorporated into the PEO matrix to fabricate CPE films
for all-solid-state lithium−sulfur (Li−S) batteries. The
optimized PEO-1% LSPS CPE presents a maximum ionic
conductivity of 1.69 × 10−4 S cm−1 at 50 °C and the highest
mechanical strength.81 Compared with the PEO/LiTFSI
electrolyte, the PEO-1% LSPS CPE also has a high lithium
ion transference number, low interfacial resistance, and high
interfacial stability with the lithium anode.81

3.3.2. PEO-Based CPE with Oxide SEs. Compared with
sulfide SEs, an oxide solid electrolyte has better chemical

Table 2. Performance Parameters of Active Filler-PEO-Based Composite Electrolytes

filler year electrolyte composition ionic conductivity (S/cm) temperature ref.

sulfide solid-state electrolyte 2016 PEO-LiTFSI-1% LGPS 1.21 × 10−3 80 °C 77
2016 PEO-LiTFSI-1% LGPS-10% SN 9.1 × 10−5 25 °C 78
2018 PEO-LiTFSI-2 vol % LPS 8.01 × 10−4 60 °C 79
2019 PEO-LiTFSI-1% LSPS 1.69 × 10−4 50 °C 81

garnet solid-state electrolyte 2015 PEO-LiClO4-52.5% LLZO 4.42 × 10−4 55 °C 83
2016 EPO-LLZTO 5.6 × 10−4 60 °C 84
2018 PEO-LiTFSI-60% LLZTO-10% SN 1.22 × 10−4 30 °C 85
2019 PEO-16% Ga-LLZO 7.2 × 10−5 30 °C 86
2019 PEO-LiClO4-15% LLZO nanosheets 3.6 × 10−4 RT 89
2016 PEO-LiTFSI-Al-LLZO 2.5 × 10−4 RT 90
2018 PEO-LiTFSI-62% Al-LLZO 8.5 × 10−5 25 °C 91

perovskite solid-state electrolytes 2018 PEO-LiTFSI-15% LLTO 2.4 × 10−4 25 °C 95
2018 PEO-LiClO4-10% LLTO 7.99 × 10−4 70 °C 92
2018 PEO-LiTFSI-LLTO 1.8 × 10−4 25 °C 98
2018 PEO-LiTFSI-5% LLTO nanowires 3.6 × 10−4 60 °C 96
2019 PEO-LiClO4-10% LLTO 2.8 × 10−3 65 °C 93

NASICON solid-state electrolyte 2016 PEO-LiClO4-70% LAGP-9% SN 1.1 × 10−4 25 °C 101
2016 PEO-LiTFSI-20% LAGP 6.67 × 10−4 60 °C 102
2019 PEO-LiClO4-vertically aligned LATP 0.52 × 10−4 RT 103
2019 PEO-PEG-LiTFSI-vertically aligned LATP 1.1 × 10−3 60 °C 104

Figure 6. (a) Crystal structure of LGPS. (b) Framework structure of LGPS. (c) Lithium ion conduction pathways in LGPS. (d) Crystal structure of
the Li ion conductor Li7P3S11. (e) Crystal structure of the Li ion conductor γ-Li3PS4. Reproduced with permission from ref 76. Copyright 2015
Springer Nature.
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stability against moisture in air, existing in a crystalline state
and a glass (amorphous) state mostly. The typical crystalline
electrolyte includes the garnet-type Li7La3Zr2O12 (LLZO)
solid electrolyte (Figure 8a), the perovskite-type

Li3xLa2/3−xTiO3 (LLTO) solid electrolyte (Figure 8b), the
NASICON-type Li1+xAlxTi2−x(PO4)3 (LATP), and the
Li1+xAlxGe2−x(PO4)3 (LAGP) solid electrolyte (Figure 8c).82

Glass electrolytes include inverse perovskite Li3−2xMxHalO
solid electrolytes and LiPON thin-film solid electrolytes. At
present, most of the research studies focus on CPEs with
incorporation of garnet SEs, perovskite SEs, and NASICON
SEs as fillers.
3.3.2.1. PEO-Based CPEs with Garnet-Type SEs. The

garnet-type LLZO and derivatives are ideal solid electrolyte
materials with high chemical stability (no reaction with the
lithium metal), high lithium ion conductivity (about 10−4 S
cm−1), and a wide potential window (>10 V vs Li/Li+).
Generally, the ion conductivity of CPEs and the interfacial
stability between CPEs and the lithium anode can be
significantly improved by adding LLZO particles into
PEO.83−85 For example, the tetragonal LLZO is introduced
into the PEO matrix to prepare a CPE. It is found that the CPE
containing 52.5% LLZO exhibits the highest ion conductivity

(4.42 × 10−4 S cm−1 at 55 °C) (Figure 9a). In addition, the
charge/discharge performance of the Li/CPE film/NCM622

half-cell can be improved obviously, compared to that of half-
cells with SPEs and CPEs containing 52.5% Al2O3 (Figure
9b).83 The enhancement of CPE ion conductance is mainly
attributed to the rapid conduction of ions across the space

Figure 7. (a) Photo of the SPE membrane. (b) Arrhenius plots for the ionic conductivities of the membranes with various LGPS contents. (c)
Capacity retentions of the cell Li/PEO18-LiTFSI-1% LGPS/LFP and the cell Li/PEO18-LiTFSI/LFP at 0.5C. (d) Typical charge/discharge profiles
obtained at various rates from 0.1 to 1 C for cell Li/PEO18-LiTFSI-1% LGPS/LFP at 60 °C. Reproduced with permission from ref 77. Copyright
2016 Elsevier.

Figure 8. Crystal structures of (a) garnet-type LLZO, (b) perovskite-
type LLTO, and (c) NASICON-type LAGP. Reproduced with
permission from ref 82. Copyright 2018 Wiley-VCH.

Figure 9. (a) Ion conductivity profiles of the membranes with respect
to temperature. (b) Charge−discharge characteristics of coin cells
containing various membranes in the 1st cycle at 55 °C. (c)
Schematic picture of the structure of 3D-CPEs. (d) Voltage profiles of
Li plating and stripping cycling for the SPE and 3D-CPE. (e)
Structural model of the ice-templated ceramic/polymer composite
electrolyte. (f) Rate capacity of a Li-LAGP/PEO-LFP full cell cycled
at 0.3, 0.6, and 1 C followed by 400 cycles at 0.6 C. Reproduced with
permission from ref 104. Copyright 2019 Elsevier.
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charge region at the interface between the PEO matrix and
filler particles. In particular, when the space charge region and
phase distribution meet the requirement of forming a
percolation threshold, the percolation effect takes place, and
continuous fast conduction pathways are then formed.86 In
addition, the highest contribution to the resistance of CPEs
comes from a high activation energy, not from electrostatic
repulsion of lithium.87

Different from the traditional composite method of
introducing inorganic ceramic fillers into the polymer matrix,
a new view is proposed, which is changed from “ceramic in
polymer” to “polymer in ceramic”. As demonstrated in Figure
3, it is equivalent to changing the content of 0D particle fillers,
from “CPE with low filler content” to “CPE with high filler
content”. Both types of electrolytes exhibit good performance.
The “ceramic in polymer” CPE with a greater flexibility and
lower cost is more suitable for small-scale flexible energy
storage devices. Meanwhile, the “polymer in ceramic” CPE is
more appropriate for a large battery used in electric vehicles
due to high mechanical strength and safety.88

The ion conductivity and stability of the SPE mixed with
nanofillers are significantly enhanced due to the good
interaction between nanofillers and the polymer matrix or
lithium salts. However, the easy adhesion and agglomeration
characteristics of nanoparticles limit their dispersibility and
effective concentration in the polymer, thereby preventing
further improvement of conductivity and stability of the CPE.
Researchers began to consider building a 2D or 3D ion
transport network to further improve ion conductivity. For
example, 2D garnet nanosheets were synthesized via
coprecipitation with a graphene oxide template and incorpo-
rated into the PEO matrix to provide an interconnected
lithium ion transport path. An optimal ion conductivity (3.6 ×
10−4 S cm−1) at room temperature has been obtained in the
CPE with 15 wt % garnet nanosheets.89 In addition, 3D garnet
nanofibers are prepared by electrospinning and high-temper-
ature annealing, which can provide long-range lithium ion
transfer pathways and enhance mechanical properties in PEO-
based CPEs.90 Similarly, the garnet (Li6.28La3Zr2Al0.24O12)
solid electrolyte with a 3D nanostructured framework can also
be fabricated via a nanostructured hydrogel for incorporating
into PEO. Compared with particle fillers, which exhibit
discontinuous conductive paths due to the separation of
interface regions, the 3D interconnected fillers can form a
continuous ion conductive path. Therefore, the fabricated CPE
exhibits good interfacial stability and high ion conductivity.91

3.3.2.2. PEO-Based CPEs with Perovskite-Type SEs. Perov-
skite LLTO SEs have the advantages of a stable structure,
simple preparation process, and adjustable composition. Thus,
LLTO nanoparticles are also used as active fillers in PEO to
fabricate CPEs.92 Correspondingly, the concentration, mor-
phology, agglomeration, and nanoparticle surface of LLTO
fillers have significant effects on the ion transportation of PEO-
LLTO-based CPEs. In addition, the transport of lithium ions
in CPEs occurs mainly through the polymer phase, not by the
conducting LLTO ceramic filler.93 Furthermore, the excellent
conductivity of 2.4 × 10−4 S cm−1 at room temperature can be
achieved in the CPE with 15% LLTO nanowires.94 In a similar
way, the 1D LLTO nanofibers prepared by electrospinning are
used in the fabrication of PEO-based CPEs, and their good
effect on the performance is also verified.95,96 Therefore, the
CPE with both high ion conductivity and flexibility can be

obtained by preparing the active materials into a 1D structure
and compounding with the polymer.
It can be predicted that the influence of filler morphology

and dimensions on the performance of CPEs would be the
focus of future CPE research. As shown in Figure 3, the
arrangement of 1D nanowires has great impact on the ion
transport mechanism of the CPE. The preparation of CPEs
using linear arrangement nanowires is helpful to obtain high
ion conductivity and better mechanical strength. Compared
with randomly distributed nanowires, the CPE with such well-
aligned nanowires can achieve a ten times increase in
conductivity (up to 6.05 × 10−5 S cm−1 at 30 °C). Of course,
the large improvement on conductivity is mainly attributed to
the fast conducting pathway of Li ions without crossing
junctions on the surface of the aligned nanowires.97 Similarly, a
three-dimensional interpenetration CPE with a 3D LLTO
nanobackbone can be fabricated by hot pressing and
quenching (Figure 9c). At room temperature, an ion
conductivity as high as 1.8 × 10−4 S cm−1 is achieved.98

Meanwhile, the 3D-CPE membranes can effectively suppress
the growth of lithium dendrites, showing excellent stability to
the lithium metal; therefore, a symmetric Li/3D-CPE/Li cell
with the CPE membranes can keep cycling at a current density
of 0.1 mA cm−2 for over 800 h (Figure 9d).98

3.3.2.3. PEO-Based CPEs with NASICON-Type SEs. The
general structure formula of a NASICON-type fast ion
conductor is expressed as LiT2(PO4)3, where T is Ti, Ge,
and Zr. Generally, the Li1+xMxTi2‑x(PO4)3 is obtained by using
trivalent ions Al, Cr, and Ga, in which the Al-doped material
Li1+xAlxTi2‑x(PO4)3 (LATP) has the highest ionic conductivity.
Moreover, the stability of Ge with the Li metal is high. Another
NASICON structure Li1+xAlxGe2−x(PO4)3(LAGP) is obtained
by replacing Ti with Ge, which has high chemical stability, ion
conductivity, and electrochemical window.99

The CPE can be fabricated by adding NASICON LATP and
LAGP as fillers into the PEO matrix, which has achieved
considerable effects, especially on improving the mechanical
properties and ion conductivity of the electrolyte.100,101

However, the high conductivity of ceramic fillers is largely
affected by the low conductivity of the polymer matrix,
especially when nanoparticles are used. Therefore, the particle
size and geometry of the ceramic fillers have an important
influence on the ion conductivity of the CPE. For example, the
CPE can be composed of PEO and four kinds of glass ceramic
LAGP of different particle sizes prepared by controlling ball
milling conditions. Here, LAGP particles have a positive effect
on ion conductivity, the lithium ion migration number,
electrochemical stability, and mechanical properties. For the
CPE with the same LAGP content, smaller particle sizes are
helpful on improving conductivity.102

As shown in Figure 3, fabricating a vertically arranged 3D
array structure with ceramic fillers can provide a fast and
continuous lithium ion transport path in CPEs. In particular,
the flexible CPE with LATP nanoparticles of vertical
arrangement and connection is fabricated by an ice templating
method, and a high ion conductivity (0.52 × 10−4 S cm−1) at
room temperature is obtained.103 The conductivity is increased
by 3.6 times as compared with the CPE fabricated with LATP
nanoparticles.103 Similarly, the ideal vertical array of LAGP can
also be prepared by using the ice templating method (Figure
9e), and the ion conductivity of this CPE with LAGP of
vertically aligned ceramic nanoparticles is 1.11 × 10−3 S cm−1

at 60 °C.104 Meanwhile, the as-prepared CPE shows good
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stability in both lithium symmetric batteries and Li/LFP
batteries, and the high capacity retention is 87.4% after 400
cycles at 0.6C (Figure 9f).104

3.4. Ion Transport Mechanism from Nuclear Mag-
netic Resonance (NMR). Understanding the lithium ion
transport path and conduction mechanism is essential for the
effective design of high-performance solid electrolytes.
However, based on the lithium ion transport mechanism
through polymer segment movement in pure PEO-based SPEs,
the addition of fillers has a great effect on the transport process
of lithium ions, which makes the ion transport mechanism in
CPEs more complex. At present, there are several points of
view for possible ion transport mechanisms in CPEs: First, the
surface groups of the filler particles can change the local
structures of the polymer based on the interaction, which may
have an impact on the recrystallization of the polymer chains.
Increasing the amorphous region of PEO in CPEs is beneficial
to the rapid transport of lithium ions. Second, 1D, 2D, and 3D
structural fillers can provide continuous and various channels
for lithium ions, which further strengthen lithium ion
transport.105 Therefore, this is a great challenge in this area
due to the complexity of lithium ion transport and the lack of
effective characterization methods. It is noted that nuclear
magnetic resonance (NMR) spectroscopy is found to be a
powerful tool to probe lithium ion transport in all-solid-state
batteries.
The active fillers, such as sulfides SEs and oxides SEs, can

lead to higher conductivity of CPEs due to their own
characteristics of good lithium ion transport. Therefore, there
are more studies on PEO-based CPEs with the addition of
active fillers. For example, the local structural environment of
lithium ions in the LGPS-PEO (LiTFSI) composite electrolyte
can be examined by high-resolution solid-state 6Li NMR. The
6Li amount at both the PEO-LGPS interface and LiTFSI

increases nearly threefold, while the 6Li content of the bulk
LGPS decreases relatively. Thus, the conduction of lithium
ions is mainly carried out through the PEO-LGPS interface in
CPEs. In addition, it is also demonstrated that the ion
conductivity of the LGPS-PEO (LiTFSI) composite electrolyte
is closely related to the amount of available Li ions at LGPS-
PEO interfaces.106

Similarly, solid-state NMR can also be used to investigate
the composition dependence of ion mobility, ion transport
pathways, and active ion concentration for ion conductivity of
the LLZO-PEO composite electrolyte.107 As demonstrated in
Figure 7, with the increase in the LLZO content, the lithium
ion transportation path also varies. When the LLZO content
increases from 5 to 20%, 6Li signal enrichment is distinctively
observed for LiTFSI in PEO and decomposed LLZO.
Therefore, it is considered that lithium ions are mainly
conducted through the PEO matrix, and the decomposed
LLZO assists this conduction (Figure 10a,b). However, when
the LLZO content exceeds 20%, the main ion transport
pathway is varied. Correspondingly, the main 6Li enrichment
occurs mainly in the LLZO peak, some in LiTFSI and interface
peaks, and no enrichment in the decomposed LLZO peak
(Figure 10c). This suggests that with increasing the LLZO
content, the ion transport pathway is gradually transferred
from the PEO phase to the percolated network formed by
loosely connected LLZO particles. Finally, the conduction
mechanism of Li ions in the CPE with the addition of a
plasticizer, tetraethylene glycol dimethyl ether (TEGDME), is
also studied. The 6Li NMR spectrum of the PEO-LLZO (50
wt %)-TEGDME sample shows that the lithium ion transport
pathway is changed again, returning to the decomposed LLZO
and LITFSI (Figure 10d). This is consistent with the high
intrinsic ion conductivity of TEGDME and its ability to reduce

Figure 10. 6Li NMR comparison of pristine and cycled LLZO (5 wt %)-PEO (LiTFSI) (a), LLZO (20 wt %)-PEO (LiTFSI) (b), LLZO (50 wt
%)-PEO (LiTFSI) (c), and LLZO (50 wt %)-PEO (LiTFSI) (50 wt %)-TEGDME (d). Reproduced with permission from ref 107. Copyright 2018
American Chemical Society.
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PEO crystallization, resulting in preferential conduction of Li
ions through the polymer/TEGDME matrix.
One-dimensional high-resolution 6Li NMR has also been

used to analyze the various Li local structural environments in
the LLZO-PEO (LiClO4) composite electrolyte. Possible Li
environments in the CPE are depicted in Figure 11a, including

the PEO-LiClO4 polymer matrix, LLZO grains, and the PEO/
LLZO interface. Figure 11b shows the corresponding high-
resolution 6Li NMR spectra of LiClO4 in PEO, pure cubic-
LLZO, and the LLZO-PEO (LiClO4) CPE. Correspondingly,
the lithium ion transport pathway is explored in symmetric
cells with the 6Li metal as an electrode (Figure 11c). By
comparing the NMR spectra of the CPE before (pristine) and
after (cycled) cycling, it is found that the 6Li peak of the
sample after cycling is significantly enhanced, indicating that a
large number of 7Li is replaced by 6Li in the CPE. The
replacement could be further quantified, which shows that the
peak intensity of LLZO in the 6Li spectrum of the CPE
increases by 39%, only a 6% increment in the peak of the
PEO/LLZO interface, and no increase for LiClO4 in PEO
(Figure 11d). Therefore, it can be inferred that the lithium ion
transport in CPE occurs mainly through the LLZO phase,
rather than the interface or the PEO matrix.108 Furthermore, in
the LLZO-PEO-TEGDME system, the lithium ion environ-
ment in the CPE is changed obviously. The quantitative
increase of 6Li is found in different parts of the CPE after
cycling, among which was more in the decomposed LLZO in
TEGDME and LiClO4 in the PEO/TEGDME complex but
almost no increase in the PEO/LLZO interface. It means that
the pathway of lithium ions is changed in the CPE after adding
TEGDME, which is mainly transported through TEGDME-
associated phases rather than the ceramic LLZO or PEO/
LLZO interface.109

Based on the above analyses, a conclusion is drawn that
lithium ions are transported through low resistance pathways
or a phase of high ion conductivity within the CPE. Therefore,
improving the total ion conductivity is the key to building
high-performance CPEs. As shown in Figure 3, building a 3D
structured filler to form a fast and continuous lithium ion

transportation channel is also the key for future research. In
addition, the ion transport mechanism in CPEs depends
strongly on the composition and structure of CPEs, and there
is yet no consensus, which needs further study.

4. INTERFACE BETWEEN THE PEO-BASED CPE AND
THE ELECTRODE

In all-solid-state batteries, the biggest challenge is the poor
interfacial stability between the SEs and the electrode.
Compared with inorganic ceramic electrolytes, SPEs have
relatively better interface contact with electrodes, but there are
still solid−solid contact characteristics. It is also difficult to
achieve sufficient interfacial wettability like liquid electrolytes.
Therefore, how to improve the interface contact between the
solid electrolyte and the electrode has received more attention
in recent years. Interfacial features are crucial to the overall
performance of all-solid-state batteries, and some parameters
are the key for evaluating the interfacial feature, such as ion
conductivity, the ion transference number, interfacial impe-
dance, mechanical properties, chemical/electrochemical stabil-
ity, effective interface contact area, surface roughness, and
surface porosity. Here, the ion conductivity and the ion
transference number are involved in the transport process of
lithium ions in the bulk and at the interface of CPEs, which are
highly related to the interfacial impedance and the power
output of batteries. The mechanical properties also have a great
impact on inhibiting the deformation of electrodes and CPEs
at the interface, as well as preventing the growth of lithium
dendrites during battery cycling. The electrochemical/chemical
stability of the interface is related mainly to the decomposition
and side reactions of both electrodes and CPEs during cycling.
In addition, the physical contact at the interface also plays an
important role on the interfacial stability. In this section,
improving the interfacial stability of CPEs and electrodes is
discussed from the following three aspects: the interface
between the PEO-based CPE and the cathode, the interface
between the PEO-based CPE and the anode, and the layered
heterogeneous structure improving the electrolyte/electrode
interface.

4.1. Interface between the PEO-Based CPE and the
Cathode. At present, in all-solid-state lithium batteries, in
order to improve the interfacial stability between the cathode
and the CPE, some SPEs are generally added to the cathode to
build a composite cathode.110,111 For different cathode
material systems, the composite strategies are different due
to the diversity of cathode systems and characteristics.
Generally, it can be divided into low-voltage phosphate
cathode materials and high-voltage oxide cathode materials.

4.1.1. Low-Voltage-Type Composite Cathode. The initial
decomposition voltage of PEO is 3.9 V (vs Li/Li+), and its low
oxidation window is more compatible with a phosphate
cathode. Therefore, PEO is first introduced into an LFP
battery system. The composite method can improve the
interface compatibility between a cathode and a CPE. In
particular, a full composite method is applied to build a
composite cathode by adding an SPE to LFP and to form an
intimate cathode/CPE interface. The all-solid-state lithium ion
battery is prepared by hot pressing of a composite cathode,
which consists of LFP with different contents of an SPE (10−
30%) or a CPE (filled with 60% AL-LLZTO) and a lithium
metal anode. Because of the effective composition and hot
pressing between the cathode and the CPE, the pore-free
interface between the cathode and the CPE forms, which

Figure 11. (a) Diagram of local Li environments in LLZO-PEO
(LiClO4) composites. (b) 6Li NMR of LiClO4 in PEO, pure cubic
LLZO, and the LLZO-PEO (LiClO4) composite. (c) Illustration of
possible ion transport pathways within the composite electrolyte upon
cycling the symmetric battery. (d) Quantitative analysis of the 6Li
amount in LiClO4, the interface, and LLZO of the LLZO-PEO
(LiClO4) before and after cycling. Reprinted with permission from ref
108. Copyright 2016 Wiley-VCH.
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greatly improves the performance of the battery.112 The adding
of the CPE as a binder to the cathode can significantly improve
the interface contact between the CPE and the cathode.
Through cross-sectional SEM and element mappings, it can be
found that the constituent elements of the CPE are uniformly
distributed among the CPE and the cathode, while Fe and P
elements of the LFP cathode are only observed in the cathode.
Notably, the interface between the cathode and the CPE is
very good and dense.113 In addition, recently, a new concept of
a cathode-supported solid electrolyte membrane framework is
also proposed. This new type of composite cathode is
constructed mainly by casting the solid electrolyte directly
on the cathode layer, which can significantly improve the
interface contact between the cathode and the CPE, by
improving the wetting ability of the electrolyte on the cathode
surface and by enhancing the interface adhesion.114 Similarly,
the PEO-LITFSI-10 wt % LLZO nanowire (PLLN) composite
electrolyte is prepared; then, an integrated all-solid-state
battery structure is formed by fusing PEO in both the LFP
composite cathode and the CPE at high temperature, which
greatly strengthens the interface compatibility and stability
between the cathode and the CPE. Therefore, this integrated
Li/PLLN/LFP battery exhibits excellent cycling stability at
both 60 and 45 °C.115

The introduction of an SPE into a cathode to form a
composite cathode can effectively improve the interface
wettability and reduce the interfacial resistance. However, the
proportion of active materials in the composite cathode could
be relatively reduced, which is not beneficial to the
improvement of the capacity and energy density of all-solid-
state batteries; this is one of the common problems in the
development of all-solid-state batteries at present.
4.1.2. High-Voltage-Type Composite Cathode. Due to its

low electrochemical oxidation potential window, the conven-
tional PEO-based CPE is difficult to match with high-voltage
oxide cathode systems, including commercial LiCoO2 (LCO),
Li(NixCoyMn1‑x‑y)O2 (NCM) and LiNi0.5Mn1.5O4. Therefore,
further widening the electrochemical stability window of the
PEO-based CPE has become a challenge for constructing a
high-voltage composite cathode.
It is demonstrated that the reactive terminal −OH group in

the PEO-based SPE has adjustable characteristics, and its
electrochemical stability window and electrochemical perform-
ance can be effectively adjusted by changing the terminal
functional group. For example, replacing −OH with a more
stable −OCH3 group can expand the electrochemical oxidation
window from 4.05 to 4.3 V. Thus, the matching of the PEO-
based CPE and the high-voltage cathode material NCM523 can
be realized.116

Generally, PEO matching with an LCO cathode causes the
degradation of all-solid-state battery performance at high-
voltage cycles. This is due to the oxidation ability of the lattice
oxygen ions in the LCO material at a 4.2 V charging state,
which can accelerate the oxidation decomposition of PEO.
Meanwhile, the loss of LCO surface oxygen can trigger the
formation of spinel or rocksalt phases, as a poor conductor of
lithium ions, resulting in a significant increase in the interfacial
impedance of the materials. This suggests that if the surface
oxidation of the cathode material can be suppressed or if the
cathode material with no strong oxidation on the surface is
used, then the PEO-based SPE may work stably at a voltage
higher than the intrinsic electrochemical oxidation potential.117

In addition, with the introduction of high-voltage cathodes, the

PEO-based SPE has the problem of decomposition and
associated gas release, which also seriously affects the safety of
all-solid-state batteries.118 It is shown from experiments and
theory calculations that the surface catalysis effect of LCO is
the root cause of the unexpected H2 gas release of PEO at 4.2
V. At a voltage higher than 4.5 V, PEO may experience severe
dehydrogenation, resulting in the formation of bistrifluorome-
thanesulfonimide (HTFSI), which will further corrode PEO
and react with the lithium metal anode to cause the generation
of H2 gas.

118

Therefore, the key to the application of high-voltage
composite cathodes in the PEO-based CPE is to improve
the stability of the interface between the cathode and the CPE,
especially the protection or interface modification of the
cathode materials. The conventional cathode protection
method is generally to build a coating layer on the active
material particles. For example, the LCO surface can be
modified by a coating layer of highly ionic conducting and
electrochemical oxidation-resistant poly(ethyl cyanoacrylate)
(PECA) through an in situ polymerization method. The PECA
coating layer significantly inhibits the continuous decom-
position of the lithium difluoro(oxalate) borate (LiDFOB) salt
in the PEO-based CPE.119 In addition, a thin ALD-derived
lithium tantalate is coated on the high-voltage LCO electrode,
which shows good compatibility with the PEO-based SPE,
thereby enhancing the cycling performance of the battery.120

Similarly, covering the LATP coating densely and uniformly on
the LCO surface can also effectively suppress the oxidation of
the PEO-based CPE under high charging voltage.121

In general, the addition of high-voltage-resistant components
in the PEO-based CPE can also improve the electrochemical
stability of the CPE. Taking PEO-LLZTO as a bidirectional
lithium ion transport channel, further adding PVDF with high
voltage resistance to replace part of the PEO matrix can
enhance the electrochemical stability of the PEO-based CPE.
Thus, an excellent PEO-LLZTO-PVDF dual conductive
network CPE can be obtained, which effectively improves
the interfacial stability between the cathode and the CPE.122

The interfacial stability of a high-voltage cathode and a
PEO-based CPE can also be improved through the selection
and adjusting of lithium salts. For example, the synergy of an
LAGP ceramic electrolyte nanocoating and a passivation layer
from salt decomposition can improve the interfacial stability
between a 4 V cathode and a PEO-based CPE. Usually, the
prepared nano-LAGP coating has grain boundaries and pores,
which may lead to PEO oxidation. By optimizing the type and
content of lithium salt, the lithium salts decompose in situ on
the surface of LAGP-LCO during cycling to form a passive
protective layer. This synergy allows lithium ions to pass
through the interface layer but hinders the oxidative
decomposition of the PEO-based SPE, thereby preventing
the further oxidation of the PEO-based CPE above 4 V.123 In
addition, the addition of three lithium salts of LiBOB, LiNO3,
and LiTFSI into the PEO-based CPE can also facilitate the
stable cycling of Li/CPE/NCM111 cells.124 The high-voltage
stability of a trinal-salt CPE is significantly higher than that of a
single-salt CPE and a dual-salt CPE. The typical failure
mechanism of a single-salt CPE and a dual-salt CPE in Li/
NMC batteries is also explored. For a single-salt CPE, failure is
usually triggered by the decomposition of PEO, which further
leads to high charging capacity of Li/NMC batteries and finally
failure of the cells (usually less than 5 cycles). Although the
dual-salt CPE helps to improve the interfacial stability with the
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high-voltage cathode, failure and short circuit may still occur
due to the unstable anode interface. In comparison, the trinal-
salt CPE has higher oxidation stability at potentials as high as
4.6 V, which shows a much more extended cycle life in Li/
NMC cells. This indicates that the composition of salts also
changes the glass transition temperature and crystallinity,
which has a great impact on the ionic transport and mechanical
properties of the PEO-based CPE.124

The high-voltage composite cathode is one of the crucial
directions for achieving a high energy density of all-solid-state
lithium batteries. It is necessary to comprehensively consider
and regulate the interface compatibility and stability of the
cathode and the PEO-based CPE.
4.2. Interface between the PEO-Based CPE and the Li

Metal Anode. The uncontrollable growth of lithium dendrites
and low Coulombic efficiency (CE) impede further application
of lithium metal electrodes in next-generation high-energy
rechargeable batteries. For a long time, SEs are regarded as a
potential solution to solve the dendrite issues in lithium-based
batteries due to their high mechanical strength. However, in
recent years, it is revealed from numerous works that the
lithium dendrite issues in all-solid-state Li-metal batteries are
still serious, and the interaction mechanism is complex.125 In a
word, an SPE cannot completely block the growth of dendrites
in theory due to its relatively low shear modulus. Furthermore,
most of the PEO-based CPEs need to operate at high
temperatures, which simultaneously reduces their mechanical
strength and increases the tendency of dendrites penetrating
SEs. As shown in Figure 12a, the possible mechanism of
lithium dendrite nucleation and growth in SPEs is presented as
follows: (I) Lithium dendrites grow at the tip in an SPE, (II)
lithium dendrites grow laterally and extends from the SPE/
anode interface, and (III) lithium dendrite growth caused by
the charge redistribution at the lithium/SPE interface. Based
on the lithium dendrite growth mechanism and intrinsic
characteristics of SPEs, there are various strategies to alleviate
dendrite growth in PEO-based SPEs, such as, the PEO-based
CPE with various fillers to suppress Li dendrites due to its
reinforced mechanical strength (Figure 12b), introducing an
artificial solid electrolyte interface (SEI) film into the Li/CPE
interface to avoid the dendrite problem (Figure 12c).
Solid-state electrolytes bear a mission of suppressing Li

dendrites and improving the safety of all-solid-state lithium
metal batteries. However, individual inorganic solid-state
electrolytes have some problems, when coupled with the
lithium metal anode. For example, a chemical reaction occurs
at the interface when S-SEs (LGPS) contact the lithium metal.
The O-SE (LLZO) particles could react with the lithium metal
to form a LiCO3 layer, resulting in the increase in interfacial
impedance. In addition, there are many voids at the interface of
the lithium metal and microsized inorganic solid-state

electrolyte particles, which is beneficial for the growth of
lithium dendrites. The ion conductivity and mechanical
flexibility of CPEs can be effectively improved with the
addition of fillers. In particular, high interfacial stability with
low interfacial impedance between the CPE and the lithium
metal can be obtained, thus achieving a uniform lithium
deposition and inhibiting the growth of lithium dendrites to
some extent. For example, adding an acid-modified nano-SiO2
filler to a PEO-based SPE can effectively reduce the interfacial
resistance between the lithium metal anode and the CPE and
thus suppress the formation of lithium dendrites.47 Further-
more, adding N-methyl-N-propylpiperidinium bis-
(trifluoromethanesulfonyl)imide (PP13TFSI) to the PEO-
LiTFSI-SiO2 system can also inhibit the growth of lithium
dendrites, which may be attributed to the synergy of nano-SiO2
and PP13TFSI, and the addition of PP13TFSI plays a positive
role in the formation of the passivation film on the CPE.48 The
large interfacial resistance between the lithium metal anode
and the electrolyte is caused mainly by the Li deficiency at the
interface. Three-dimensional 7Li magnetic resonance imaging
(MRI) is introduced to study the Li distribution in SEs. It is
found that lithium ions have a large depletion at the interface
of a Li/LGPS/Li symmetric battery, and the uniformity of Li
distribution in the electrolyte is also significantly reduced.
Adding an appropriate amount of PEO-LiTFSI to prepare a
CPE can greatly improve the uniformity of Li distribution at
the interface and in the electrolyte and reduce the Li depletion
at the interface, thereby significantly improving the long-term
cycling stability of the all-solid-state batteries.126 Moreover,
compared with the zero-dimensional fillers, the high-dimen-
sional fillers are helpful to enhance the mechanical strength of
CPEs, improve the ionic conductivity, and inhibit the growth
and penetration of lithium dendrites.53,98,104 For example,
CPEs filled with 3D garnet nanofibers can effectively block the
growth of lithium dendrites in a symmetric lithium cell during
repeated lithium stripping/plating at room temperature, with a
current density of 0.2 mA cm−2 around 500 h and a current
density of 0.5 mA cm−2 over 300 h.90

Although the strategy of introducing various fillers into SPEs
can prevent the growth of lithium dendrites to some extent,
some filamentous lithium dendrites are still produced during
long cycling, resulting in a micro short circuit, further leading
to overcharge (low CE), capacity degradation, and recovery
after the short circuit of the cells (Figure 12b).
Building an artificial SEI protection layer at the interface

between the Li anode and the PEO-based CPE to achieve
uniform lithium deposition is an ideal strategy.127 This artificial
SEI layer should have uniform coverage, good wettability with
both Li and the PEO-based CPE, high ionic conductivity, poor
electronic conductivity, and good mechanical strength.
Generally, polymers are ideal materials for constructing

Figure 12. (a−c) Schematic diagram of the growth of lithium dendrites in the SPE, the CPE, and the CPE with an artificial SEI.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.1c00216
ACS Appl. Energy Mater. 2021, 4, 4581−4601

4594

https://pubs.acs.org/doi/10.1021/acsaem.1c00216?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00216?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00216?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00216?fig=fig12&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.1c00216?rel=cite-as&ref=PDF&jav=VoR


artificial SEI films because of their high ion transportation
capability, better flexibility, and the characteristics of
conducting ions only and not conducting electrons (Figure
12c).128 For example, an ultrathin (approximately 70 nm)
PEO-ureido-pyrimidinone (UPy) artificial SEI layer can be
constructed in situ on the lithium anode to enhance the
stability of the anode/SEs interface.129 In addition, lithium
fluoride (LiF) is a good stable material for incorporating into
the poly(vinylidene-co-hexafluoropropylene) (PVDF-HFP)
matrix to construct a composite artificial SEI layer, which
could combine the merits of the high flexibility of the polymer
and the embedded hard LiF particles to achieve uniform
lithium deposition.130 Similarly, a LiF-Li3N-rich SEI layer can
be also prepared to improve interface compatibility and to
prevent the formation of lithium dendrites.131 The symmetrical
Li/LAGP-PEO/Li cells with an SEI protection layer can cycle
stably with low polarization for nearly 400 h at a current
density of 0.05 mA cm−2.
PEO exhibits good compatibility for the lithium metal,

which can usually be used as a protective layer of the lithium
anode, but the conventional CPE structure design is not
effective for the protection of the lithium metal anode; thus, it
is necessary to design a new CPE structure. In particular, a
CPE of a double-layer structure is designed, in which the
LAGP-PEO (LiTFSI) layer provides high ionic conductivity
and the PEO (LiTFSI) layer is responsible for protecting the
lithium metal anode. The PEO (LiTFSI) coating layer can
form a bridge connecting the LAGP SEs and the lithium
anode, furthermore preventing the direct contact between
LAGP and the lithium metal and thus avoiding side reactions
between LAGP and the Li anode. Therefore, this double-layer
structure design can effectively inhibit the growth of lithium
dendrites.132 Similarly, in a sandwich structure PEO/PEO-
LLTO/PEO CPE, the LLZO nanofiber frameworks are used to
improve the mechanical strength, ion conductivity, and
electrochemical stability of the CPE, while the PEO layers
on both sides enable superb electrolyte/electrode interfacial
contact, reducing the interfacial resistance and ensuring
excellent cycling stability. As a result, the Li symmetrical cell
can operate stably for 400 h without short circuiting.133

All-solid-state lithium batteries with solid-state electrolytes
bear an important mission to achieve both high energy density
and good safety. However, the growth mechanism of lithium
dendrites on the interface of the lithium anode and a solid
electrolyte is not very clear at present, which is still the biggest
problem for the application of lithium metal batteries.
Therefore, realizing the uniform deposition of dendrite-free
lithium at the interface of the lithium anode and the solid-state
electrolyte is the main direction in future research.
4.3. Improving All-Solid-State Battery Performance

via the PEO-Based CPE with a Layered Heterogeneous
Structure. The interface performance of the CPE with both a
cathode and an anode has a decisive influence on the
performance of the all-solid-state batteries. Improving the
stability of both interfaces and reducing the interfacial
resistance are the key to the construction of high-performance
all-solid-state lithium batteries. Here, the layered heteroge-
neous structure is a new design philosophy, which can modify
the cathode and the anode at the same time and improve the
overall performance of the all-solid-state lithium batteries.134

As demonstrated in Figure 13, this layered heterogeneous
structure CPE is usually composed of two or more
components, in which each component is independent, or

two different components are closely combined, even
permeating into each other. Usually, the layered heterogeneous
structure in the CPE can be divided into double-layer and
three-layer structures, as shown in Figure 13a. Here, the
double-layer heterogeneous structure is consisted of the
cathode-modified layer and the anode-modified layer, while
the three-layer heterogeneous structure is composed of the
high-conductivity intermediate layer and the double-layer
heterogeneous structure (Figure 13b). The cathode-modified
layer should exhibit the following characteristics: (1) high
electrochemical/chemical stability, (2) reliable flexibility and
soft contact with the cathode, and (3) a good antioxidation
ability at high voltage. For the anode-modified layer, the
following features are of necessity: (1) high electrochemical/
chemical stability, (2) good mechanical robustness/flexibility,
(3) effective suppressing of the growth of lithium dendrites,
and (4) a good antireduction ability at low voltage. In the
layered heterogeneous structure, different components could
have different functions, and the synergy of all components can
help to build a high-performance CPE and improve the
performance of the all-solid-state lithium batteries.
In particular, in order to satisfy the application requirements

of a high-voltage LCO cathode and a lithium metal anode, a
three-layer PEO-based CPE based on different lithium salts is
constructed and presented excellent electrochemical perform-
ance. The initial interlayer provides high ionic conductivity for
the whole CPE, while the PEO-SN-LiTFPFB and PEO-
LiTFSI-5% LiTFPFB electrolyte layers are introduced into the
cathode and anode sides as coating layers, respectively, which
can remarkably improve the interface contact between the
electrolyte and electrodes and accelerate the formation of a
stable cathode electrolyte interface (CEI) and SEI film. This
three-layer PEO-based CPE exhibits extremely excellent
performance in high-voltage Li/LCO batteries.135

Furthermore, in the design of multifunctional modified
ceramic electrolytes, a compatible SE is designed by inversely
coating LATP with PAN and PEO, thus constructing a stable
electrode/solid electrolyte Janus interface. The upper PAN
layer is helpful to construct a soft contact with the NCM622
cathode, and the lower PEO layer is effective to protect LATP
from being reduced by the lithium metal, which ensures the
high-voltage tolerance of the CPE and enhances the interfacial
stability of the lithium anode. This dual-functional modified
ceramic electrolyte combines the advantages of different
components to ensure excellent cycling stability (89% after
120 cycles) and high Coulombic efficiency (over 99.5% per
cycle) in the all-solid-state lithium batteries.136

Figure 13. (a,b) Schematic diagram of the layered heterogeneous
structure and modified layer characteristics.
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In addition, a double-layer PEO-based CPE can also be
designed with different polymer matrices. Wherein, the
poly(N-methyl-malonic amide) (PMA)-LiTFSI high-voltage
stable layer is used to contact the cathode, and the PEO-
LiTFSI low-voltage stable layer is used to contact the lithium
anode. A long charge/discharge cycle life can be achieved in
the 4 V rechargeable Li/LCO cell by fully utilizing each layer,
with dendrite-free, low-impedance plating of a Li metal anode
and no oxidation of the CPE on the cathode side during
cycling. Meanwhile, there is no obvious gap across three
interfaces, and an intimate and uniform contact between the Li
anode and the CPE is also achieved. After cycling 100 times at
65 °C, a dense passivating layer with good conduction of Li
ions can be formed at the lithium anode/CPE interface
without obvious formation of lithium dendrites. The above
features indicate that this specific design of a double-layer
structure CPE not only significantly improves the stability at a
high voltage but also successfully suppresses the formation of
lithium dendrites.137

Similarly, the layered structure CPE can also be used for
improving the performance of Li−S batteries.138−141 Typically,
a PEO-based CPE is coated on both sides of LATP, which can
prevent the lithium metal anode from directly contacting
LATP and enhance the stability of the interface between LATP
and the sulfurized polyacrylonitrile (SPAN) cathode. Corre-
spondingly, the solid-state Li−S battery delivers the ultrahigh
initial discharge capacity of 1793 mA h g−1 at 75 °C and
excellent cycling stability.138 In addition, various active fillers
(LixPON, LixSiPHN, and LixSiPON) can also be used to
prepare PEO-based composite membranes with good ion
transport. At room temperature, the maximum ion con-
ductivity of the 60PEO/Li3SiPON film is 2.8 × 10−3 S cm−1.
The solid-state Li−S battery shows a high discharge capacity of
1000 mA h g−1(sulfur) at 0.25 C with high Coulombic efficiency
over 100 cycles.140 The interesting point in the solid-state Li−
S battery is that the reaction mechanism could be altered. For
example, by coating the S/C cathode with a layer of PVDF, the
reaction mechanism of the solid-state Li−S battery with the
PEO-based CPE changes obviously. Low-solvent PVDF not
only inhibits the formation of soluble polysulfides but also
alters the reaction mechanism of sulfur from a multistep
“solid−liquid−solid” reaction to a one-step “solid−solid”
reaction, thus greatly improving the cycling performance of
solid-state Li−S batteries. Long-chain polysulfides are insoluble
in the PVDF polymer, which facilitates the direct trans-
formation of elemental sulfur to solid Li2S2/Li2S during cycling
without forming intermediate products. Therefore, the
introduction of polymers with low solvent properties into the
sulfur cathode is promising for the development of solid-state
Li−S batteries with long cycle life.141

Based on the above analyses, the layered heterogeneous
structure design could be a feasible strategy to solve the
interface issue of the all-solid-state batteries. However, more
interfaces could be produced with introducing the layered
structure design, which requires better structural design to
reduce the interfacial resistance. In addition, the multilayer
structure design may lead to an increase in the CPE thickness,
which also has a negative effect on the ion conductivity and
energy density of the all-solid-state batteries. Therefore, further
research is needed to coordinate these issues.

5. CONCLUSIONS AND OUTLOOKS
The solid-state polymer electrolyte is one of the ideal choices
for the next-generation high-energy and high-safety recharge-
able lithium batteries. PEO is the most widely studied polymer
matrix based on its high dielectric constant and strong lithium
salt dissolving ability. However, the application of pure PEO in
batteries is restricted mainly by the low ion conductivity and
narrow electrochemical window. The most effective technical
strategy is to construct a PEO-based CPE in view of ion
conductivity, mechanical properties, and interfacial stability.
The introduction of inorganic fillers into the polymer matrix

can balance the issues of ion conductivity and mechanical
properties, which not only improves the ion conductivity but
also guarantees that the CPE has good mechanical properties
and a stable electrode/electrolyte interface. In the past
decades, “inert fillers” such as metal oxides, ferroelectric
materials, porous materials, and natural clays are introduced to
fabricate the PEO-based CPE. These inert fillers are effective
to suppress the crystallization of PEO, promote their segment
motion, and significantly improve conductivity and mechanical
properties of the CPE. In recent years, sulfide and oxide
inorganic SEs are also used as “active fillers” to form composite
structures with PEO. While reducing the crystallization degree,
the advantages of high ion conductivity are expected to fuse
into CPEs to further improve their ion conductivity. In
addition, multidimensional structural fillers can help to
construct new ion transportation networks and thus to realize
the rapid transmission pathway of Li ions.
The interface between a CPE and an electrode is the key

issue to construct high-performance all-solid-state lithium
batteries, especially the interfacial stability of the high-voltage
cathode side and the growth of lithium dendrites on the
lithium anode side. On the cathode side, the strategies of a
composite cathode and cathode surface modification are
generally adopted to improve the compatibility of CPEs with
the low-voltage cathode and the interfacial stability of the high-
voltage cathode. Meanwhile, on the lithium anode side, it is
quite difficult for a simple CPE to inhibit the growth of lithium
dendrites; thus, constructing an artificial SEI layer becomes an
effective technical strategy for the modification of the anode/
CPE interface. Furthermore, the construction of the layered
heterogeneous structure CPE exerts the synergy of different
parts, which can simultaneously modify both the cathode and
the anode, thereby synergistically improving the overall
performance of the all-solid-state lithium batteries.
At present, significant progress is achieved for the PEO-

based CPE, but there are still many challenges in practical
application. Looking forward to future development, we need
to focus on the following requirements and trends:

Further improve the ion conductivity at room temper-
ature: At present, most of the research studies are to
improve the ion conductivity of the PEO-based CPE,
and it is difficult to achieve high ion conductivity similar
to that of liquid electrolytes at room temperature. In
order to compete with traditional liquid lithium ion
batteries, a PEO-based CPE with further improved
room-temperature conductivity has become the core
goal.

Exploration and construction of the new conduction
mechanisms of Li ions: The ionic conductivity of the
PEO-based CPE is directly restricted by the conduction
mechanism. The improvement of ion conductivity is
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mainly based on the microregulation of the crystal-
lization characteristics of PEO and the introduction of
active fillers. In order to achieve a breakthrough on high
ion conductivity, it is necessary to construct new
conduction mechanisms of Li ions, which could
combine the introduction of high intrinsic conductivity
material systems and the design of new composite
mechanisms.
Exploring new materials and composite mechanisms:
Among various PEO-based CPEs, the traditional
composite technology of PEO and fillers and the
conventional interface design between a CPE and the
anode/cathode are gradually improved in the past
decades. The construction of new conduction mecha-
nisms of Li ions naturally requires the introduction of
new materials and composite mechanisms, especially the
introduction of interdisciplinary concepts and technol-
ogies to support the realization of the new mechanism.
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