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Lithium-ion batteries have dominated the high performance and mobile market for last
decade. Despite their dominance in many areas, the development of current commercial
lithium-ion batteries is experiencing bottlenecks, limited by safety risks such as: leakage,
burning, and even explosions due to the low-boiling point organic liquid electrolytes.
Solid electrolyte is a promising option to solve or mitigate those issues. Among all solid
electrolytes, polymer based solid electrolytes have the advantages of low flammability,
good flexibility, excellent thermal stability, and high safety. Numerous researchers have
focused on implementing solid polymer based Li-ion batteries with high performance.
Nevertheless, low Li-ion conductivity and poor mechanical properties are still the main
challenges in its commercial development. In order to tackle the issues and improve the
overall performance, composites with external particles are widely investigated to form
a polymer-based composite electrolyte. In light of their work, this review discusses the
progress of polymer-based composite lithium ion’s solid electrolytes. In particular, the
structures, ionic conductivities, electrochemical/chemical stabilities, and fabrications of
solid polymer electrolytes are introduced in the text and summarized at the end. On
the basis of previous work, the perspectives of solid polymer electrolytes are provided
especially toward the future of lithium ion batteries.

Keywords: polymer solid electrolytes, polymer, lithium-ion batteries, Li-ion conductivity, composite

INTRODUCTION

From the moment in 1991 when the SONY corporation launched the commercialization of lithium-
ion batteries, lithium-ion batteries have thrived significantly and dominated in many different
applications, such as electric vehicles, portable devices (Scrosati and Garche, 2010; Verma et al,,
2010; Manthiram et al., 2017). Although lithium-ion batteries have many advantages such as high
energy density and long cycle life, the potential safety issues and saturated high energy density have
become bottlenecks which impedes further development.

Current commercial lithium-ion batteries use liquid organic electrolytes, which have significant
advantages of high conductivity and excellent wettability on electrode surfaces. However, the
obvious and inevitable drawbacks of liquid electrolytes are electrochemical instabilities and
potential risks, plus low ion selectivity. Compared with liquid electrolytes, solid electrolytes have
higher safety and thermal stability, since it can provide a physical barrier layer to separate positive
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and negative electrodes and prevent thermal runaway under
high temperature or impact. In addition, solid electrolyte makes
it possible to use a lithium metal anode, due to its effective
suppression of Li dendrite formation. Despite the significant
advantages, some weaknesses still remain to be improved, such as
low ionic conductivity and insufficient interface contact. Plenty of
research is being conducted to conquer the weakness and develop
new generation of solid lithium batteries (Tang et al., 2007; Zhao
et al,, 2012; Liu et al,, 2013; Zhang Q. Q. et al., 2017). To meet
the commercial requirements, high ionic conductivity, favorable
mechanical properties, and outstanding interfacial stability with
the electrodes are the most fundamental requirements for solid
electrolytes (Fergus, 2010).

Inorganic solid electrolyte (ISE), solid polymer electrolyte
(SPE), and composite electrolyte (CSE) are widely studied in
lithium-ion batteries. Oxide group and sulfide group are two
types widely used in ISE. Some of them [such as sulfide-based
Lij0GeP,S;2 (Kamaya et al, 2011)] exhibit high conductivity
equivalent to that of organic liquid electrolytes, but the issues
of high processing difficulty, high cost, and large interface
impedance restricts its wide application (Knauth, 2009; Fergus,
2010). SPEs not only have excellent electrochemical performance
and high safety, but are also good in flexibility and process
ability, which has high possibilities for use in next-generation
high-energy batteries (Dias et al., 2000; Stephan and Nahm,
2006; Yarmolenko et al., 2018). In the meantime, it avoids the
danger of Li metal dendrite growth (Meyer, 1998; Agrawal and
Pandey, 2008; Tikekar et al., 2016). SPEs, including polyethylene
oxide (PEO) (Farrington and Briant, 1979; Watanabe et al.,
1999; Siqueira and Ribeiro, 2006), polycarbonate (Forsyth et al.,
1997; Sun et al,, 2014; Liu et al., 2015), and polysiloxane (Sun
et al,, 1996; Fonseca and Neves, 2002) have been extensively
investigated. However, the ionic conductivity and mechanical
strength of SPEs are still not ideal, which is the major obstacle
to hamper their wide applications (Chen et al., 2016).

Different methods are adopted for improving the polymer
electrolyte system. Typically, they can be categorized into
two approaches: (1) Polymer/polymer coordination and (2)
Composite polymer electrolyte.

Copolymerization, crosslinking, interpenetration, and
blending are widely used as polymer/polymer coordination;
however, it does not significantly increase the mechanical
properties of the electrolyte. Various composites had been mixed
into polymers, as shown in Figure 1, including inert ceramic
fillers (Agrawal and Pandey, 2008; Lin et al., 2016), fast-ion
conductive ceramics (Aliahmad et al., 2016; Keller et al., 2017;
Ling et al., 2018), lithium salts (Do et al., 1996), ionic liquid
(Subianto et al., 2009), etc. With the synergistic effect of polymer
and inorganic filler, the room temperature conductivity and
mechanical strength of composite polymer electrolyte can be
greatly improved, as well as the interface stability with the
electrode. In my group, similar synergistic effects on composite
electrolyte had been reported in inorganic fillers composite with
Nafion membrane for direct methanol fuel cell applications (Cui
et al,, 2015, 2018), the corresponding mechanism is similar with
the composite electrolyte with organic fillers. The used polymer
matrices and properties for SPE are summarized in Table 1.

Solid polymer electrolytes (SPEs) currently have great
application prospects in lithium batteries fabrication, numerous
researchers also take great efforts to develop innovative SPEs
and the successful applications will play a key role in developing
lithium battery with excellent performance. Figure 2 shows that
the number of published sci-tech articles in the polymer-based
solid electrolyte over a period of 19 years from 2000 to 2018.
The trend shows the steady increase from about 750 in 2000
to the largest point around 2,400 in 2017. From the year of
2010, the number of essays in this field keep steady over 2000,
which is the fact that polymer-based solid electrolyte will have
excellent application prospects. A large number of reviews have
summarized the research and development history of polymer
electrolytes (Qiu et al., 2004; Dong and Wang, 2005; Srivastava
and Tiwari, 2009; Fergus, 2010; Liu et al., 2013; Osada et al., 2016;
Zhang Q. Q. et al., 2017). However, there is relatively few reviews
on polymer-based solid electrolytes.

This review article highlights recent researches on SPEs for
solid state lithium-ion batteries, in particular about the effects
of composition with various filler materials. In this review,
polymer based composite electrolytes, including polymer/inert
ceramics, polymer/fast-ion conductive, polymer/ionic liquid,
polymer/MOFs, and polymer/cellulose composite electrolytes.
Furthermore, a perspective on the future research direction for
developing safety, stable, and high energy density composite
polymer electrolytes for solid-state batteries will be provided.

IONIC CONDUCTIVITY AND INTERFACE

lonic Conductivity Mechanism

In order to develop SPEs with high lithium ion conductivity, the
polymer should not only dissolve lithium salt, but also be able
to couple with lithium ions. The polar groups in the polymer
(—O—, —S—, etc.) are effective building blocks for dissolving
lithium salts. Most of the research on all-SPEs is focused on
polyethylene oxide (PEO) and its derivatives. The lone pair of
oxygens on the PEO segment is coordinated to the lithium ion
by Coulombic interaction, causing the anion and cation of the
lithium salt to dissociate. In the process, PEO acts as solvent, and
the lithium salt dissolves into the PEO matrix. In addition to the
oxygen atom (—O—) on the PEO chain, other atoms such as the
nitrogen in the imide (—NH—) and the sulfur in the thiol (—S—)
also play a similar role. Under the electric field, the migration
movement of LiT cations are from one coordination point to
another along the polymer segment, or jump from one segment
to another. The ion transport mechanism of polymer electrolytes
such as PEO is shown in Figure 3 (Xu, 2004).

In the polymer-lithium salt composite system, the ions are
not free to move due to the huge size of the polymer chain
plus the boundary effect of crystalline domains. The factors
affecting the ionic conductivity are the number of lithium ions
and the mobility of the polymer chain. The amount of ions
that can be migrated depends on the ability of the polymer
to dissociate the lithium salt, and thus the lithium salt of low
lattice energy and the polymer of high dielectric constant can
promote this dissociation (Young et al., 2014). Under steady
state conditions, the ionic conductivity can be expressed by the
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FIGURE 1 | Categories of the existing polymer-based composite solid electrolytes.
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following equation (Wei-Min, 2012):

o=F Z niqilti

1

Here, F is the Faraday constant; n; represents the number of
free ions; q; represents the number of charges, and u; is the
mobility. Therefore, it can be seen that in the polymer electrolyte,
the increasement of the concentration of the movable ions and
the migration speed of the ions can increase the conductivity of
the ions.

In SPEs, the most commonly used theory to explain the
migration of ions in polymers includes Arrhenius theory, Vogel-
Tammann-Fulcher (VTF) theory, William-Landel-Ferry (WLF)
theory, and the combinations of above theories (Ratner et al.,
2000; Quartarone and Mustarelli, 2011).

The classical Arrhenius theory explains the temperature
relationship of ion migration caused by polymer segment motion,
expressed as (Zhang Q. Q. et al., 2017):

)

—E,
o =0y exp(ﬁ)

Here, E, represents the activation energy for single molecules
or groups of ions to migrate, oy represents the pre-exponential
factor, while T represents thermodynamic temperature.

Generally, ion jump motion and polymer chain relaxation
and/or segmental motion together affect conductivity, so the
vs. 1/T curve is generally non-linear (Agrawal and Pandey,
2008). The typical Ig-1/T in polymers is usually based on the
Tg-based equation, so VTF mainly describes the relationship
between polymer electrolyte conductivity and temperature
(Zhang Q. Q. et al., 2017):

) 3)

1

o =0T 2 exp( T_T,
Here, 0y is a pre-exponential factor, B is an action factor with
dimension as the energy dimension, and Ty is the reference
temperature, which can be expressed in Ty, normally 10-50 K
below the experimental glass transition temperature. At room
temperature, if only the effect of the polymer segment on
conductivity is considered, low glass transition temperature can
play a positive role in the improvement of the conductivity.

Based on the study of PEO and PPO salt complexes, the
ionic conductivity can be related to frequency and temperature
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TABLE 1 | Common polymer matrix.

Polymer matrix Molecular formula

Glass transition temperature Tg/°C Melting point T,/°C

—to-cH,—cH,},

PEO —64 65
—}cm—w]—n
PVC Cl 30 220
CH,-CH
—P 2 | ‘}n
PAN CN 125 317
o
fore-Le
PMMA COOCH; 105 Amorphous
T
c—C
te—ci
PVDF H F —40 171
CHj
CH,—CF, CF,—CF
X y
PVDF-HFP -90 135
—(-o—CHZ—CIH -
PPG CHs, —60 Amorphous
G
—{-SII—O-]—n
PDMS CHs —127 —40
(o] O
PEC o) 5 Amorphous
T
~cH,—cH—o—-c—o}
PPC 35 Amorphous
(0]
/{,O\/\/\)Ll\
PCL n —60 Amorphous
(@] (0]
PTMC o _15 Amorphous

by using the William-Landel-Ferry (WLF) equation, considering
the relaxation process of polymer molecular chain motion in an
amorphous system. The expression is:

o(T) (T =Ty

5o(Ty) ~ o+ (T—Ty) @

Here, o(Ty) is the conductivity of the relevant ions at
glass transition temperature T,, and C; and C, are the
WLF parameters in the free volume equation of ion
migration, respectively.

T, is one of the most critical parameter of polymer electrolyte.
The conductivity is very low as the temperature below T, and it
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FIGURE 2 | The number of published sci-hech articles in the polymer-based solid electrolyte over a period of 19 years from 2000 to 2019.
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FIGURE 3 | Schematic diagram of lithium ion conduction mechanism of PEO-based polymer electrolyte. [Reproduction with permission from Xu (2004), Copyright
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will be obviously improved above Tg. Therefore, to reduce Ty is
beneficial to the improvement of conductivity.

The above three theories well-explain the conductive
mechanism of the PEO-based electrolyte. The amorphous phase
of the polymer is mainly effective for the migration of ions. The
theory can also be applied to other polymer electrolytes.

Interface

In the solid lithium-metal battery, the cathode is typically
LiFePO4 or LiCoO;. Metallic lithium is used as a negative
electrode. The cathode/electrolyte interface requires a solid

electrolyte with excellent flexibility to ensure low interface
resistance, while the anode/electrolyte interface requires a strong
solid electrolyte to withstand the puncture of the metal lithium
dendrites (Camacho-Forero and Balbuena, 2018; Wang L. P.
et al., 2018; Zhang et al, 2018). The good flexibility of the
SPE makes the lower interface resistance possible, but the low
mechanical properties are difficult to withstand the puncture of
the metal lithium dendrites. In contrast, a rigid inorganic ceramic
electrolyte can withstand the metallic lithium dendrites, but has
a large interfacial resistance due to insufficient contact with
the electrodes (Xu et al., 2018). Therefore, the flexible polymer
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electrolyte or the rigid inorganic ceramic electrolyte has difficulty
used in solid metal lithium battery separately. In order to take full
advantage of polymer and inorganic ceramic electrolyte, polymer
composite inorganic ceramic electrolyte offers an option. It
is expected that the obtained solid metal lithium battery has
both low interface resistance and the ability to inhibit lithium
dendrite formation. In addition, the electrochemical instability
of the interface easily leads to the occurrence of side reactions
and thus the cover of the electrodes form a solid electrolyte
interface (SEI), which may lead to a shortened cycle life of the
cell (Xuetal., 2018).

SOLID POLYMER ELECTROLYTES WITH
INERT OXIDE CERAMICS

In recent years, many studies have been addressed to incorporate
inert oxide ceramics particles into polymer electrolyte, in order to
improve the mechanical properties, reduce polymer crystallinity,
and thus solve the problem of low ionic conductivity of SPE.
Different types of inert ceramics had been incorporated into
the polymer, such as SiO, (Nan et al, 2003; Ketabi and Lian,
2013), Al;O3 (Weston and Steele, 1982; Capuano et al., 1991;
Tambelli et al., 2002; Liang et al., 2015), TiO, (Pal and Ghosh,
2018), zeolite, etc. The ionic conductivities of solid polymer
composite electrolyte containing inert ceramic filler are showed
in Table 2. In 1982, Weston and Steele (1982) mixed PEO with
AL O3 to form a composite. It was firstly proved that PEO
doped with inert material particles exhibited an improvement
of mechanical properties and ionic conductivity. Subsequently,
Capuano et al. (1991) explored the contribution of the doping
amount and particle size of LiAlO, powder on the conductivity
of solid electrolyte. It was found that the conductivity reached the
highest as the doping amount of LiAlO, was around 10 wt.%. It is
also worth noting that particle size of the inert ceramic material
affected the conductivity of the SPE, which increases with particle
sizes as the size is <10 wm. Tambelli et al. (2002) reported that
Al, O3 can effectively reduce the crystallinity and glass transition
temperature of PEO. This confirms that the decrease of polymer
crystallinity promotes the improvement of ionic conductivity.
The decrease in crystallinity can enlarge the number of free
segments of the polymer and accelerate the movement of the
segments, which can effectively promote the migration of lithium
ions. Similar results were reported on PEO-PMMA-LiTFSI-
Al,O3 composite electrolytes. They were prepared based on
PEO-PMMA as a host matrix and nano Al,O3 as filler by
solution casting technique (Liang et al., 2015). The composite
electrolytes doped with Al,O3 exhibited an improvement of the
ionic conductivity from 6.71 x 1077 to 9.39 x 10~/ S/cm.

SiO, is also a common inert ceramic filler material used
in the preparation of SPE. Lee et al. reported a composite of
a PEO matrix and SiO; fillers containing ethylene carbonate
(EC)/propylene carbonate (PC). The composite had an ionic
conductivity of 2 x 107 S/cm at ambient temperature (Nan
et al,, 2003) with 2.5 wt.% filler loadings. In addition to powder,
SiO; is also designed as a three-dimensional framework doped
into the polymer. Lin et al. (2018) prepared a composite of

PEO-Silica aerogel which exhibited high ionic conductivity 6 x
10~% S/cm and high modulus 0.43 GPa. This study effectively
solves the issue of poor mechanical properties and ionic
conductivity of composite by controlling powder dispersion.
SiO, aerogel skeleton has a good acidic surface. It can interact
with lithium cations extensively and form a continuous channel
in the composite material, beneficial to salt dissociation and
improvement of ionic conductivity. Ion pairs are difficult to form
because of the strong Lewis acid-base interaction of doped TiO,
and the anion of lithium salt, resulting in more mobile charge
carriers (Pal and Ghosh, 2018). Croce et al. (1998) studied a solid
polymer electrode consisting of a nanosized TiO, particles, PEO,
and LiClO4. This hybrid exhibits a higher ionic conductivity of
107> S/cm. Pal and co-workers fabricated SPEs comprising of
PMMA, LiClOy, and TiO,, by standard solution cast technique
(Pal and Ghosh, 2018). The results showed that by composite
nanosized-TiO; to the polymer electrolytes, the thermal stability
can be improved as well. The conductivity reached 3 x 107*
S/em at 303 K. Moreover, specific capacity of such polymer
electrolyte-based LiCoO,/graphite at 30°C exhibited 30 mAh/g
at room temperature in twelfth cycle. In addition, some studies
have incorporated a variety of inorganic ceramics into the
polymer, and the ionic conductivity has also been improved. For
example, nanosized SiO,, and nanoporous Al,O3 were combined
with PVDF-HFP to obtain composite electrolytes that delivered
moderate conductivity of 1073 S/cm with 2.5 wt.% of fillers
(Aravindan and Vickraman, 2008).

Liu et al. (2016) has the designed and fabricated a SPE
comprising Y,0O3 nanoparticle, ZrO, nanowire fillers, and PAN
by electrospinning (Figure 4A). Y,O3-stabilized ZrO,(YSZ)
nanowire in PAN have a lot of positively charged oxygen
vacancies with Lewis acid character, which may attract the
anion of lithium salt and thus promote the dissociation of
salts. The addition of YSZ nanoparticles or YSZ nanowires
has a different degree of improvement in ionic conductivity
compared to the absence of YSZ. The improvement effect of YSZ
nanowires is better, and 7YSZ (7 mol% of Y,03-doped ZrO,
nanowires) had a high room-temperature ionic conductivity
of 1.07 x 107> S/cm at 30°C with an enhancement of two
orders of magnitude compared with pristine PAN electrolyte
(Figure 4B). Recently, Tao et al. (Sheng et al., 2018) incorporated
Mg,B,05 nanowires into PEO-LiTFESI-based solid electrolyte.
The composite electrolytes exhibit good mechanical properties,
outstanding electrochemical stability, and ionic conductivity,
because of the fast ion motion on the surfaces of Mg;B,0O5 and
interactions between the Mg;B,0O5 and TFSI~ (Figure 4C). In
addition, other inert oxide ceramics have also been reported to
improve the SPE performance, such as LiAlO; (Gang et al., 1992;
Hu et al,, 2007), ZnO (Xiong et al., 2006), Fe304 (Reddy et al.,
2006), and BaTiO3 (Itoh et al., 2003a,b).

SOLID POLYMER ELECTROLYTES WITH
FAST-ION CONDUCTIVE CERAMICS

Fast ion conductor ceramics, also known as active inorganic
electrolytes, exhibit a high ionic conductivity of up to 1072 S/cm
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TABLE 2 | Summary of inert oxide Ceramics/polymer solid electrolytes.

Year Polymer electrolyte ingredients lonic conductivity (S/cm) References

1991 LIAIO,-PEO-LICIO, 104 (60°C) Liu et al., 2013
1998 TiO2-PEO-LICIO4 10~% (30°C) Manthiram et al., 2017
2002 Al,O3-PEO-LICIO, 1072 (60°C) Liu et al., 2017
2003 SiOo-PEO-LICIO4-EC/PC 2x107% (25°C) Linetal., 2016
2015 Al O3-PEO-PMMA-LITFSI 9.39 x 1077 (25°C) Liuetal., 2016
2016 SiO5-Alp Ogz-PVDF-HFP-LIPF3(CF3CFo)3 1073 (25°C) Meyer, 1998

2016 Y50gz-doped ZrOs nanowire (YSZ)—PAN-LICIO4 1.07 x 1075 (30°C) Mueller et al., 2006
2018 TiOo_ PMMA-LICIO4 3 x 1074 (30°C) Liu et al., 2015
2018 Silica aerogel-PEO-LITFSI 6 x 1074 (30°C) Liu et al., 2015
2018 MgoBoO5 Nanowire-PEO-LITFSI 1.53 x 10™4 (40°C) Nair et al., 2009

A

Nanoparticles

+ Oxygen vacancy
m Inorganic filler
Polymer+Li salt

Filler's surface

@ Anion (CIO,)

e
o/ o/

o
oA

Mg

FIGURE 4 | (A) Li-ion transport in the composite polymer electrolytes with Y»>Og nanoparticle and ZrO» nanowire fillers. [Reproduction with permission from Liu et al.
(2016) Copyright© 2016, American Chemical Society] (B) Relationship between the Y doping level and the conductivity, together with the conductivity of the YSZ bulk
[Reproduction with permission from Liu et al. (2016) Copyright© 2016, American Chemical Society] (C) Schematics of lithium ion migration in MgoByO5 enhanced
composite SSEs. [Reproduction with permission from Sheng et al. (2018) Copyright© 2018, American Chemical Society].
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at 25°C. Four structures of fast ion conductors are displayed
in Figure 5.

However, the poor interfacial contact restricts their direct
use as solid electrolytes. Thus, composite of fast ion conductor
ceramics with polymer can take full advantages of both parts.
Fast ionic conductors commonly have garnet-type, NASICON-
type and LISICON-type ceramics etc. Table 3 gives a summary of
fast-ion conductive ceramics/polymer solid electrolytes.

Garnet-Type Composite Polymer

Electrolytes

From the moment in 2007 when LiyLa3Zr,O;, (LLZO) was
first found, garnet-type Li solid-state electrolyte generates great
interest in recent years. Li;LazZr,O;, (LLZO), garnet-type Li
solid-state electrolyte, has attracted much attention since it was
first reported in 2007 (Xie H. et al., 2018). LisLazM012 (M =
Nb, Ta) is the first reported lithium ion conductor with a garnet
structure (Figure 5A; Thangadurai et al., 2003; O’Callaghan et al.,

2008). The traditional garnet chemical formula is A3B>(XO4)3
(A = Ca, Mg, Y, La or rare-earth elements; B = Al, Fe,
Ga, Ge, Mn, Ni, or V). Garnet-type Li solid-state electrolyte
has high ionic conductivity and wide electrochemical window
(Wu et al,, 2017). At room temperature, the ionic conductivity
of LisLazM;0;2 (M = Nb, Ta) reached 107> S/cm and
exhibits outstanding chemical stability over a wide temperature
range. However, when the all-solid-state battery is assembled
using garnet-type ceramics, the electrode/electrolyte interface
always shows poor conductivity, resulting in deteriorated battery
performance, as well as increased interface resistance and
decreased ionic conductivity (Chen et al., 2018). Polymer/Garnet
composite electrolytes offer an option of improving the overall
electrochemical performances.

With a large specific surface area, nanoscale garnet ceramic
fillers improve the transition rate of ions (Kumar and Scanlon,
2000). A composite electrolyte composed of PEO containing
52.5 wt.% LiyLa3Zr,O;2(LLZO) particles displays a conductivity
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FIGURE 5 | Structures of different types of fast ion conductors (A) Framework of garnet-type ceramic [Reproduction with permission from O’Callaghan et al. (2008)
Copyright© 2008, American Chemical Society] (B) Crystal structure of perovskite-type ceramic. [Reproduction with permission from Stramare et al. (2003) Copyright©
2008, American Chemical Society] (C) Crystal structure of NASICON-type ceramic. [Reproduction with permission from Perez-Estebanez et al. (2014) Copyright©
2015, The Royal Society of Chemistry] (D) Crystal structure of Sulfide-type ceramic. [Reproduction with permission from Kamaya et al. (2011) Copyright©
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TABLE 3 | Summary of fast-ion conductive ceramics/polymer solid electrolytes.

Year Polymer electrolyte ingredients lonic conductivity (S/cm) References

20083 LisLagMoO12 (M = Nb, Ta)-PEO-LiPFg 106 (25°C) Ratner et al., 2000

2015 LizLagZroO42(LLZO)-PEO-LICIO,4 4.42x1074 (55°C) Shiet al., 2017

2015 Lip.33Lag 557 TiO3(LLTO) random nanowire-PAN-LICIO4 2.4 x 1074 (25°0) Subianto et al., 2009

2015 Lio 5Alg.5Ge1.5(POy4)3 (LAGP)-PEO-LICIO,4 2.6x107% (55°C) Tikekar et al., 2016

2015 LizLagZrpO42(LLZO)-PEO-LICIO4 4.42x1074 (55°C) Shietal., 2017

2016 Lig.4LagZroAlg 0012 (LLZO)-PEO-LITFSI 2.5 x 1074 (25°0) Stavila et al., 2014

2016 Li1 5Alp.5Ge1 5(POg4)3 (LAGP)-PEO-LITFSI 6.76x1074 (60°C) Thokchom et al., 2008
2016 Li1gGeP2S42-PEO-LITFSI 1075 (25°C) Verma et al., 2010

2017 Lig.o0Gap.30Laz.g5Rbg. 0520 O12-PVDF-LITFSI 1.62 x 1073 (25°C) Scrosati and Garche, 2010
2017 Lig.75LazZr{ 73Tag.03012-PVDF-LiCIO4 5 x 1074 (25°C) Siqueira and Ribeiro, 2006
2017 Lip.33Lag 557 TiO3(LLTO) aligned nanowire-PAN-LICIO4 6.05 x 107° (30°C) Srivastava and Tiwari, 2009
2017 Liy 3Alg 3Ti1.7(PO4)3(LATP)-PEO-BPEG-LITFSI 2.5 x 1074 (60°C) Thangadurai et al., 2003
2018 LizLagZrpOqo (LLZO)-PEO-LITFSI 1.12 x 1074 (25°C) Quartarone and Mustarelli, 2011
2018 Lig 4LagZry 4Tag gO12(LLZTO)-PEO-LITFSI 1074 (55°C) Sheng et al., 2017

2018 Lig.azLag 557 TiO3-PEO-LICIO,4 2.4 x 1074 (25°0) Stramare et al., 2003

2018 3D-Lig 35Lag 55 TiO3(LLTO)-PEO-LITFSI 8.8 x 1075 (25°C) Sun et al., 2014

which reaches 4.42 x 10™* S/cm at 55°C (Thokchom et al.,
2008). Lig75LazZr; 75Tag25012 (LLZTO) is selected as an active
filler and dispersed into PVDF matrix to fabricate PVDF/LLZTO
hybrid electrolytes (Zhang X. et al., 2017). The hybrid electrolyte
with 10 wt.% LLZTO loadings exhibited the highest ionic
conductivity (5 x 10~ S/cm), about seven times more than none
LLZTO. It is attributed to that LLZTO particles react with Li™
via acid-base interaction. Dissociation of the lithium salt will
raise the carrier density for conduction. Furthermore, the garnet
ceramic filler contributes to reduce the crystallinity of polymer
and so to increase the ionic conductivity. Instead of simply
mixing active ceramic particles into polymers, Goodenough et al.
(Chen et al., 2018) introduced a novel approach of composite
polymer into ceramic.

As a consequence, high ionic conductivity (1074
S/em at 55°C) were gained and the electrochemical
window of 0-5.0V. As wused in the all-solid-state

Li/LiFePOs  cells,  both  “ceramic-in-polymer”  and
“polymer-in-ceramic”  with a  LiTFSI  salt  display
remarkable cycling stability. The systems, “polymer-in-

ceramic” provide higher mechanical strength and safety
than “ceramic-in-polymer.”

Morphologies of ceramics fillers such as particles, distribution
of nanowire and 3D framework may affect the ionic conductivity
of polymer composite electrolytes. Unlike particles and random
nanowires, aligned nanowires combined with polymers can
provide continuous transport pathways for Li* (Figure 6). Cui
et al. (Liu et al, 2017) compares the different morphologies
of LLZO to evaluate their benefits for ionic transport. They
found that a composite polymer electrolyte with well-aligned
inorganic nanowires (LLZO) shows an ionic conductivity of
6.05 x 107> S/cm at 30°C, which was increased by almost
one order of magnitude than the composite with randomly
aligned nanowires or nanoparticles. The appreciable conductivity
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improvement is due to Li™ migration without crossing junctions
on the nanowire surfaces.

In addition to 1D nanowires (Bae et al., 2018), prepared
3D ceramic LigzgLlazZr;Alg 24012 networks by using hydrogel
and mixed it into polymer solution to attain solid electrolyte.
The designed structure is believed to have high conductivity
(8.5 x 107> S/cm at 25°C) and good interfacial compatibility
with electrodes. The integrated structure of 3D LLZO structure
provides continuous 3D network of conduction pathways leading
to highly improved ionic conductivity and mechanical properties.
Similarly, 3D garnet nanofiber networks-polymer composite was
also prepared (Fu et al., 2016). In this approach, the LLZO porous
structure, composed of casually distributed and interconnected
nanofibers, forms a continuous transport network for Li*. The
LiTFSI-PEO polymer is then filled into the porous 3D LLZO
ceramic networks, forming the 3D garnet-polymer composite
films. Then LiTFSI-PEO polymer and porous 3D Inorganic
structure are combined to synthesize a 3D LLZO-polymer
composite membrane which exhibited a high ionic conductivity
of 2.5 x 10™* S/cm at 25°C. The three-dimensional ion transport
network offers a new option of designing composite electrolytes.

Perovskite-Type Composite Polymer
Electrolytes

Perovskite-type solid electrolytes LisxLay/3—xTiO3 (LLTO) has
a cubic structure with space group of P4/mmm and C-mmm
(Figure 5B; Stramare et al., 2003). LLTO is well-known for its
stable at high voltages. However, its preparation conditions are

very strict and the ionic conductivity is also low. Recently, a
polymer—ceramic composite electrolyte PEO/LIClO4 has been
studied by composite PEO with Lig33Lag557TiO3 nanowires.
It exhibited extreme lithium-ion conductivity of 2.4 x 107*
S/cm at 25°C (Zhu et al., 2018). Cui et al. (Liu et al., 2015)
studied the effect of two different morphological LLTO materials
on the ionic conductivity of polymer electrolytes, which are
nanoscale particles and nanowire LLTO, respectively (Figure 7).
The introduction of LLTO nanowire into PAN achieved higher
ionic conductivity 2.4 x 107 S/cm at room temperature as
compared to pristine PAN film. The composite electrolyte offers
a 3D long distance Lithium-ion transmission network, which
reduce the negative effect of agglomeration of inorganic ceramics
in polymers relative to nanoparticles. This work opened a new
way to develop one-dimensional fast ion conductive ceramic
materials in solid electrolytes for lithium batteries.

The ionic conductivity has a strong relationship with the
ceramic component loadings in the composite electrolyte.
Generally, the higher the content, the lower the ionic
conductivity will be, because nano-sized ceramic fillers are
agglomerated and may block the percolation network around
the phase interface. Meanwhile, in order to achieve high security
of the composite electrolyte, it is necessary to reduce the
proportion of combustible organic polymer content and increase
the flame-retardant inorganic ceramic portion. Goodenough
et al. (Bae et al., 2018) constructed a 3D-LLTO/PEO composite
electrolyte using a hydrogel-derived method. The LLTO was
incorporated into the hydrogel template, then it was cast with
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PEO after removing the template. This artificial 3D infiltration
network naturally avoids the agglomeration of nanofillers
compared to the traditional simple dispersion process, and its
ultra-high specific surface area provides a continuous phase
interface network as lithium ion transport channel. Therefore,
this composite electrolyte displayed a high ionic conductivity of
8.8 x 107> Scm~! at room temperature.

NASICON-Type Composite Polymer
Electrolytes

NASICON-type ceramics (aka “sodium super ion conductor”)
were firstly discovered in 1968 with composition of NaM;(PO4)3
(M = Ge, Ti, Zr) (Epp et al, 2015). Surdrean et al. firstly
reported NASICON-type solid electrolyte LiZr,(PO4)3 at 1989.
For formula LiM,(XOy)s, [M2(XOy4)3] constitutes the basic
structure of NASICON. The MOg octahedron and the XOy4
tetrahedron are connected in a common angle to form Li-
ion transmission channel. Aono et al. (1990) first reported
doped trivalent ions into LiTi;(PO4)3 and found that the ionic
conductivity was improved. In 2014, Perez-Estebanez et al. (2014)
achieved high conductivity in the Lij4xAlL Tip—(PO4)3 (LATP)
0f6.76 x 104 S/cm at 60°C (Figure 5C). After that, research on
NASICON-type electrolyte experienced fast growth because of its
high ionic conductivity (over 1072 S/cm) at ambient temperature
and stable in the ambient atmosphere.

Pan group (Yang et al., 2017) fabricated Li; 3Alg3Ti; 7(POy4)3-
PEO polymer electrolyte. The discharge specific capacity of
LiFePOy4/Li using this polymer electrolyte was 158.2 and 94.2
mAh/g at 0.1 and 2C, respectively. LATP can not only
form pathways for lithium transportation in the interphase,
leading to improved ionic conductivity, but also physically
resist lithium dendrite growth. Lithium aluminum germanium
phosphate (LAGP) is also a kind of NASICON-type fast ion
conductor ceramic with relative high ionic conductivity (>10~*
S/em). Zhao et al. (2016a) similarly incorporated NASICON-
type Li; 5Aly5Ge; 5(PO4)3 (LAGP) as Lit conductors into PEO
matrix. The resultant polymer electrolyte displayed a wide
electrochemical window of 0-5.3V and an ion-conductivity
of 676 x 107* S/cm at 60°C. More intriguingly, such
polymer electrolyte based LiFePO4/Li battery showed prominent
cycling stability (90% after 50 cycles). Jung et al. (2015)
designed a stretchable ceramic-polymer composite electrolyte

membrane where NASICON-type LAGP were incorporated into
a polymer-Li salt LiCLO4 matrix, to synthesize a polyethylene
oxide solid electrolyte membrane (Figure8A). The PEO-
LiCLO4-LAGP composite electrolyte with 60-80 wt.% LAGP
is still capable of providing enough mechanical modulus and
good electrochemical performance. Li/LiFePOy4 cells initial
discharge capacities reach 138.5 mAh/g and deliver good
capacity retention.

Sulfide-Type Polymer Electrolytes

Sulfide-type electrolytes show supreme ion-conductivities in
the magnitude of 1072 S/cm at room temperature (Kamaya
et al, 2011). However, they demonstrate instability due to
reaction with water vapor in air. Sulfide-type ceramics can
be divided into three categories: glasses, glass-ceramic, and
ceramic. The entire types ion-conductivity can near or exceed
liquid electrolyte. Glass/glass-ceramic Li;S-P»Ss and ceramic
thio-LISICON Lis_xGe;_xPxS4 (0 < x < 1) are the most
promising ones. LijoGeP,S;, and PEO has been composited
to prepare solid electrolyte membrane (Zhao et al., 2016b).
The conductivity at room temperature reaches 107> S/cm,
which is higher than other conventional PEO electrolyte
at least one order of magnitude, and the electrochemical
window spans between 0 and 5.7V. It greatly expands the
selection range of positive electrode materials and presents
improved stability to lithium metal. The solid polymer
batteries show capacity retentions approaching 92.5% after 50
cycles. Villaluenga et al. (2016) prepared a non-flammable
composite electrolytes by fully mechanochemical reaction
between hydroxy-terminated perfluoropolyether (PFPE-diol),
LiTFSI and 75Li,S-25P, S5 by ball milling for 2 h. The electrolyte
containing 77 wt.% (75Li,S-25P,S5) and 23 wt.% PFPE-
diol/LiTFSI displays a conductivity of 10~ S/cm at room
temperature (Figure 8B).

Solid Polymer Electrolytes With lonic
Liquid

An ionic liquid (IL) is a molten salt at low temperatures and
generally consist of organic cations and inorganic anions (Zhao
et al., 2016b). Due to the special state, ionic liquids have
the characteristics of vapor pressure free, high electrochemical
stability, and good thermal stability (Armand et al, 2009).
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Although ionic liquids have high ionic conductivity, they are not
suitable for direct use as electrolytes because of low viscosity. The
combination of ionic liquid and polymer offers an option as solid
electrolyte for lithium ion batteries.

The introduction of IL into the polymer results in higher
ionic conductivity, but it is usually accompanied by a decrease
in mechanical strength, especially at high temperature. Lower
IL concentration leads to higher mechanical strength, and a
smoother continuous electrolyte surface, which is more favorable
for ion transport. Therefore, the amount of IL plays an
important influence on the ionic conductivity and mechanical
properties. Moreover, battery cycling at high temperatures
usually causes decomposition of IL components, resulting in
degraded performances. It added one more requirement of the
polymer components to retain high IL contents.

IL-based polymer electrolytes are mainly classified into
three categories. (1) polymer doped IL; (2) ILs/polymerizable
monomers crosslinks; (3) polymeric ionic liquids (PILs).
The first one is just IL added to the polymer solution
or infused in the polymer film directly. For example,
Subianto et al. (2009) prepared an electrolyte consisting of
IL, silica nano-particles, and Nafion by using sulfonated
polyhedral oligomeric silsesquioxane (S-POSS) modified Nafion
membranes soaking with 1-butyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)imide (BMI-BTSI) (Figure9). The
thermal stability of Nafion films was improved after ionic liquid
infiltration. More importantly, the conductivity of the infiltrated
films is increased by one to two orders of magnitude than that of
the unmodified one. ILs/polymer monomer cross-linking is the
mixing of ILs and polymerizable monomers to obtain electrolytes
by means of thermal or photo polymerization. Polymeric ionic

liquids (PILs) can be designed by the direct polymerization of
polymerizable IL-based monomer or polymerizing a modified
polymer and an IL monomer. By taking full advantages of the
specific properties of ionic liquids and polymers, PIL membrane
has generated great interest in recent years. By adopting
solution cast technique, Karuppasamy et al. (2016) designed
PIL synthesized solid electrolytes by preparing ionic liquids of
lithium N, N-bis(trifluoromethanesulfonyl)imide (LiTFSI) in
N-ethyl-N-methylimidazolium-bis(trifluoromethanesulfonyl)
imide (EMImTFSI) IL with incorporated organic solvent
and nanoparticle into PEO. The prepared PIL electrolyte
exhibits high ionic conductivity of 1072 S/cm and high
electrochemical stability. Yang et al. (Li et al.,, 2011) designed
a solid electrolyte by combining PIL with different anions
such as BF,, PF., ClO;, and N(CF3 SO;),. PILs electrolyte
with 1g2-MA-BF4/LiBF, exhibited ionic conductivity as high
as 1.35 x 107* S/cm at 30°C. Starting from PEO, modified
sepiolite (TPGS-S), LiTFSI, and 1-Butyl-1-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide (PYR14TFSI) ionic liquid,
electrolytes was synthesized via solvent free extrusion
method (Gonzalez et al., 2018). The resultant polymer
electrolyte displayed wide electrochemical window of 4.2V
and ion-conductivity of 5x 10~* S/cm at 60°C.

SOLID POLYMER ELECTROLYTES WITH
MOFs

Metal-organic frameworks (MOFs) are a new kind of porous
material, which are composed of metal ions and bridging organic
ligands (Stavila et al., 2014; Indra et al.,, 2018; Xie X. C. et al,
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2018). MOFs have many properties such as porosity, large specific
surface area, and polymetallic sites (Yuan et al., 2013), so they are
widely used in many fields including gas adsorption, molecular
separation, drug delivery (Mueller et al., 2006; Kuppler et al.,
2009; Li et al., 2009). Many investigations have indicated that
MOFs also has positive effect on increased ionic conductivity
due to high specific surface and the good adsorption property.
Yuan et al. (2013) prepared a new SPE by the addition of Zn-
based MOEF-5 into PEO polymer electrolyte. The combination
of MOFs and polymer showed positive effect on the mechanical
and electrochemical properties as solid electrolyte. The ionic
conductivity of these membrane can reach 3.16 x 107> S/cm at
ambient temperature, which is attributed to two parts. Firstly,
the interaction of the Lewis acidic sites on the MOF-5 with
the PEO chain and the lithium salt hinder the crystallization
of the PEO, and facilitate the formation of Li * conductive
channels. Secondly, the isotropic open MOF-5 can adsorb solvent
to accelerate the transport of ions. Gerbaldi et al. (2014) proposed
a new filler material (aluminum-based MOF) (Figure 10A),
which was successfully prepared and incorporated in a PEO-
based polymer matrix. Ionic conductivity of the composite
membrane is two orders of magnitude greater than that without
mixed MOFs. lithium batteries (Li/LiFePO4) with the electrolyte
showed distinguished charge-discharge performance and high
specific capacity. At 1C rate, the battery can still cycle stably
at 50°C, and the decay of specific capacity is not obvious
when restored to 70°C. After 500 cycles, the capacity is almost
maintained as the initial, and the Coulombic efliciency is only
slightly decreased. This shows an excellent capacity retention

capability and good cycle stability (Figure 10B). Recently,
Wang Z. et al. (2018) synthesized a new chemically linked
composite MOF-polymer electrolyte. The film was prepared by
photopolymerization with post-synthetic modification of the
MOF (M-UiO-66-NH;), poly(ethylene glycol) diacrylate and
LITFSI (Figure 11). The interface between MOF and polymer
provides a fast channel for lithium-ion transport, accordingly
the conductivity of the composite electrolyte (HSPE-1-8) is
431 x 107> S/cm at 30°C that is up to five times more
than that of no composite MOF. The solid Li/LiFePOy cells
assembled with these SPEs cycled at 60°C demonstrated excellent
coulombic efficiencies.

SOLID POLYMER ELECTROLYTES WITH
CELLULOSE

Cellulose is a non-toxic harmless, inexpensive, and natural eco-
friendly materials with high mechanical strength and a large
specific surface area (Baxter et al., 2009; Sheng et al., 2017) Due
to the unique properties, cellulose can not only enhance the
mechanical properties of polymers in electrolytes, but hinder
the growth of lithium dendrites effectively acting as a physical
barrier. The interface between cellulose and polymer behaves as a
channel for ion transport, facilitating ion transport. In addition,
polar groups in cellulose can improve salt dissociation (Shi et al.,
2017). Nair et al. (2009) reported a polymer composite electrolyte
with cellulose reinforcement. The reinforced electrolyte exhibited
a high ionic conductivity (2.0 x 107* S/cm at 25°C) and
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an exceptional mechanical property, which is expected for
flexible electronic devices applications. Furthermore, ionic liquid
compounded with cellulose can solve the issues of IL leakage
in the composite electrolyte. Shi et al. (2017) designed a new
type of 3D self-assembled polymeric ionic liquid (PIL)-nano-
cellulose to form polymer electrolyte. The structure not only
enhances the mechanical properties of the SPE, but also forms
strong lithium coordination to promote lithium salt dissolution.
The dissolved lithium salt can combine with IL to form an ion-
conducting domain, thereby promoting ion transport. Asghar
et al. (2012) adequately utilizes the characteristics of networked
cellulose (NC), with mechanical strength and adopted it to design
quasi-solid PEG-LiClIO4-NC polymer electrolyte. The resultant
composite electrolyte with a 12.8 wt.% NC resulted in the highest
ion conductivity (10™* S/cm at 25°C) and is electrochemically
stable up to 4.7V. Similarly, Zhang et al. (2014) combined
cellulose non-woven with PCA-PEO to fabricate a rigid-flexible
coupling SPE, upgrading their comprehensive properties of the
composite electrolyte significantly.

SUMMARY AND OUTLOOK

Although lithium-ion batteries have long been commercialized,
the use of liquid electrolytes has some disadvantages such as
poor safety and unstable electrochemical performance, which
greatly limits its further development and wider applications.
Solid composite polymer electrolyte in lithium-ion batteries has
received a lot of attention lately because of its low flammability,
good flexibility, excellent thermal stability, and high safety.
In this review, we have provided fundamental understandings
of the ionic conductivity mechanisms and interfaces for solid
composite electrolytes, in the meantime, recent progresses
on polymer-based composite electrolytes were summarized,
including polymer/inert ceramics, polymer/fast-ion conductive,
polymer/ionic liquid, polymer/MOFs, and polymer/cellulose
composite electrolytes.

Although substantial researches have been dedicated to the
polymer-based composite electrolytes, some fundamental issues
still need to be solved urgently before commercialization. For
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example, ionic conductivity of the composite solid electrolyte
still differs by several orders of magnitude from the liquid
counterpart; many polymer-based solid electrolytes exhibit
high ionic conductivity at high temperatures, while it drops
dramatically at lower temperatures; the conductivity mechanism
and interfacial interaction need to be further clarified not
accelerate further studies.

At present, the polymer/ionic liquid solid electrolyte
inevitably causes a decrease in mechanical properties when
obtaining high ionic conductivity, which has great safety
hazards. The difficulty in polymer/inert ceramic solid electrolytes
is how to construct a good dispersion and strengthen the
interaction between the filler and the polymer, which
restricts the further improvement of ionic conductivity. In
comparison, polymer/fast ion conductors composite electrolytes
have both high ionic conductivity at room temperature
and good mechanical properties. The future development
direction of polymer-based solid electrolytes is likely to be
the combination of fast ion conductors and polymers, which
can combine the advantages of high ion conductivity of
fast ion conductors and solve the problem of poor interface
contact. Of all the types of polymer-based composite solid
electrolytes, SPEs with fast ion conductors have gained all the
advantages and are the direction of development of commercial
solid electrolytes.

The following aspects were recommended of focusing
on solid electrolyte in future developments. Firstly, using
materials genome database to analyze, guide, and design
composite material can promote efficiency and cost savings.
Material calculations facilitate an in-depth understanding of the

material. The corresponding ionic mechanism can be simulated

REFERENCES

Agrawal, R. C., and Pandey, G. P. (2008). Solid polymer electrolytes: materials
designing and all-solid-state battery applications: an overview. J Phys D Appl
Phys. 41:223001. doi: 10.1088/0022-3727/41/22/223001

Aliahmad, N., Shrestha, S., Varahramyan, K., and Agarwal, M. (2016).
Poly(vinylidene fluoride-hexafluoropropylene) polymer electrolyte for
paper-based and flexible battery applications. AIP Adv. 6:065206.
doi: 10.1063/1.4953811

Aono, H., Sugimoto, E., Sadaoka, Y., Imanaka, N., and Adachi, G. (1990).

Ionic-conductivity of solid electrolytes based on lithium titanium
phosphate. J. Electrochem. Soc. 137, 1023-1027. doi: 10.1149/1.20
86597

Aravindan, V., and Vickraman, P. (2008). Characterization of SiO, and
Al O3 incorporated PVAF-HFP based composite polymer electrolytes with
LiPF3(CF3CF2)(3). J. Appl. Polym. Sci. 108, 1314-1322. doi: 10.1002/app.27824

Armand, M., Endres, F., MacFarlane, D. R,, Ohno, H., and Scrosati, B. (2009).
Ionic-liquid materials for the electrochemical challenges of the future. Nat.
Mater. 8, 621-629. doi: 10.1038/Nmat2448

Asghar, A., Samad, Y. A,, Lalia, B. S., and Hashaikeh, R. (2012). PEG based quasi-
solid polymer electrolyte: mechanically supported by networked cellulose. J.
Memb. Sci. 421, 85-90. doi: 10.1016/j.memsci.2012.06.037

Bae, J., Li, Y., Zhang, J., Zhou, X., Zhao, F., Shi, Y. et al. (2018). A
3D nanostructured hydrogel-framework-derived high-performance composite
polymer Lithium-ion electrolyte. Ange. Chem. Int. Ed. 57, 2096-2100.
doi: 10.1002/anie.201710841

and interpreted by material calculations. Secondly, most of
battery materials, such as electrodes, electrolytes, and SEI
films, are sensitive to electron beams and difficult to observe
under conventional transmission electron microscopy (TEM).
Advanced characterization techniques can facilitate analysis
of material mechanisms. For example, using cryo-electron
microscopy, Zachman et al. (2018) reveals atomic structure of
sensitive battery materials and interfaces. Similarly, Meng et al.
(Wang et al., 2017) studied the interface of solid electrolytes via
Cryogenic TEM, which has greatly promoted further research
on the interface. Finally, struggling to find suitable composite
electrolytes with high conductivities at low temperature always
deserves more study. Commercial solid electrolytes require
high ionic conductivity at room temperature, safety and easy
processing to compete with the liquid counterpart.
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