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ABSTRACT

Solid polymer electrolytes (SPEs) possess comprehensive advantages such as high flexibility, low interfacial resistance with
the electrodes, excellent film-forming ability, and low price, however, their applications in solid-state batteries are mainly
hindered by the insufficient ionic conductivity especially below the melting temperatures, etc. To improve the ion conduction
capability and other properties, a variety of modification strategies have been exploited. In this review article, we scrutinize
the structure characteristics and the ion transfer behaviors of the SPEs (and their composites) and then disclose the ion
conduction mechanisms. The ion transport involves the ion hopping and the polymer segmental motion, and the improvement
in the ionic conductivity is mainly attributed to the increase of the concentration and mobility of the charge carriers and the
construction of fast-ion pathways. Furthermore, the recent advances on the modification strategies of the SPEs to enhance the
ion conduction from copolymer structure design to lithium salt exploitation, additive engineering, and electrolyte micromorphology
adjustion are summarized. This article intends to give a comprehensive, systemic, and profound understanding of the ion
conduction and enhancement mechanisms of the SPEs for their viable applications in solid-state batteries with high safety and
energy density.
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SSEs can be classified into organic solid electrolytes (OSEs)

1 Introduction and inorganic solid electrolytes (ISEs) according to the chemical

Since their discovery at the end of the 20" century, lithium
(Li)-ion batteries (LIBs) have been widely applied in many fields
such as portable electrical devices, electric vehicles (EVs), and
grid storage stations, because of their advantages including high
energy density, high operating voltage, and excellent cycle stability
[1, 2]. Traditional LIBs can offer volumetric and gravimetric
energy densities of up to ~ 770 Wh-L™' and ~ 300 Wh-kg™/,
respectively [2-8]; however, these levels are still not enough to
meet the consumers’ requirements [9]. Moreover, due to the
volatile, flammable, and explosive properties of the organic
liquid electrolytes, the use of large amounts of LIBs especially
in energy storage power stations or EVs would easily cause
safety hazards [9-12]. Replacing the organic liquid electrolytes
by solid state electrolytes (SSEs) cannot only solve the safety
problems, but also achieve high-energy-density LIBs by using
high-capacity cathodes and Li metal anodes. Besides, the LIB
fabrication process can also be simplified by removing the
polymer separators.

compositions [9]. Many inorganic oxide electrolytes have been
investigated such as NASICON (sodium super ionic conductor)-
type phosphates [13], garnet-type Li.LasM,O1, (M = Ta, Nb, and
Zr) [14], and perovskite-type oxides [15]. The ionic conductivity
of these ISEs can reach ~ 10 S-cm™ at room temperature. Sulfide
electrolytes such as LiioGeP:S12 (LGPS) and 70Li»S-30P2Ss
with unprecedented ionic conductivities of 1.2 x 10 and 3.2 x
10 S-cm™ at room temperature, respectively, have also been
reported [16, 17]. Although these ISEs have obvious merits
of high ionic conductivity and stiffness, their applications
in solid-state batteries are hindered by the poor flexibility, high
interfacial resistance, etc. In stark contrast, OSEs have higher
flexibility and closer physical contact with the electrodes,
and thus have potential applications in solid-state LIBs.
OSEs can be divided into plastic crystal electrolytes (PCEs),
metal organic framework-based electrolytes (MOFEs), covalent
organic framework-based electrolytes (COFEs), and solid
polymer electrolyte (SPEs).

© The Author(s) 2023. Published by Tsinghua University Press. The articles published in this open access journal are distributed under the terms
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As early as 2003, a few scholars discovered the ion transport
behavior in plastic crystals [18]. Succinonitrile (SN) is a typical
organic molecule for preparing PCEs, and it has a strong polarity
to dissolve various Li salts [19]. When mixed with 5 mol%
lithium bis-trifluoromethanesulphonimide (LiTFSI), the
PCEs exhibit a high ionic conductivity of over 107 S-cm™ at
room temperature [20]. Nevertheless, the PCEs have obvious
disadvantages of poor film-forming property and high cost.

MOFEs are based on the porous MOF hosts with stable
three-dimensional (3D) open solid frameworks to which
Li-ion-containing liquids are added as ion conductors. The
added Li-ion liquid electrolytes will lose the mobility, however,
this would offer high ionic conductivity of 3.0 x 10™* S-cm™
of the MOFEs [21]. The high ionic conductivity in the MOFEs
(e.g., HKUST-1) is also contributed by the good surface contact
and ion channels in the MOF [22]. COFs have the similar
framework structures as MOFs, but the COFs do not contain
metal elements. Jeong et al. [23] developed a single-ion
COFE based on a Li-sulfonated covalent organic framework
(TpPa-SOsLi) without lithium salts and organic solvents, and
the COFE had high ionic conductivity of 2.7 x 10~ S-cm™ and
Li-ion transference number of 0.9 at room temperature, because
of the well-designed directional ion channels, high-concentration
lithjum ions, and the covalently tethered anion groups. It should
be noted that the preparation of the COFEs and MOFEs
requires of the mechanical compression of the COF and MOF
powders into the electrolyte pellets. Similar to the PCEs, the
applications of the COFEs and MOFEs in solid-state batteries
are also impeded by the poor flexibility and high cost.

Compared to the ISEs, PCEs, MOFEs, and COFEs, polymer
molecule-based SPEs have obvious comprehensive advantages
such as high flexibility, low interfacial resistance with the
electrodes, excellent film-forming ability, and low price, which
are conducive to their large-scale applications in solid-state
LIBs. So far, people’s research on SPEs has gone through nearly
fifty years. In 1973, Wright et al. [24] took the lead in discovering
and studying the alkali metal ions transport phenomenon in
polyethylene oxide (PEO), which opened the door of the SPE
research. Armand et al. [25] proposed the use of PEO-based
SPE in LIBs in 1983. Other polymer electrolytes such as
polyacrylonitrile (PAN) with wider electrochemical window
are also developed [26]. Owing to the main drawback of low
room-temperature conductivity of the SPEs, the organic liquid
electrolytes are still applied in the commercial LIBs. Besides,
the practical applications of the SPEs are also hindered by the
insufficient mechanical strength, low thermal stability, and
narrow electrochemical window. Thus, a few modification
strategies such as copolymer molecule structure design, adding
organic plasticizers, polymer blending, and nanoparticle (NP)
filling are developed to improve their ionic conductance and
other properties.

A few excellent papers have been published on the recent
advancement in how to enhance the overall properties of the
ISEs and OSEs and how to resolve the interface issues in the
solid-state LIBs; however, there are few papers solely regarding
the ion transport issue of the SPEs, which is the most important
issue hindering their applications. In obvious contrast to the
previous review/perspective/progress papers, we scrutinize the
ion conduction mechanism of the SPEs, and analyze the main
factors determining the ion conduction property. Based on the
deep analyses of the SPE microstructure and the ion transport
behaviors, we ascribe the increase in the ionic conductivity to
the improvement in the carrier concentration and mobility
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and the fast-ion pathways. Correspondingly, we summarize
the up-to-date advance in the modification strategies from
the polymer structure design, lithium salt type and content,
organic and inorganic additives, and the SPE film morphology
(Fig. 1). A scientific step-to-step story why the researchers try
to use these modification methods together with proper reasons
is also given in the article. Furthermore, a few suggestions related
to the development trend to better enhance the ion conduction
of the SPEs are proposed. These principles and strategies can
be applied to other organic electrolytes such as PCEs, COFEs, and
MOFE:s for enhancing their ionic conductivity and achieving
high-safety LIBs.
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Figure 1 Modification strategies of solid polymer electrolytes for
enhanced ion conductance.

2 Ion conduction mechanisms of solid polymer
electrolytes

As one of the most important properties of SPEs, the ionic
conductivity exerts a direct and critical impact on the impedance,
cycle characteristics, and rate performance of the solid-state
batteries. Exploring the ion conduction mechanism of polymer
electrolytes is the basis for designing high-conductivity
electrolytes for high-performance solid-state batteries. As the
research moves along, researchers have developed a variety of
ion conduction theories and models of the SPEs, and especially
the jon conduction mechanisms of the composite polymer
electrolytes (CPEs) have aroused more and more attention.
In polymer electrolytes, Li* mainly transports through the
mechanisms such as polymer segment migration and ion
hopping. In this section, we summarized the ion conduction
models such as Vogel-Tamman-Fulcher (VTF), Arrhenius,
and free volume and meanwhile the factors determining the
ion transport behaviors, which would guide the design and
preparation of high-ion-conductivity polymer electrolytes.

2.1 Polymer segment migration model

In SPEs, there are two different phases, ie., the crystalline
phase and the amorphous phase, in which the lithium salt
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dissociates in the polymer matrices and the Li* coordinated
polymer macromolecules form an ionically conductive phase.
The ion transport in the amorphous phase is usually regarded
via the polymer segment migration model. For example, in
PEO-based electrolytes, the ether oxygen atoms on the polymer
backbone coordinate with Li* (Fig. 2) [27]. Specifically, in
the amorphous region, the polymer molecules perform local
segmental motion, and Li* migrates from one coordination
point to another coordination point along the polymer chain,
or from one chain to another chain. Under an electrical field,
continuous coordination-decoordination-coordination behaviors
result in long-range ion transport [28]. Therefore, both the
amount of free Li* and the mobility of the polymer segments
have important effects on the transport capability of Li* in
the SPEs. In the past few years, scientists have carried out a lot
of researches and established different models based on this
ion conduction mechanism. According to the ion conduction
models, we can do directional research about the methods to
improve the ionic conductivity.

The degree of dissolution and dissociation of the lithium
salts will affect the amount of the migrating Li*. According to
the Lewis acid-base properties, the polymers should coordinate
with Li* to increase the dissociation degree of the lithium salts.
Thus, a few polar groups such as -O-, C=0, -N-, -S-, and
C=N are usually introduced into the polymer matrices [29].
In order to facilitate the dissociation of the lithium salts in the
polymer hosts, the lithium salts should have low lattice energy
and the polymers should have high dielectric constant [30].
The ionic conductivity (o) of the polymer electrolytes can be
expressed as follows [31]

0= Y niqifh (1)
in this formula, n: is the concentration of carriers, gi is the
charge number of the mobile ions, and i is the mobility of
the carriers. It can be seen from this formula that, for a certain
ion species, the charge gi is fixed, then the ionic conductivity
is proportional to the number of mobile ions and the ion
mobility. Therefore, facilitating the dissociation of the lithium
salts with large-size anions and decreasing the polymer
crystallinity can increase the concentration and mobility of the
carriers (include cations and anions) for high ionic conductivity,
respectively. It should be mentioned that the strong interaction
(or coordination) between the polar groups of the polymers
and the cations can promote the dissolution/dissociation of
the lithium salts and meanwhile impede the movement of the
cations [32], and thus it is necessary to control the interaction
between the polymer matrices and the cations. For instance,
PEO (-CH,CH:O-) is considered as a better solvent for Li salts
than either -CH,O- or ~-CH.CH,CH.O-. In the ion conduction
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Figure2 Mechanism of ion transport in PEO. Reproduced with
permission from Ref. [27], © The Royal Society of Chemistry 2015.

model, the anion carriers also move fast in the electrical
field condition, which usually causes the low Li* transference
number.

2.2 Vogel-Tamman-Fulcher model

In addition to the above-mentioned ionic conductivity in Eq.
(1) regarding the polymer segment migration, the ionic
conductivity relationship also satisfies the VTF equation [28]

-E,
o= ATUASeK(TfTU) (2)

in the formula, A is the pre-exponential factor, E. is the
apparent activation energy, K is a constant, T is the ambient
temperature, and Ty is the ideal glass transition temperature.
It is generally considered that To is 50 K lower than the glass
transition temperature (Ty). The VTF equation reveals that
the transport of Li* is related to the segmental motion of the
polymer chains. In SPEs, Li* migration generally only occurs
in the amorphous region above Tg. Polymers with lower T
have stronger segment mobility, which can promote the ion
migration to increase the ionic conductivity [33]. One of the
reasons that PEO is the most intensively investigated polymer
conductor by far is the relatively low Ty of —60 to —50 °C
compared to many other polymers. There are two main ways
to reduce the Ty One is to graft, copolymerize, or crosslink
with different polymer molecules, and the other is to add
plasticizers or nanofillers into the polymer matrices. The VTF
equation also shows that reducing the activation energy can
increase the ionic conductivity, and reducing the cross-linking
degree of the polymer chains and rejecting high concentrations
of the lithium salts are helpful for the fast ion conduction [34].
The high lithium salt concentration may increase the possible
charge carrier number, but this would create physical crosslinks
between the polymer chains in the system, and thus result in
the increase of the activation energy for the main-chain bond
rotations, the reduction of the polymer segmental mobility,
and the increase of the T, [35].

2.3 Ionic hopping model

The initial research on the ionic hopping is mainly in inorganic
solid-state electrolytes, where Li* can diffuse through the
vacancy defects and gap sites in the crystals. Therefore, in
inorganic electrolytes, the concentration and distribution of
the point defects mainly affect the ionic conductivity [36].
Meanwhile, high-temperature sintering is usually adopted to
reduce the grain boundary for high ionic conductivity [37].
Actually, most of the SPEs have two different areas, i.e., the
amorphous regions and the crystalline regions.

In the abovementioned sections, we have discussed the
ion conduction mechanisms in the amorphous regions of the
polymer electrolytes. In the crystalline regions, the polymer
chains can form pipes by folding and stacking, and Li* conducts
through the vacancy diffusion in the polymer pipes, similar to
the ion hopping in the inorganic electrolytes. Bruce et al. [38, 39]
proposed the ion conduction process of LiAsFs in PEO. When
the molar ratio of [EO]:[Li'] = 6:1 (EO: ethylene oxide), two
PEO chains would fold into a double helical tube, forming a
cylindrical channel (Fig. 3). Li* can migrate along the cylindrical
channel, and the anion is outside the cylindrical channel. This
double helix structure facilitates the migration of lithium ions
and enables the electrolyte to have higher ionic conductivity.
They believe that the transport of Li* in the crystal part has

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy



Figure 3 Li* hopping over the spiral channels in the static ordered crystalline
structure. Reproduced with permission from Ref. [39], © Macmillan
Magazines Ltd. 2001.

nothing to do with the chain segment movement, but relies
on the hopping of the ions between the helical channels, and
the electrolytes with the ordered crystal structure have higher
ionic conductivity. Although recent studies have demonstrated
the existence of the Li* conduction in the polymer crystals
with the ordered structures, the ion conduction mechanism
needs to be further clarified with more experimental evidences.
It is believed that the ion hopping is accompanied by the
relaxation, respiration, or segmental motion of the polymer
chains, and the ions move along the polymer chains to finally
jump from one chain to another chain [40-42]. However, due
to the influence of the channel structure, inter-ion Coulomb
force, crystalline region, etc., Li* moves much slower in the
crystalline regions than in the amorphous regions. Therefore,
the main strategy to improve the ionic conductivity of polymer
electrolytes is still relied on the formation of the amorphous
polymer phases.

2.4 Arrhenius model

The Arrhenius equation can be used to describe to the ion
hopping as follows [41]

-E

a

O':?GRT (3)

where o is the ionic conductivity, A is the pre-exponential
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factor, T is the ambient temperature, E, is the apparent
activation energy, and R is the ideal constant. It can be seen
from the equation that the increase of the temperature and
the decrease of the activation energy can both greatly increase
the ionic conductivity. The motion amplitude and frequency
of the polymer backbone and side chains would also increase
with the increase of the temperature, and the coordination
becomes tighter [40]. The segmental motion of the amorphous
polymer would be completely decoupled from the motion of
the ions, and the ions need less energy to jump from one site
to another.

Baskaran et al. [43] prepared a PVAc-LiClO; electrolyte
and found that the ionic conductivity-temperature change
relationship abided by the Arrhenius equation (Fig. 4(a)).
It can be seen that there is no sudden change in the ionic
conductivity with the increase of temperature from 30 to
100 °C. Li* transports within the crystalline regions through
the jon jumping in adjacent vacancies. As the temperature
increases, the viscosity of the polymer chains decreases, and
the increase of the amorphous regions would bring more free
volume for the ion transport. Furtherly, Mindemark et al. [35]
summarized a diagram to compare the Arrhenius equation
and VTF equation (Fig. 4(b)), and proposed that in SPEs, in
addition to the common VTF model, some SPEs may have
Arrhenius behavior at low and even high temperatures. The
line (i) in Fig. 4(b) represents the typical Arrhenius model,
which often appears in high-crystallinity rigid solid systems,
such as PEO-LiAsFs [44], PEO-LisPSsCl [45], ZIF electrolyte
[46], and ceramic electrolyte [47, 48]. The line (ii) in Fig. 4(b)
represents the typical VIF model, which often appears in
low-crystallinity polymer or amorphous conditions, such as
crosslinked poly(tetrahydrofuran) (xPTHF) electrolyte [49] and
polyhedral oligomeric silsesquioxane ionic liquids (POSS-ILs)
[50]. The line (iii) in Fig. 4(b) represents typical semi-crystallinity
polymers, such as the most commonly-used PEO, which has
high crystallinity at low temperature, and gradually becomes
a molten state with the temperature increasing, showing the
VET behavior [51-53]. The line (iv) in Fig. 4(b) represents
a solid-solid phase transformation behavior at the turning
point during the heating process. The electrolyte keeps
crystalline phase whenever before and after the turning point,
which is consistent with Arrhenius behavior. Bruce et al. [44]
prepared a PEOs-NaAsFs electrolyte, and the turning point
was ~ 25 °C. The E. values in the high and low temperature

(b) logo

Figure 4 (a) Arrhenius plots for the PVAc:LiClO; electrolytes. Reproduced with permission from Ref. [43], © Elsevier Ltd 2006. (b) Ideal conductivity
and temperature relationships ((i) ionic conductivity satisfying the Arrhenius equation; (ii) ionic conductivity satisfying the VTF equation in amorphous
state; (iii) ionic conductivity satisfying the VTF equation in semi-crystalline state; and (iv) solid-solid phase transition occurs in crystal system). Reproduced

with permission from Ref. [35], © Elsevier B.V. 2018.
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regions were 44 and 291 kJ-mol ™', respectively, so the Arrhenius volume to facilitate the mobility of the polymer segments, Li*,
line showed a smaller slope at the higher temperature region. or solvated molecules. Therefore, the increase of the ionic

conductivity actually can be also attributed to the improvement
2.5 Free volume model on the polymer segmental mobility and the ion hopping
The vibration of the molecular chains in the polymer  ability.

electrolytes can result in the change of the space near the

molecular chains, thus creating voids and forming free 2.6 Williams-Landel-Ferry (WLF) model

volumes. The molecular weight, end groups, temperature, and Williams et al. [57] modified the VIF equation considering
lithium salts of polymer electrolytes have influence on the free the influence of the polymer viscosity and the relaxation
volume [40, 54]. The free volume model emphasizes that the process of the chain segments, and then deduced the

size of the free volume affects the ion migration and the ionic Williams-Landel-Ferry equation
conductivity of the electrolytes. Someone has linked the free

volume with the polymer segment motion, and concluded that loga, = —CG(T'-T)
more free volume can facilitate the mobility of the polymer C+(T-T)
segments. Bouchet et al. [55] found that the end group and the
segment mobility can affect the free volume size, specifically
the polymers with ~-OH end have stronger interaction
with the jons than those with the ~-CHs end and thus cause
the transient crosslinking, less free volume, and lower ionic
conductivity.

Yahsi et al. [56] used positron annihilation lifetime
spectroscopy and Simha-Somcynsky hole theory to study the
effect of the lithium salt content and temperature on the free
volume size and fraction. It is disclosed that the free volume
(or ortho-positronium lifetime) increases linearly with the
temperature, and the free volume fraction also changes with
the lithium salt content (Figs. 5(a) and 5(b)). The authors
also believe that a small increase in the lithium salt content
can make the polymer change from an ordered state to a
disordered state, and that an increase of the temperature can
promote the structural expansion of the free volume and thus
an increase of the ortho-positronium lifetime. The logarithm
of the ionic conductivity is approximately linearly related to
the inverse of the free volume fraction (Fig. 5(c))

)

where a; is the displacement factor, which represents the ratio
of the relaxation time of the chain segments, and T is the
reference temperature, usually represented by T,. Ci and C; are
constants, which are related to the value of T.. When T is
represented by Ty, Ci and C; are 17.44 and 51.60, respectively.
The WLF equation further proves that the ion transport in
the polymer electrolytes is influenced by the free volume,
and the micro-Brownian motion of the chain segments has
an important impact on the ion transport in the amorphous
regions [58].

Gomes et al. [59] studied the functional crosslinking
electrolytes of polyurethane with different molecular weights
of PEO, and found that WLF and Arrhenius, two different
types of ion conduction mechanisms can appear for the
SPEs. When the network size is large, the conductivity of the
PEOz000 and PEO1ono based electrolytes varies with temperature
in accordance with the WLF model, showing a curve trend
change and following the free volume theory. The differential
scanning calorimetry (DSC) curve shows that the conduction
of the electrolytes mainly depends on the conduction of

. B amorphous regions [60]. When the molecular weight decreases
Ino =Ino +-- (4)  and the content of LiTFSI increases, the interaction between
v lithium, PEO, and polyurethane occurs, the cross-linking
where f; is the free volume fraction, ¢ is the ionic conductivity concentration increases, the crystalline state occupies the
at the highest free volume fraction, and f is the activation main body, and the local mobility decreases. Moreover, the
coefficient of the thermal free volume fraction. LiTFSI lattice energy is lower and the dissociation degree is
As we have mentioned above, the temperature has an larger, but the anion volume is larger, so the energy required
important impact on the free volume. Specifically, as the for the anion movement cannot be ignored, and there is less
temperature increases, the polymer segment vibration ability free volume space available for the charge movement.
would strengthen to overcome the potential barriers between Therefore, the conductivity and temperature relationship
the sites, and then the expansion would generate more free of the PEOsoo-LiTFSI electrolyte conforms to the Arrhenius
(a) (b) (c)
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Figure 5 (a) The ortho-positronium lifetime (left vertical axis) and free volume (right vertical axis) versus temperature of the PVDF-co-HFP electrolyte
with different weight percentages of LiClOs, (b) the free volume fraction versus weight percentages of LiClO4 added to PVDF-co-HFP, and (c) the
logarithmic conductivity versus the inverse of the free volume fraction operated at 1 kHz. Reproduced with permission from Ref. [56], © Informa UK
Limited, trading as Taylor & Francis Group 2018.
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equation, and the ion movement of the low-molecular-weight
system conforms to the ion hopping mechanism.

2.7 Interfacial ion conduction mechanism

In the 1970s, Liang et al. [61] investigated the conduction
characteristics of the polycrystalline lithium iodide (Lil)
containing aluminum oxide (ALOs), and found that the
addition of the ALO; powders into the Lil phase can effectively
increase the ionic conductivity. Surprisingly, the Lil electrolyte
containing 33 mol%-45 mol% AlLO; exhibited ionic
conductivities in the order of 107 S-cm™ at 25 °C, which
was two orders that of the pristine Lil (10”7 S-cm™). However,
they did not realize that the increase of the conductivity was
attributed to the Lil/ALO:s interface. In the 1980s, Phipps et al.
identified the grain boundaries and Lil-ceramic interfaces
as regions of extremely rapid ion transport [62]. They also
analyzed the temperature-dependent ionic conductivities of
two samples (a Lil sample sandwiched between two fused
silica plates and a Lil film deposited on a silica plate), and
further confirmed the existence of an Lil/SiO. interfacial
conduction pathway possessing a high ionic conductivity of
~ 5 S-cm™ at 25 °C, which was much higher than the pristine
Lil bulk (~ 107 S-cm™). As predicted, the enthalpy of the ion
migration along the interface (0.15 eV) was less than the bulk
value (0.39 eV). They also proposed that the lattice strain
energy associated with a jump from one lattice site to another
was identified as the primary contribution to the energy of
migration, and the lattice distortion at the microstructural
imperfection (i.e., the interfaces) reduced the strain energy
associated with ionic transport and led to the greater ion
mobility along the interfaces than in the bulk. Someone
attributed the enhanced ionic conductivity along the interfaces
between the conducting matrices and the dispersant particles
to the formation of space-charge layers [63]. Researchers also
find that the ionic conductivity of the electrolytes changed
with the additive (or dispersant) content. In general, the
ionic conductivity shows a marked initial increase with the
dispersant concentration, followed by a rapid drop, which
seems to extrapolate to zero at some threshold concentration
[64]. A percolation theory was then applied to explain this
phenomenon.

Recently, different CPEs have been prepared by adding
inorganic/organic nanoparticles in the polymer electrolytes
to improve the overall properties. It is well accepted that
there are three phases in the CPEs, ie., the nanoparticle,
nanoparticle/polymer-Li salt interface (or on the nanofiller
surface), and polymer-Li salt regions, and Li* transports in
these phases at different speeds [65-69]. A few researchers
have found that the increase of the ionic conductivity
(especially for the inert nanoparticle-containing CPEs) is
mainly attributed to the generation of fast-ion pathways at the
polymer matrix/nanoparticle interfaces (or on the nanofiller
surface) by solid-state nuclear magnetic resonance (ssNMR)
measurements. Even in a few active nanoparticle-filled
CPEs, the Li* ions mostly transport on the surfaces of the
inorganic electrolyte particles (e.g., Li;LasZr.O1: (LLZO) [70],
Lis/sSrrneTasuZrsOs [71], and LiioGeP2Si» [72]). Numerical
analyses (e.g., Comsol Multiphysics) also reveal that the
interfacial ionic conductivities of the Lios:Laoss;TiOs nanowire
(1.3 x 107 S-cm™ at 30 °C) [65] and Lii3AlosTir/(POs)s (LATP)
nanoparticle (2.0 x 10 S-cm™at 20 °C) [69] filled CPEs are
much higher than the active nanofillers and comparable to
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the ionic conductivity of the organic liquid electrolytes. The
famous Lewis acid-base theory has also been applied to
explain the fast-ion transport pathways at the interfacial
regions. Someone has ascribed the high ionic conductivity at
the interfaces to the fast polymer segment and ion motion and
the high free ion concentration [73]. The molecular dynamics
research on a TiO: nanoparticle-filled PEO/LiBF. electrolyte
discloses that the TiO, nanoparticles are surrounded with three
different layers: The first layer of ~ 0.5-0.6 nm in thickness
has slower ion mobility of an order of magnitude than the
PEO/LiBF, bulk, the second layer of ~ 0.5-1.5 nm in thickness
has the elevated concentrations of the cations and anions,
and the third layer beyond 1.5 nm is not affected by the TiO.
nanoparticles; however, the addition of the nanoparticles with
soft-repulsion interactions with PEO leads to the formation of
a PEO interfacial layer with reduced PEO density, increased ion
concentration, and strengthened PEO and ion mobility [74].

Later, Chen et al. [75] prepared a PAN-LiClO; electrolyte
by an electrospinning method and then discovered the ion
conduction mechanism at the polymer/polymer interfaces.
The electrospun PAN-LiClO: electrolyte film had an ionic con-
ductivity of 2.9 x 10™* S-cm™, which was much higher than that
of the blade-cast PAN-LiClOs electrolyte film (107-107 S-cm™)
at room temperature (Fig. 6(a)). It was found that the
electrospun electrolyte had plenty of polymer/polymer interfaces
(specific interface area: ~ 105 cm™), which was not found in the
blade-cast sample, indicating that the high ionic conductivity
of the electrospun electrolyte should be attributed to the
polymer/polymer interfacial conduction. High-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) (Figs. 6(b) and 6(d)-6(f)) and electron energy loss
spectroscopy (EELS) mapping (Fig. 6(g)) results showed the
preferable accumulation of chemically distinctive lithium at
the polymer/polymer interfaces. The °Li NMR measurements
(Fig. 6(c)) further disclosed that the blade-cast PAN-LiClO4
electrolyte had a single peak at a chemical shift of —1.45 ppm
corresponding to the Li in the bulk of PAN, while the
electrospun PAN/LiClOs sample had a single peak with a
distinctive chemical shift of —0.48 ppm. This peak was assigned
to the Li at the PAN/PAN interfaces, which was consistent with
the predominate location of Li at the PAN/PAN interfaces in
the sample as evidenced by STEM-EELS (Figs. 6(d)-6(g)).
They also attributed the high ionic conductivity of the
electrolyte to the continuous PAN/PAN interfaces generated
by the electrospinning method.

2.8 Remarks

As one of the most important properties of SPEs, ionic
conductivity has a direct and crucial impact on the battery
performance. There are a few famous models to explain
the ion conduction mechanism in the polymer electrolytes,
such as the polymer segment migration, ionic hopping, free
volume, and interfacial ion conduction, which can be utilized
to better guide the design and preparation of high-conductivity
polymer electrolytes. The polymer electrolytes are usually
semi-crystalline below their melting points, and there are two
different phases in the electrolytes, i.e., the crystalline phase
and amorphous region. Of course, the lithium salts in the
polymer electrolytes are also in form of crystal if they are not
dissolved/dissociated by the polymers. To increase the free ion
concentration for high ionic conductivity, it is better to choose
lithium salts with large anion sizes and polymer hosts with
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Figure 6 (a) Nyquist plots of the electrospun and blade-cast PAN-LiClO4 samples with a [Li*]/[-CN] ratio of ~ 1:10 at 25 °C, (b) HAADF-STEM image
of the electrospun PAN-LiClO4 microtome slice, (c) °Li MAS NMR spectra of the electrospun and blade-cast PAN-LiClOs electrolytes, (d)-(f) HAADF-
TEM images of the electrospun PAN/LiClOx4 and the corresponding EELS element concentration map of Li (brightness of the colors represents the
relative molar concentration of the mapping element), and (g) EELS spectra integrated from the selected areas of the organic particle phase and the
organic/organic interface. Reproduced with permission from Ref. [75], © American Chemical Society 2020.

high dielectric constants. Similar to the ion conduction in the
inorganic solid-state electrolytes, the SPEs in highly crystalline
condition with the ordered structures also follow the Arrhenius
equation, and the ionic conductivity has a linear relationship
with the temperature change. The Li* movement is not generated
by the movement of the polymer chain segments but by the
hopping in the nearest vacancies. However, the ion hopping in
the crystalline phases is much slower than in the amorphous
phases and more experimental evidence is needed to verify
the ionic hopping model. Thus, reducing the polymer
crystallinity seems to be an important way to increase the
ionic conductivity.

Except the ionic hopping model, the polymer segment
motion has paid special attention in other ionic conduction
models. According to the equation of o = Xnigiu;, the increase
of the polymer chain mobility can improve the ionic conductivity
by strengthening the carrier mobility, and it is necessary to
control the interaction between the polymers and the lithium
salts to ensure the high concentration and mobility of the free
ions. The VTF model reveals that the ion conduction mainly
depends on the migration movement of the chain segment in
the amorphous region above Ty, and the ionic conductivity has
a nonlinear relationship with the temperature. The WLF model
further considers the influence of the polymer viscosity and the
relaxation process of the chain segments. Decreasing the Ty is
another effective way to increase the mobility of the polymer
segments for high ionic conductivity. The ions can easily move
in the space offered by the free volume of the polymers and
migrate between the coordination sites along the polymer chains
above the Ty The free volume, VTE, and WLF models also
emphasize the importance of the free volume and the ambient
temperature, and the increase of the temperature can greatly
change the free volume size/fraction and the crystallinity, but
it is not impractical to increase the working temperature of the
solid-state LIBs for the fast ion conduction.

The interfacial ion conduction model offers another important

route to achieving high ionic conductivity. Although the
interfacial ion conduction mechanism was firstly discovered at
the Lil/oxide interfaces, it is widely applied in the polymer
electrolyte modification field. The fast-ion pathways at the
nanoparticle/polymer and polymer/polymer interfaces in the
nanoparticle-filled CPEs have been verified by the numerical
analyses and the advanced characterization techniques such as
ssNMR and EELS, but deep investigation on the ion conduction
mechanism at the interfaces is still required. The construction
of abundant and continuous fast-ion pathways parallel to the
electrical direction would greatly enhance the ionic conductivity
of the electrolytes. It should also be mentioned that the anion
motion needs more attention, because it has an important
influence on the battery performance such as the polarization
and metal dendrites. The advantages of the Lewis acid-base
interaction or the electrostatic interaction between the
additives and the anions provide a feasible way to increase the
Li* transference number without sacrificing the high ionic
conductivity.

3 Modification strategies of solid polymer
electrolytes

3.1 Copolymer molecule structure design

SPEs are usually composed of two parts: One is a polymer
matrix as a host, and the other is a lithium salt as an ion
provider. Generally, the polymer matrix has a low glass
transition temperature, which can facilitate the movement
of the segment chains in the amorphous phases. Up till now,
PEO has long been regarded as one of the most reliable
polymer matrices since it was firstly reported by Wright et al.
in 1973. The main reason for making PEO irreplaceable is
based on its merits, such as the suitable complexation ability
with lithium ions, the electrochemical stability against lithium
metals, high flexibility, and low cost [76-78].
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The lithium ion transportation in the PEO-based SPEs is
through the complexation and dissociation with the ethylene
oxide units. On one hand, the ether oxygen atoms in the
EO chains can interact with different alkali metal cations
such as lithium ions, and thus PEO has an extremely strong
dissociating property for a wide variety of salts. On the other
hand, the excellent chain flexibility and segmental motion
ability of the EO segments ensure the fast movement of the metal
ions [79]. The ionic conductivity of the pristine PEO-based
SPEs usually can be divided into two segments in a wide
temperature range. The ionic conductivity in the first segment
is extremely low (107°-1077 S-cm™), because of the high PEO
crystallization degree at the temperatures below the melting
point of PEO (~ 65 °C) [77]. When the temperature is close
to the melting point, the aggregation of PEO changes from
crystalline to almost amorphous, and the ionic conductivity
rapidly increases with the temperature and finally keeps
constant. Thus, the practical application of the PEO-based
electrolytes is severely hindered by the low room-temperature
ionic conductivity, and it is necessary to exploit novel polymer
matrices with lower crystallinity degree for high-conductivity
polymer electrolytes. The degree of crystallinity can be measured
by differential scanning calorimetry, X-ray diffraction (XRD),
and nuclear magnetic resonance.

3.1.1 Block molecular design

To reduce the crystallization degree or the glass-transition
temperature (Tg) for higher polymer chain movement ability,
the ethylene oxide groups in PEO are usually combined
with other polymer segments to construct block, star, and
cross-linking polymers as matrices for the polymer electrolytes
(Table 1). For the block polymer electrolytes, the diblock-
and triblock-based polymers are usually synthesized by
copolymerization and widely investigated. David et al. [80]
synthesized PEO.- polycarbonate (PC) copolymers using PEO
and PC as the precursors by copolymerization. The optimum
SPEs (PEO34-PC) with the lowest glass-transition temperature
of —48 °C had the highest ionic conductivity of 3.7 x 10~ S-cm™
at room temperature. The T, of the PEO.-PC copolymer-
based SPE also decreased with the increase of the LiTFSI
content (up to 30 wt.%). Vidal's group [81] found that the
oligomer poly, PPO-PEO-PPO (POP: propylene oxide), based
triblock polymer electrolyte showed a highly compliant to
Arrhenius model, which is beneficial to the improvement on
the ionic conductivity of the PEO-based SPE (Figs. 7(a) and
7(c)-7(f)). PPO can easily lead to an amorphous macromolecular
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structure, because of the randomly-distributed methyl groups,
which greatly boosted the short-range conduction of Li'. In
addition, the synthesized electrolytes were fully amorphous
without any endotherm of melting, which is beneficial to
the ion conduction (Fig. 7(b)). Xie et al. [82] reported a
nanophase-separated elastic epoxy composite electrolyte with
the high ionic conductivity of 3.5 x 10 S-cm™ at 25 °C. The
T, showed no significant change with the PC increasing, and
PC might form percolated Li* transport pathways. This elastic
epoxy polymer electrolyte was composed of the hard bisphenol
A diglycidyl ether segments and the soft poly (propylene glycol)
segments, which can both enhance the mechanical properties
and the ionic conductivity. Moreover, the molecular weight,
molecular structure, and composition can be easily controlled.
However, the process of the block copolymer is complicated
and difficult to scale up for their practical application.

3.1.2  Graft molecular design

In general, polymers with simple, ordered, and symmetrical
molecule structure exhibit high crystallinity. The block
copolymer-based electrolytes usually show lower ionic conductivity
at room temperature, because of the inferior polymer segment
migration ability of the hard polymer segments. In contrast,
synthesizing graft or star copolymers by grafting short PEO
side chains on more flexible backbones is a more effective way
to inhibit the PEO crystallization and enhance the segmental
mobility of the PEO chains for increasing the ionic conductivity.
Zhang et al. [83] designed a super soft polymer matrix with
the side chains of ethylene oxide and propylene oxide units.
The SPE was fully amorphous at room temperature, and
showed a much higher ionic conductivity of 2 x 10 S-cm™ at
40 °C. Chen et al. [84] designed novel quasi-solid star brush
block copolymer electrolytes (SBBCEs), which had the 2-arm
star polymer of [poly [poly (ethylene glycol) methyl
ether acrylate]-b-polystyrene]. ((PPEGMEA-b-PS),) with a
crosslinking structure (Fig. 8(a)). This unique structure was
beneficial to reduce the polymer crystallinity and dissolve
lithium salts (Fig. 8(b)). Thus, the copolymer-based electrolyte
showed a high ionic conductivity of 2.1 x 10~ S-cm™ at 28 °C
(Fig. 8(c)). Simultaneously, the SBBCEs showed a slight
decomposition at 5.6 V, and the significantly enhanced
electrochemical stability of SBBCEs was attributed to the
crosslinked structure and the affinity (Fig. 8(d)). Zhou et al.
[85] designed a discotic liquid crystal-based six-arm star
copolymer, in which the discotic liquid crystal was arranged
along with the flexible arms of the copolymer as the ion

Table 1 Comparison of the copolymer-based electrolytes on the ionic conductivity

Modification Polymer matrix Ionic conductivity (S-cm™, 25 °C) Glass-transitioil temperature  peferences
strategy (Tg, °C)
Block PEO,-PC 3.7x 107 -48 [80]
Block PPO-PEO-PPO 4.8 x 107 (100 °C) -32--21 [81]
Copolymer eEPE <612;§; reglt;g polymer 3.5% 10 50 82]
Graft Jeffamine-PO/EO 2.0 x 107 (40 °C) -55 [83]
s Pl s
Star DLC-((PS)23-b-(PPEGMA).)s 1.5x 107*(30 °C) —-44 [85]
Crosslink PE-PEO 2.0x 10 —65 [86]
Crosslink 3PPEGM-co-GMA >107° -56 [87]
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PEO/Jeffamine dLi (c) and PPO-PEO-PPO/Jeffamine dLi (e). Semi-IPNs with network/Jeffamine dLI proportions of ®:80/20; H: 70/30; A: 60/40; <: 50/50;
[J: 40/60; and O: 30/70. Solid lines correspond to VTF fit. (d) and (f) The corresponding VTF fit parameters E. and A factor. Reproduced with permission
from Ref. [81], © Elsevier Ltd. 2018.
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Figure 8 (a) Schematic synthesis of star brush block copolymer electrolytes, and (b) DSC profiles of SBBCE-2, CH3O-polyethylene glycol (PEG)-PC, and
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the enlarged plot of the LSV curves between 3.5 and 4.5 V (inset). Reproduced with permission from Ref. [84], © American Chemical Society 2019.

conduction pathways. The segmental motion ability of the thermal stability, which make them not suitable for the
polymer side chains was greater than that of the linear preparation of high-energy-density lithium batteries.
polymers, and thus the copolymer had larger free volume and

lower glass transition temperature, and the copolymer-based 3.1.3 Interpenetrating network design

electrolyte showed a high ionic conductivity of 1.46 x 107 S-cm™ The ion transport across the grafted PEO side chains is not
at 30 °C. Unfortunately, these copolymer electrolytes usually as efficient as that along the PEO backbone. In comparison,
have a few defects, such as poor mechanical strength and designing interpenetrating networks with soft molecules
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(especially ethylene oxide units) could greatly reduce the
crystalline domain and increase the ionic conductivity. It
can also enhance the mechanical properties of the polymer
electrolytes by the interconnected networks. Moreover, the
interpenetrating networks have high flexibility and can result
in the close contact between the polymer electrolytes and the
electrode materials. Khurana et al. [86] reported a cross-linked
PE/PEO SPE with a high ionic conductivity of 2.0 x 10 S-cm™
at 25 °C, and the copolymer structure can also be adjusted by
turning the PE and PEO segment lengths to suppress the PEO
crystallinity. Dai et al. [87] reported a star-shape polymer of
3-armed poly(ethylene glycol) methyl ether methacrylate-co-
glycidyl methacrylate copolymer (3PPEGM-co-GMA), and
its ionic conductivity was higher than 10 S-cm™ at room
temperature. This star-shape polymer has an interpenetrating
network, and was synthesized via a ring-opening polymerization
technique (Figs. 9(a) and 9(b)). This star-shape polymer
showed increased thermal stability (a single step decomposition
temperature around 350 °C), which can be attributed to the
formation of the interpenetrating network and the ester bonds
in the polymer backbone. (Fig. 9(c)). The Ty changed with the
different molar ratios of the epoxy and amino (Fig. 9(d)), and
was also affected by the content of Li salts (Fig. 9(e)). It also
had the merits of good processability and cost-effectiveness.
However, it should be mentioned that it is difficult to
choose ideal crosslinking initiators, and the undesirable
by-products are detrimental to the other properties. Especially,
the remained free radicals are harmful to the battery cycling
performance.

3.1.4 Remarks

PEO is regarded as an important polymer matrix for solid
polymer electrolytes; however, PEO-based solid-state electrolytes
show relatively low ionic conductivity at room temperature,
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resulting in the higher battery operation temperatures.
Integrating the ethylene oxide groups in other polymer
segments (e.g., designing block, star, and cross-linking polymers)
for the copolymer electrolytes is an effective strategy to
increase the ionic conductivity. The copolymerization method
is usually used to prepare the block copolymers as the polymer
matrices to decrease the crystallinity for high-ion-conductivity
electrolytes, but this method is too complicated to scale up.
Constructing graft or star copolymers by grafting short PEO
side chains on the more flexible backbones can also enhance
the segmental mobility of the PEO chains, but the reduction of
the mechanical strength greatly limits their practical applications.
Designing cross-linking interpenetrating networks can not
only reduce the crystalline domain but also enhance the
mechanical properties of the polymer electrolytes. It should
also be mentioned that the increase of the ionic conductivity
should not sacrifice other properties such as the mechanical
strength and the compatibility with the electrode materials,
and it is necessary to develop ideal cross-linking initiators and
design proper copolymer structures for comprehensively-
improved SPEs.

3.2 Lithium salt exploitation

The electrolyte is used as the medium for the ion transmission
between the positive and negative electrodes in the lithium
batteries, and the lithium salt, as the provider of lithium ions in
the polymer electrolyte (not the single-ion polymer electrolyte),
is an indispensable part of the electrolyte and has an important
impact on the battery performance such as capacity, applicable
temperature, cycle capacity, and safety performance [88].
Although there are a lot of lithium salts, only a few types can
be used in the polymer electrolyte (Table 2). Ideal lithium salts
should meet the following requirements: (1) They should have
excellent chemical, electrochemical, and thermal stabilities,
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Figure9 (a) Synthesis of the interpenetrating network membrane (INSPM-x). (b) Temperature dependence of the ionic conductivity of the

INSPM-x/LiTFSI with [O]/[Li*] = 16. (c) Thermogravimetric analysis (TGA) thermograms of INSPM-x-LiTESI, and DSC curves of (d) cross-linking
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Table 2 Properties of lithium salts and their effects on the electrolyte conductivity

Tonic conductivity

Lithium salt Properties Polymer matrix (Sem-L, 25 °C) References
Poly(trimethylene carbonate) 1.78 x 1078 [106]
LiPFs High solubility, form SEI film, low stability
PEO 4.10x 107 [93]
. High solubility, high ionic conductivity, low cost, PEO 1.70 x 107 (20 °C) (89]
LiClO4 . A s
high oxidation ability Pectin 515%10° [107]
LiAsEs High chemical stability, no current collector corrosivity, Polyvinyl alcohol 5.10 x 104 (40 °C) [94]
As element is poisonous
LiBE, nglll thermal stability, sultgble.z for both hlgh and PAN 183 x 10-3 [108]
ow temperatures, low ionic conductivity
LiTFSI High ionic confiucthlty, high thermal stability, PVDE-HEP 1.82 x 10 [109]
corrosive to current collectors
LiFSI High ionic confiucthlty, high thermal stability, Poly-2,2-dimethoxypropylene 1.08 x 10 (30 °C) [104]
corrosive to current collectors carbonate
LiBOB  High ionic conductivity, passivation of electrodes, low solubility PEO >107 (30 °C) [105]
LiODFB Form SEI film, no current collector corrosivity, good PVDE-HEP 2.51 x 10~ (60 °C) [110]

low-temperature performance, high cost

and especially do not react with other battery components
within a wide potential range; (2) they can be easily solvated to
release free lithium ions by the polymer molecules; (3) other
characteristics such as low price, non-toxicity, and environmental
friendliness [89-91]. The type and content of lithium salts have
not only important effects on the film-forming properties of
the solid polymer electrolyte, but also on the ionic conductivity
and the interface stability between the solid electrolyte and the
electrodes. A few low-molecular-weight lithium salts such as
LiF and LiCl are not suitable for preparing electrolytes because
of their low solubility in organic solvents. Some other lithium
salts such as LiAsFs are also not proper salts because of the
toxicity of the elements or compounds.

According to the element component and molecular structure
of anions, lithium salts can be divided into inorganic salts and
organic salts. At present, inorganic lithium salts are widely
utilized in most of the electrolytes in commercial lithium-ion
batteries. The inorganic lithium salts generally have the
advantages of low cost, environmental friendliness, and are not
easy to decompose at high potentials. The commonly-used
inorganic lithium salts in solid polymer electrolytes include
LiPFe, LiClO4, LiBF4, and LiAsFs, which have large complex
anion groups for the solvation.

3.2.1 Inorganic lithium salts

LiPFs [92] is widely used in commercial non-aqueous liquid
lithium-ion batteries, because of its comprehensive advantages
such as good solubility ability in non-aqueous solvents, high
ionic conductivity, excellent thermodynamic and chemical
stability, and high electrochemical stability. It can form a dense
and stable passivation film on the surface of the aluminum
current collector to protect the aluminum current collector
from corrosion. LiPFs also has a good solubilization effect in
PC matrix. However, LiPFs is very sensitive to moisture and
has poor thermal stability, which hinders its application [92].
Ibrahim et al. [93] added LiPFs to a PEO-based polymer
to prepare a thin-film electrolyte by solution casting, and
explored the impact of LiPFs on the ionic conductivity of the
PEO-based electrolytes. Figures 10(a)-10(c) show the complex
impedance plots of the LiPFs-containing electrolytes with
different concentrations at room temperature. With the salt
concentration increasing, the high-frequency semicircle area

gradually decreases, and the low-frequency peak gradually
appears, which proves that the ions are charge carriers. As
the salt concentration increases, the number and density of
the mobile ion increase, and thus the conductivity of the
electrolyte increases (Fig. 10(f)). The ionic conductivity of the
20 wt.% LiPFe-containing electrolyte reaches 4.1 x 107 S-cm™
(Fig. 10(d)). Not only that, PEO forms a complex with LiPFs
(Fig. 10(g)), and the melting temperature of the electrolyte
decreases with the increase of LiPFs concentration (Fig. 10(e)).
XRD analysis also confirmed that with the addition of lithium
salt, the intensity of the diffraction peaks greatly decreases,
further indicating that the crystallinity of the salt-containing
PEO gradually decreases (Fig. 10(h)).

LiClOs is also an important lithium salt for preparing solid
polymer electrolytes, because of the following advantages:
Firstly, it has high solubility in polymer matrices for obtaining
high ionic conductivity; secondly, it has a wide electrochemical
window; thirdly, its price is low. However, the chlorine
element in LiClO4 has the highest valence of +7 with a strong
oxidizing ability, which is detrimental to the safety of the
battery. Therefore, although LiClOs has many obvious
advantages, it is only suitable for scientific research. Wang
et al. [69] investigated the effects of LiClO4 content or EO/Li
ratio on the polymer matrix crystallinity and the glass-
transition temperature (Fig. 11). It can be seen from Fig. 11(a)
that the peaks of pure LiClO4 move in the polymer electrolyte,
which means that the lithium salt has been completely
dissociated and has undergone a complexation reaction
with PEO. Figures 11(b), 11(d), and 11(e) show that as the
content of the lithium salt increases, the crystallinity, melting
endotherm, and the glass-transition temperature of the
composite electrolyte also decrease. The inhibitory effect
of LiClOs on the polymer crystallinity was even more
pronounced than that of LiisAlosTii7(PO4); nanoparticles. When
the EO/Li ratio is 5, the nanocomposite is almost completely
amorphous, suggesting that a large proportion of the polymer
chains form complexes with Li* and the lithium salt is
dissociated. Impedance measurements further show that
the samples with low EO/Li ratios exhibit higher ionic
conductivity, and the electrolyte with 10 wt.% LATP and
EO/Li ratio of 5 has the highest conductivity of 1.71 x 10~ S-«cm™
at 20 °C (Fig. 11(c)).
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Reproduced with permission from Ref. [93], © Springer-Verlag 2011.
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(a) FTIR spectra of the nanocomposite electrolyte, LiClO4, LATP, and PEO, (b) DSC curves of PEO/LiClIO4/LATP (10 wt.%) nanocomposites,

(c) ionic conductivity as a function of EO/Li with 0 wt.%, 10 wt.%, and 15 wt.% LATP at 20 °C (inset: Nyquist plots for the nanocomposites with 10 wt.%
LATP and EO/Li ratio of 10 at 0, 20, and 40 °C), (d) X-ray diffraction patterns of PEO, LATP, LiClO4, and PEO/LiClO4/LATP nanocomposites with EO/Li
of 20, (e) the glass-transition temperature and crystallinity of the electrolyte, and (f) photograph of the nanocomposite films. Reproduced with permission
from Ref. [69], © American Chemical Society 2017.
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LiAsFs has excellent electrochemical stability. Its anion
(AsFs) has high oxidation stability, and the electrochemical
window is up to 4.5 V. However, the arsenium element has
strong toxicity and thus LiAsFs is not suitable for commercial
batteries. Madhu et al. [94] used a solution casting technique
to prepare a composite electrolyte membrane with polyvinyl
alcohol (PVA), LiAsFe, and titania filler, and then revealed
the principle of LiAsFs on affecting the ionic conductivity of
the electrolyte. After being added to PVA, the vibrational
frequency of LiAsFs changes, indicating that Li* interacts
with the polar groups of PVA to form a complex (Fig. 12(a)).
With the increase of LiAsFs content, the diffraction peak
intensity of the polymer electrolyte gradually decreased, and
no salt peak appeared, indicating that after the addition of
LiAsFs, the crystallinity decreased and the dissolution was
good (Fig. 12(b)). When the LiAsFs content is 25 wt.%, the
amorphous phase dominates the electrolyte. The maximum
ionic conductivity of the electrolyte doped with 5 wt.% TiO:
is 5.10 x 10™* S-cm™ (Fig. 12(c)), and the Li* migration number
is 0.52.

LiBF, has a small anion radius, high solubility, high thermal
stability, wide operation temperature range, and low sensitivity
to water [95]. Meanwhile, LiBF4 has a good passivation effect
on the aluminum collector, and will form the cathode-
electrolyte interphase (CEI) containing F~ and B~ during the
cycling process [96]. In addition, LiBF. can decompose and

generate a LiF-rich solid electrolyte interphase (SEI) layer [97].

However, LiBF. is easy to coordinate with organic solvents,
which leads to a ring ether polymerization to generate BFs.
Besides, the ionic conductivity of LiBF, is low when used as
a primary lithium salt, and increasing the concentration of
LiBF, will raise the cost. LiBF. first appeared in liquid batteries
in the early 20™ century. Later, it is found that LiBF. had
good performance as a co-salt or additive in the electrolytes
containing LiTFSI, LiNOs, and Lil [96, 98], but it is still rarely
used in SPEs. Rahman et al. [99] studied the influence of
LiBFs on the conductivity of PEO-based SPEs. They found
that with the increase of the LiBF. content in the electrolytes,
the crystallinity of the electrolytes gradually decreased, and
the electrolyte surface became more smooth. It has been
reported that the electrolyte with smooth surface is conducive
to the ion mobility [100, 101]. Thus, the ionic conductivity
of the PEO-based electrolytes at room temperature increased
from 3.91 x 107 to 8.75 x 107 S-cm™' when adding 30 wt.%
LiBF..

3.2.2  Organic lithium salts

In order to improve the thermal and chemical stabilities and

the solubility, a series of organic lithium salts with large radius
are developed. These lithium salts have high dissociation
constants and can be easily dissolved in organic solvents with
lower dielectric constants. The commonly-used organic lithium
salts are LiTFSI, lithium bisfluorosulfonyl imide (LiFSI), and
lithium bis(oxalate)borate (LiBOB). In LiTFSI, S atoms in
N(SO:CFs),” and (TFSI") are connected with —CF; and O atoms,
and have strong electronegativity. If there is an electrophilic
group connected to the amide group, Li* would escape from
the molecule, resulting in the dissociation of LiTFSI. The anion
radius is large, and the electron delocalization is enhanced.
Thus, LiTFSI has high solubility in organic solvents and is
regarded as a proper lithium salt for polymer electrolytes.
LiTFSI also has high thermal stability. However, TFSI™ will
be strongly adsorbed on the surface of Al foil and seriously
corrode the aluminum current collector by generating soluble
AI(TFSI)s when the voltage is higher than 3.7 V. Nurul et al.
[102] used the solution casting method to prepare solid
electrolyte membranes with ultraviolet (UV)-cured glycidyl
methacrylate (PGMA) and LiTFSI, and explored the effect
of LiTFSI on the ionic conductivity. The Fourier transform
infrared (FTIR) spectra showed that with the addition of
LiTFSI, there was an interaction between Li* ions and the O
atoms in the C=O, thus the intensity and sharpness of the
C=0 peak decreased (Fig. 13(a)). But when the concentration
of lithium salt is too high, Li* may coordinate with polar
atoms in TFSI” and form ionic aggregates (Fig. 13(b)). Pure
PGMA has a prominent semi-crystalline peak at 15°-22°.
However, with the addition of salt, the X-ray diffraction
peak intensity continued to decrease, the amorphous region
increased (Fig. 13(c)), the interchain space increased, and
the T; also decreased from 312 K (0 wt.% LiTFSI) to 291 K
(40 wt.% LiTFSI). Correspondingly, the ionic conductivity of the
electrolyte increased from 3.09 x 107'° S-cm™ (0 wt.% LiTFSI)
to 4.96 x 107® S.cm™ (40 wt.% LiTFSI) at room temperature.
However, when the Li salt content increased from 30 wt.% to
40 wt.%, the ionic conductivity of the electrolyte almost did
not increase, which may be ascribed to the ion aggregation.
Compared with LiTFSI, the anion of -CFs is replaced by
F atom in LiFSI [103]. The F atom has a strong electron
withdrawing property which makes it easier to be dissociated
in organic solvents than LiTFSI, and therefore LiFSI has
higher ionic conductivity than LiPFs. In addition, LiFSI has
a melting point of 145 °C, a decomposition temperature of
higher than 200 °C, low sensitivity to water, low toxicity, and
good compatibility with electrodes. Takahito et al. [104] used
an in situ polymerization method to prepare an electrolyte
with poly-2,2-dimethoxypropylene carbonate and LiFSI, and
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Figure 12 (a) FTIR spectra of PVA (a), PVA:LiAsFs (90:10) (b), PVA:LiAsFs (80:20) (c), PVA:LiAsFs (70:30) (d), and LiAsFs (e). (b) XRD patterns
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reached an ionic conductivity 1.08 x 107 S-cm™ at 30 °C. The
Li* transference number was 0.75, and the electrochemical
window was above 4 V.

LiBOB also has wide electrochemical window and high
ionic conductivity, and can directly react with solvents to form
SEI films to protect the electrodes. However, LiBOB is highly
sensitive to water and has low solubility in a few low-dielectric-
constant solvents. Moreover, LIBOB can generate gas, which
seriously threatens the battery safety. Appetecchi et al. [105]
prepared a blend electrolyte of PEO and LiBOB by hot
pressing, and then verified the plasticizing effect of LiBOB on
PEO, which can improve the ionic conductivity by reducing the
PEO crystallinity. The ionic conductivity was over 10~ S-cm™
at 30 °C, and the Li* transference number was 0.25-0.30.

3.2.3 Remarks

Apart from the polymer matrices, lithium salts are also
indispensable in polymer electrolytes, and ideal lithium salts
should have high dissociation ability, wide electrochemical
window, good compatibility with other battery components,
high safety, low cost, etc. LiPFs has balanced performance and
is widely used in electrolytes, but it is easy to decompose and
sensitive to water; LiClO4 has good solubility and high ionic
conductivity, but its strong oxidizing ability causes safety
issues; LiAsFs has high chemical stability, but the As element is
poisonous; LiTFSI and LiFSI have high electrical conductivity,
but the reaction with current collectors is serious; LIBOB has
strong dissociation ability and can passivate electrodes, but
its chemical stability and safety are poor. At present, there
is no lithium salt with the above-mentioned comprehensive
advantages, and it is necessary to exploit new lithium salts
including making composite salts or the modification of
lithium salts. Novel lithium salts should have large anion
radius and weak interaction between the positive and negative
ions, which is helpful for facilitating the dissociation of
lithium salts to increase the electrolyte conductivity. Applying
two or more lithium salts with various molecular structures
and properties can take advantages of the synergic effect to
improve the electrical, thermal, and electrochemical properties
of the electrolytes. With the development of polymer lithium-ion
batteries, new lithium salts with better performance will
appear in the future to meet the demands.

3.3 Additive engineering

As mentioned in Section 3.1 Copolymer molecule structure
design and Section 3.2 Lithium salt exploitation, the optimization
of the molecular structures of polymer matrices and lithium
salts can increase the ionic conductivity by decreasing the
glass-transition temperature and polymer crystallinity and

725 | Sci@pen

facilitating the lithium salt dissociation. To further improve the
ionic conduction capability, a few additives such as organic
micro-molecules, polymers, and micro-/nano- particles are
then introduced to the polymer electrolytes by enhancing the
polymer segment mobility, increasing the carrier concentration,
or forming fast-ion pathways.

3.3.1 Organic plasticizers

In commercial LIBs, a few high-dielectric-permittivity micro-
molecules such as ethylene carbonate (EC), PC, diethyl
ethylene (DEC), dimethyl carbonate (DMC), and dimethyl
formamide (DMF) are utilized as ion transport mediums [111,
112]. To increase the ionic conductivity of the SPEs, these
liquid solvents can be added into the polymer electrolytes as
plasticizers (Table 3) because of the following reasons: (1)
breaking up the interchain polymer interactions, lowering the
glass-transition temperature of the SPEs, and increasing the
chain segmental motion; (2) loosening the polymer polar
group-Li* and anion-Li* interactions through the competitive
Li* coordination with the high-donicity plasticizers, and
lowering the activation energy for ion motion [49]. The polymer
electrolytes with high-content liquid plasticizer solvents can
be defined as gel polymer electrolytes (GPEs). Compared with
the SPEs, the ion transport mainly occurs in the liquid phase
or swollen gel phase in the GPEs (similar to the liquid
electrolytes by the ion-solvent complexation and migration)
[113], and thus the GPEs usually show higher ionic
conductivities. However, the large amounts of solvents may
result in the electrolyte leakage, flammability, electrochemical
instability, and mechanical property degradation [114]. Bao
et al. [49] prepared a xPTHF electrolyte using LiTFSI as a
lithium salt and then scrutinized the effects of PC, DMF, ethyl
acetate (EtAc), and chlorobenzene (CIBz) on the ionic
conduction of the xPTHFs electrolyte. The extraction of the
VTF parameters showed that the addition of 2:1 DMEF:Li
equivalencies into xPTHFs can make the activation energy
decrease from 11.1 to 8.7 kJ-mol™ and the VTF prefactor (A)
increase from 1.1 to 2.9 S-:K**cm™, indicating that DMF (donor
number: 26.6, ¢ = 36.7) can reduce the activation energy
for ion motion by the competitive coordination with Li* and
increase the number of dissociated ions in the electrolyte.
Thus, the room temperature ionic conductivity of the
xPTHFsDMFa. electrolyte (18 wt.% DMF) greatly increased
from 1.3 x 10° to 1.2 x 107™* S-cm™ at 30 °C (Fig. 14(a)). The
utilization of PC (donor number: 15.1, ¢ = 64.9) can also
increase the A and lower the activation energy for ion motion,
thus the PTHFsPC,. electrolyte had an appreciable value of
7.8 x 107 S-cm™ at 30 °C (Fig. 14(b)). In contrast, the
additions of low-dielectric-constant EtAc (donor number:
17.1, ¢ = 6) and CIBz (donor number: 2, ¢ = 5.6) can decrease
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Table 3 Ionic conductivity of the plasticizer-containing polymer electrolytes

Polymer matrix Plasticizer Ionic conductivity (S-cm™, 25 °C) References
PEO/PVDEF-HFP POSS-IL 8.0x 107 (22°C) [50]
PEO/PVDF EMIMTEFSI 1.6x10™* [117]
PVDF/PVP EDTA 72%x107 [124]
PVDF PC and DGM 1.3x10™ [114]
PTHF DMF 1.2x10™ [49]
PEO DOP and PEG 107°-10™* [115]
ETPTA Succinonitrile 5.7x107* [123]
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Figure 14 The effects of organic additives of (a) DME (b) PC, and (c) EtAc and CIBz on the ionic conductivity and VTF parameters on xPTHF5
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the Tg, but cannot decrease the A and the activation energy,
and therefore they had little effect on the ionic conductivity of
the electrolyte (Fig. 14(c)). '"H NMR characterizations showed
that the addition of DMF into the PTHF:; electrolyte (dissolved
in chloroform) caused the alpha proton peak to shift back
upfield, indicating the weakened O-Li* interaction, while the
addition of EtAc had little effect on the alpha proton peak and
the O-Li* interaction (Fig. 14(d)). The additions of DMF and
EtAc into the PTHFs system also caused strong and poor
deshieldings of Li*, respectively, indicating a loosening of the
strong O-Li* interaction by DMF (Fig. 14(e)).

Different from the micro-molecule plasticizers, the application
of oligomer polymers can increase both the ionic conductivity
and mechanical properties of the polymer electrolytes.
Pumchusak et al [115] compared the impacts of the
dioxyphthalate (DOP) and PEG on the electrical and mechanical
properties of the PEO-LiFSI electrolyte. The pristine electrolyte
of PEO-15 wt.%LiFSI had a T, of —64 °C and a PEO crystallinity
(X:) of 37%. With additions of 15 wt.% DOP and PEG, the T
of the electrolyte increased to —60 and —-56 °C and the X.
decreased to 35% and 32%, respectively. Though the slight
increase of the T, was due to the possibility of the crosslinking

8.

of the PEO chains with the interaction of the plasticizers,
the X. of the plasticizer-containing electrolyte decreased.
Therefore, the ionic conductivity of the plasticizer-containing
electrolyte increased from 1.0 x 107 to 3.4 x 107 S-cm™
(15 wt.% DOP) and 1.7 x 107° S-cm™ (15 wt.% PEG) at 25 °C.
Moreover, the tensile strength, elongation, and Young’s
modulus of the polymer electrolyte decreased upon the DOP
addition, while the small quantity (5 wt.%-10 wt.%) addition
of PEG can effectively reinforce the polymer electrolyte.
Compared with the commercial molecular plasticizers, ILs
have obvious thermal advantages such as no measurable vapor
pressure and non-flammability, and thus the addition of ILs
into the polymer electrolytes can enhance the thermal stability
and safety of electrolyte. The IL addition in the polymer
electrolyte can also increase the ionic conductivity by effectively
swelling the molecular chain of the polymer, weakening the
interaction of the polymer segments, and enhancing the
movement ability of the polymer molecular chains [116]. Yuan
et al. [50] found that the addition of imidazolium-based
POSS-ILs consisting of POSS-COO™ anions and a variety of
imidazolium cations can greatly increase the ionic conductivity
of the PEO/poly(vinylidene fluoride-co-hexafluoropropylene)
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(PVDEF-HFP)/PC/LIiTFSI electrolyte (up to 8.0 x 10™* S-cm™ at
22 °C). Rathika et al. [117] reported a zinc-ion conducting
polymer blend electrolyte system of PEO/PVDE-ZnTFSI
with various concentrations of 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl) imide (EMIMTEFSI). FTIR
spectroscopy measurements showed that there were
complexation interactions between EMIM* and PEO/TFSI,
which can decrease the polymer crystallinity (from 40% to
22%) and facilitate the ZnTFSI dissociation. Thus, the composite
electrolyte with 7 wt.% EMIMTFSI had a higher ionic
conductivity of 1.63 x 107 S-cm™ than the pristine electrolyte
at room temperature.

The CPEs with liquid plasticizers can greatly improve the
ionic conductivity, but still exhibit all the limits of the liquid
plasticizers especially the poor thermal and electrochemical
stabilities. In comparison, applying solid-state plasticizers can
improve the overall properties of the polymer electrolytes.
Succinonitrile is a solid-state organic non-ionic plastic
material, where the impurity “trans” isomer imparts a plastic
character blow its melting point, and it appears as a stable
plastic crystal phase between the phase transition temperature
of around —30 °C and melting point of ~ 60 °C [19, 118, 119].
As a solid solvent for various lithium salts, SN has been widely
used as a versatile additive to increase the ionic conductivity
of the polymer electrolytes. Fan et al. [120] investigated the
plasticizing effects of SN on PEO complexed with four kinds
of Li salts, and found that the solvating ability of SN on the
lithium salts (especially for the lithium salts that are difficult
to dissociate) was much higher than that of PEO. Moreover,
the introduction of SN can greatly lower the crystallinity of
the polymer electrolytes (the crystallinity of the PEO-LiPFs
and PEO-lithium bisperfluoroethylsulfonylimide (LiBETT)
electrolytes decreased from 45% and 22% to 40% and 16%,
respectively). Thus, the introduction of SN enhanced the ionic
conductivity ~ 22,000 and 1,300 times for the LiCl- and
LiPFs-containging PEO electrolytes at 20 °C, respectively.

Although the addition of SN can increase the ionic
conductivity of the polymer electrolytes, SN is unstable
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against lithium metal electrodes due to the side reactions or
polymerization of nitriles catalyzed by lithium metals [121].
To overcome this drawback, a few SEI forming agents such
as fluoroethylene carbonate (FEC) are also introduced into
the electrolytes. In addition, to strengthen the mechanical
strength of the SN-based electrolytes, the electrolytes are
usually deposited on/in the porous substrates as 3D scaffolds.
Xie et al. [122] prepared high-strength CPE films by filling
PEO-LiTFSI-SN-FEC into the porous PE separators with a
thickness of ~ 22 pum. The introduction of SN made the
room-temperature ionic conductivity increase from ~ 107 to
~ 107 S.cm™, while the introduction of FEC (10 wt.%) can result
in the formation of mechanically stable LiF and ionically
conductive LisN on the lithium metal surfaces (suppresses the
side reactions between SN and lithium metals). Therefore, the
electrolyte-based Li/Li symmetrical cells can stably cycle for
700 h with negligible overpotential change at 0.1 mA-cm™. Lee
et al. [123] prepared a deformable CPE film (~ 25 um) by in situ
UV-crosslinking of ethoxylated trimethylolpropane triacrylate
(ETPTA) monomer with SN in a porous polyethylene
terephthalate (PET) nonwoven (NW). Due to the synergistic
effect of the SN plasticizer and the PET nonwoven, the CPE film
had greatly improved the ionic conductivity (5.7 x 10™* S-cm™
at 30 °C) and mechanical strength.

3.3.2  Polymer blending

The polymer matrices (Fig. 15) commonly used in solid polymer
electrolytes include PEO, PAN, polymethyl methacrylate
(PMMA), PVDE and PC. The PEO-based electrolyte has good
thermal and mechanical properties along with good interfacial
stability when coupled with lithium metal [125, 126]. However,
PEO is easy to crystallize at room temperature and its chain
segment movement ability is poor, resulting in the low ionic
conductivity at room temperature of the PEO-based electrolyte,
which cannot meet the needs for solid-state batteries [115]. In
contrast, PAN-based electrolyte has high ionic conductivity
and good low-temperature working performance, but it
has poor thermodynamic stability and mechanical strength.
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Figure 15 (a)-(n) The structure of the commonly-used polymers for solid polymer electrolytes.
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PMMA-based electrolyte has high ionic conductivity at room
temperature and low interfacial impedance with lithium metal
electrodes, but it has the disadvantages of poor flexibility
and low lithium-ion transference number [127]. PVDF-based
electrolyte has a high melting point, good thermal stability,
and high electrochemical stability, but the homopolymer
structure causes high intramolecular crystallinity (65%-78%),
which is not conducive to the ion conduction. PC-based
electrolyte possesses high lithium-ion transference number
and ionic conductivity, but it usually suffers from poor
mechanical property. In short, every polymer matrix
cannot possesses the comprehensive advantages of high ionic
conductivity, mechanical strength, thermostability, and wide
electrochemical window.

At present, the blending of two or more polymer matrices
is an effective method to improve the performance of the
polymer electrolytes by combining the advantages of the
polymers (Table 4) [128-131]. Moreover, the electrolyte
preparation process is simple and cheap [132, 133]. As for
the PEO-based electrolyte, the higher the proportion of
the amorphous region in the solid electrolyte, the stronger
the lithium-ion transportability. Therefore, a few polymers
such as poly(m-phenylene isophthalamide) (PMIA) [130],
poly(propylene carbonate) (PPC) [134, 135], poly(vinyl
pyrrolidone) (PVP) [126], PVDF [136, 137], and poly(4-vinyl
phenol-co-2-hydroxyethyl methacrylate) (PVPh-HEM) [138]
can be added into the PEO matrix to obtain high ionic
conductivity. Liu et al. [130] prepared novel composite electrolyte
films of PMIA/PEO/LIiTFSI by the polymer blending technology.
The hydrogen bond between PMIA and PEO/TESI” can
effectively inhibit the crystallization of PEO and promote
the dissociation of LiTFSI (Fig. 16(a)), and therefore the
PMIA/PEO/LIiTFSI electrolytes showed an ionic conductivity

Table 4 Properties of solid electrolytes with different polymer matrices

of 6 x 107 S-cm™, which was two times that of the pristine
electrolyte at room temperature. The integration of the
high-strength PMIA additive with robust amide-benzene
backbones can also contribute to the mechanical tensile
strength (2.96 MPa, Fig. 16(c)), thermostability (419 °C,
Fig.16(d)), and interfacial resistance against Li dendrites
(468 h at 0.10 mA-cm™ without short circuit, Fig. 16(b)),
which are superior to the pristine electrolyte (0.32 MPa,
364 °C, and short circuit after 246 h). Yu et al. [134] reported
another blend polymer electrolyte using degradable PPC and
PEO. The XRD (Fig. 16(e)) and DSC tests showed that the
electrolyte has amorphous properties, which are conducive to
the diffusion of ions in the polymer electrolyte. The addition
of PPC can reduce the T, of PEO, and therefore the electrolyte
has high ionic conductivity. When the PPC content is 50%,
the ionic conductivity reaches 6.83 x 10~ S-cm™ (Fig. 16(f)).
Li et al. [139] reported a polymethylhydrogen-siloxane
(PMHS)/PEO blend electrolyte containing SiO: nanoparticles
by the traditional solution casting method. The crystallinity
of the composite electrolyte is greatly reduced (Fig. 16(g)),
because Li" is connected to the ether oxygen functional groups
of PEO and PMHS through the complexation reaction, and
therefore the hybrid electrolyte containing 40% PMHS showed
high ionic conductivity (2.0 x 107 S.cm™ at 80 °C), wide
electrochemical window (5.2 V, Fig. 16(h)), and high flexibility
and thermostability. When assembled in LiFePO4/Li batteries,
the electrolyte provides a reversible capacity of ~ 140 mAh-g™'
at 0.1 C and 60 °C. Patla et al. [140] prepared a PEO/PVDF
blend electrolyte doped with NH.I salt. The XRD and DSC
tests show that when the salt concentration exceeds 15 wt.%,
the PN, (80 wt.% PEO, 20 wt.% PVDE and x wt.% NH.I)
system becomes completely amorphous, and thus the ionic
conductivity of the PNss system reaches 107 S-cm™ at room

Pros./cons.

Polymer matrices Li salt (g(c);ql]l,cztl:}’té’) ;i References
PEO/PMIA =100:5 LiTFSI 6.00 x 107 0.5 [130]
PEO/PPC=1:1  LiClOs 6.85x 107 — [134]
PEO/PVPh LiICIOs  3.69x 1075 >40°C  — [138]
PEO/PMHS (with 1 rper 500 102,80°C 0.3 [139]

silica additive)

PEOf;{\gVIA - LiTFSI 3.00x 107 — [141]
PEO/PDMS LiClO4 3.00x 107 0.7 [142]
PEO/WPU =3:1  LiTFSI 8321(()& 11%:’, Z% % — (143]
P;’é)g :HlFIP / LiTFSI 1.08 x 107, 30 °C — [145]
PEC/PTMC=6:4 LiTESI  1.00x 107,50 °C — [146]

The hydrogen-bond between PMIA and PEO/TFSI can prevent the PEO
crystallization, facilitate the LiTFSI dissociation, and increase the ionic
conductivity. The PMIA addition can improve the mechanical strength,
thermostability, and interfacial stability against Li dendrites.

PPC can reduce the crystallinity, which is beneficial to the diffusion of
ions in the electrolyte and results in high conductivity.

PVPh-HEM isolates the anions from each other, decreasing the number of
the ion pairs and enhancing the ion mobility and conductivity.

The Li* connected with the ether oxygen groups of PEO and PMHS by the
complexation reaction leads to the decrease of the crystallinity. When the
PMHS content is more than 50%, the film formability becomes poor.

The PMMA-nanoparticle and PEO blend lead to fewer contact between
PEO and PMMA and faster PEO segmental dynamics, thus promoting
high ionic conductivity.

The “salting in” phenomenon induced by the ClOs-PEO interactions
causes the amorphization of the PEO-PDMS matrix and the high
conductivity.

Hydrogen bonds and Li* cross-links between WPU and PEO can improve
the mechanical strength, reduce the effective chain length, and restrict the
polymer segment motion, thus decreasing the ionic conductivity.

Dual-path of Li* exists in the electrolyte: One path is carried by PECLi
phase, and the other is caused by the synergistic effect of PVDF-HFP and
PEC, accelerating the Li* movement.

The interactions between the host matrix and Li* lead to the increase in
conductivity. PEC and PTMC are immiscible with each other though their
chemical structures are similar.
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Figure 16 (a) Interactions between PMIA, PEO, and LiTFSI and structures of the PEO-LiTFSI electrolyte before and after the incorporation of PMIA,
(b) galvanostatic cycling curves of the PMIAS5 electrolyte-based Li/Li symmetric cells under 0.10 mA-cm™ and 60 °C, and (c) mechanical tensile
stress-strain curves and (d) TGA curves of the PEO/PMIA electrolytes. Reproduced with permission from Ref. [130], © Science Press and Dalian Institute
of Chemical Physics, Chinese Academy of Sciences. Published by Elsevier B.V. and Science Press 2020. (e) XRD traces and (f) ionic conductivity of
PEO/x%PPC electrolytes (x = (a) 20, (b) 30, (c) 40, (d) 50, (e) 60, and (f) 70). Reproduced with permission from Ref. [134], © Wiley Periodicals, Inc. 2009.
(g) XRD patterns and (h) LSV curves at 60 °C of PPS-CPE with different contents of PMHS. Reproduced with permission from Ref. [139], © The Royal

Society of Chemistry 2018.

temperature. When the salt content exceeds 35 wt.%, the carrier
ion concentration decreases due to the strong ion interaction,
thus reducing the ionic conductivity.

A few researchers have also reported that the addition
of PMMA [141], polydimethylsiloxane (PDMS) [142], and
waterborne polyurethane (WPU) [143] into PEO can improve
the mechanical strength of the polymer electrolyte, but it
would reduce the ionic conductivity of the polymer electrolyte.
For instance, Bao et al. [143] prepared a polymer electrolyte of
PEO/WPU/LIiTFSI via a solvent-free process. The mechanical
strength of the pure PEO electrolyte (SPE1) is only 0.18 MPa,
which is much lower than the composite electrolyte (when
WPU:PEOs are 1:1 (SPE2), 1:3 (SPE3), 3:1 (SPE4), and 1:0
(SPE5), the corresponding mechanical strengths are 1.3, 1.6,
2.9, and 4.2 MPa, respectively) (Fig. 17(a)), the main reason
of the high mechanical strength of the WPU-containing
electrolytes is attributed to the good compatibility and the
cross-linking of hydrogen bonds between WPU and PEO. It is
worth noting that the ionic conductivity of the PEO/WPU
blend electrolyte is a little lower than that of the PEO-only
electrolyte (Fig. 17(b)), and it decreases with the increase of
the WPU content. This can be attributed to the hydrogen
bond interaction between PEO and WPU, restricting the
segmental movement of the polymers (Fig. 17(c)).

Apart from PEO, other polymer matrices have also been
utilized to prepare high-ion-conductivity blend polymer
electrolytes by the polymer blending method [144]. Zhao et al.
[145] fabricated a composite electrolyte by controlling
the ratio of the PVDF-HFP and polyethylene carbonate and
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LiTESI (PECLi). The ion conductivity of the FPEC80/50
electrolyte with 80 wt.% LiTFSI and 50 wt.% PVDEF-HFP
reached 1.08 x 10™* S-cm™ at 30 °C (Fig. 18(a)), which was
attributed to the synergistic effect of the PVDF-HFP and PEC
and the establishment of dual lithium-ion transport pathways
in the composite electrolyte. Moreover, the FPEC80/50 electrolyte
displayed a stable electrochemical window of ~ 4.5 V (Fig. 18(b)).
Li et al. [146] prepared another blend electrolyte consisting of
amorphous PEC and poly(trimethylene carbonate) (PTMC)
with LiTFSI. The PEC/PTMC blends are compatible, and the
existence of the interactions between the host matrix and Li*
can facilitate the dissolution of the Li salt, and thus the ionic
conductivity of the electrolyte increases with the salt
concentration. The PECsPTMC,-LiTFSI blend electrolyte showed
an jonic conductivity of 10 S-cm™ at 50 °C (Fig. 18(c)),
which is higher than that of the single PEC- or PTMC-based
electrolytes.

3.3.3 Nanoparticle filling

Solid-state polymer electrolytes with high ionic conductivity
play a critical role in the development of next generation
lithium-ion batteries with enhanced safety and energy
density. However, the low ionic conductivity of the SPEs at
room temperature and their poor mechanical stability need
to be improved prior to their practical application. To bypass
this problem, a variety of techniques have been attempted
such as the introduction of plasticizers, the formation of
block copolymers, crosslinking polymers, and the addition
of ceramic fillers. Among these strategies, dispersing
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ceramic nanoparticles in the polymer matrices for fabricating
CPEs is attractive, since this can improve both the ionic
conductivity and the mechanical and thermal properties
(Table 5).

3.3.3.1 Zero-dimensional (0D) nanofiller

The commonly-used 0D nanofillers are inert ceramic substances
such as ALOs, SiOs, ZrO,, and TiO.. The dispersion of
inorganic fillers at the nanoscale can reduce the crystallization
of the polymer and improve Li salt dissociation by utilizing
their high surface area ratio and strong Lewis acid-base
interactions between the nanofillers and the electrolyte ion
species. Vignarooban et al. [147] utilized high-dielectric-constant
titania nanoparticles (435 vs. 2.8-3.3 of PEO) to facilitate the
LiTFSI dissociation and increase the concentration of the
mobile carriers for high-conductivity PEO-LiTFSI electrolyte
by the Lewis acid-base interaction. The composite electrolyte
with 10 wt.% TiO. exhibited the maximum conductivity of 4.9 x
107 S-em™ at 30 °C, an order of magnitude higher than that of
the nanofiller-free PEO-LiTFSI electrolyte. Masoud et al. [148]
used the conventional solution casting technique to prepare
PEO-LiClOs composite membranes filled with ALO;

nanoparticles. The ALO; nanoparticles with an average size
of 42 nm were prepared by pyrolysis method. Using X-ray
diffraction, differential scanning calorimetry, and infra-red
spectra characterizations, they found that the melting temperature
(Tm) of PEO decreased with the addition of Li salts and
alumina nanoparticles due to an increase in the amorphous
state. The highest ionic conductivity of the nanocomposite
films containing 1.25 mol PEO was 8.3 x 10~ S-cm™.

In order to increase the interfacial contact area between
the polymer matrices and the ceramic nanofillers, porous
nanoparticles are also applied. For instance, Wen et al. [149]
prepared a nanoporous SSZ-13 particle-filled PEO-LiTFSI
electrolyte. SSZ-13 is an aluminosilicate with three-dimensional
open structure consisting of Si and Al connected by O atoms.
The abundant silicon and aluminum hydroxyl groups on the
surface of SSZ-13 introduce Lewis acid-base sites and promote
the Lewis acid-base interaction between Li salt and SZZ-13
particles. On the other hand, the nanoporous adsorption
effect of the highly ordered nanoporous nanoparticles leads to
the coating of high lithium concentration on the surface of the
SSZ-13 nanoparticles and nanopores, both of which greatly
improve the ionic conductivity. The ionic conductivities of the
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Table 5 Polymer electrolyte modification by nanofilling

Ionic conductivity

Dimension Filler type Polymer matrix (Sem-L, 25 °C) Pros./cons. References
0D ZrO; PAN 1.16 x 107? Large specific surface [75]
P I Dk s
SO (in situ) PEO 4.4 %107 (30 °C) [168]
ALOs (in situ) TEGDA-BA 3.92x 1073 [200]
LizLa;sZr:O12 PEO 3.9x%x10™* [158]
Ga-LLZO PEO 7.2 x 107 (30 °C) [201]
Al-LLZO PEO 4.4x 107 (30°C) [202]
Ta-LLZO PPC 52 x 10 (20 °C) [165]
Ta-LLZO PVDF 5x 107 [203]
Ta-LLZO PEO 4.8 x 107 (60 °C) [204]
Dopamine-modified LLZTO PEO 1.1 x 107 (30 °C) [169]
LATP PEO 1.7 x 107 (20 °C) [69]
LAGP PEO 6.76 x 107 (60 °C) [159]
LinGeP:S12 PEO 1.21 x 107 (80 °C) [205]
LizP3Su PEO 2.1x107 [206]
Hydroxyapatite PEO 6.4x107 (30 °C) [151]
Carbon quantum dot PEO 1.39x 107 [152]
ZnO quantum dot PEO 1.5x107° [207]
UIO/Li-IL PEO 1.3 x 10 (30 °C) [157]
BaTiOs PVDE-HFP/PVAc 2.3 x 107 (30°C) [208]
1D SiO2 PVDEF-HFP 1.08 x 1073 High aspect ratio, [170]
Mg:B.0s PEO 1.53 x 10 (40 °C) tlr]jnzgztrltn;‘;‘;f;;? (172]
Y:0s-doped ZrO» PAN 1.07 x 107 (30 °C) reduction of [173]
ALB2Oy nanorod PEO 435 10" (30 °C) junction-crossing (175]
LLTO PAN 2.4x10* [171]
LLTO PEO 2.4x107™ [209]
Aligned LLTO PAN 6.05 x 10 (30 °C) [65]
LLZO PAN 1.31x 107 [70]
Ta-LLZO PEO 2.13x 10 [210]
LATP PEO 52x1073 [166]
2D Graphene oxide PEO ~107° Abundant surface ion [177]
PEG-grafted graphene oxide PEO 2.1x107(30°C) transport channels [178]
g-CsNy PEO 1.7 x 107 (30 °C) [180]
MXene PEO 2.2 % 107 (28 °C) [182]
Montmorillonite PEC 3.5x10™ [183]
Carbon nitride PVDF-HFP 2.3x 107 (30 °C) [186]
Hydroxide PVDE-HFP 22x107™ [185]
3D Gd-doped CeO: PVDF-PEO 2.3x 107 (30 °C) 3D continuous ion [211]
st e g
PVDF PEO ~107 (30 °C) strength (193]
PI nonwoven PEO ~107* (30 °C) [194]
Cellulose nanofibril PEO 3.1x107° [195]
Aramid nanofiber PEO 8.8x107° [73]
Glass fiber cloth PEO 2.5x 107 (60 °C) [212]
Al-LLZO PEO 2.5%x 107 [162]
LLTO PEO 8.8x 107 [188]
Ta-LLZO PEO 1.17 x 107 (30 °C) [213]
LATP PAN 6.5 x 107 (60 °C) [187]
LigPSsCl PEGMEA 46x10™ [214]
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composite electrolyte with 10 wt.% SZZ-13 particles at 20 and
70 °C are 4.43 x 107 and 2.0 x 107 S-cm™, respectively.

Recent study has shown that the Li*-insulating nanofillers
with lattice defects can improve the ionic conductivity more
effectively. For example, Li et al. [150] synthesized insulating
fluorite GdoiCeosO195 (GDC) and LaosSro2GaosMgo202ss
(LSGM) nanoparticles with high concentration of oxygen
vacancies to improve the ionic conductivity of the PEO-LiTFSI
electrolyte. At 30 °C, the high ionic conductivity of both is
above 10 S.cm™. To investigate the mechanism of ionic
conductance, they applied two methods, namely Li solid-state
NMR characterization and density functional theory (DFT)
calculations. Li solid-state NMR showed that that Li* ions
(> 10%) occupy a more fluid A2 environment in the composite
electrolytes, indicating a strong interaction between the O*” of
LiTFSI and the surface oxygen vacancy of the nanoparticles.
The interactions between LiTFSI and GDC, LSGM, and ALO;
nanopowders die surface in polymer electrolyte were further
studied by DFT calculations. As shown in Fig. 19(a), the
electron accumulation between the O atom of TFSI™ anion
and the crystal surface indicates that a bond is formed
between the TFSI™ anion and the inorganic ceramic filler
surface. Among them, the TFSI” adsorption capacity on GDC
surface is the strongest, while that on ALOs surface is the
weakest (Fig. 19(c)). The strong adsorption of TFSI™ anion on
the surface of oxidized particles would reduce the Li*-TFSI”
interaction and release more Li" ions, thus improving the ionic
conductivity of GDC and LSGM-containing nanocomposite
electrolytes (Fig. 19(b)). In addition, controlling the
electronegativity of the filler surface can promote the dissociation
of lithium and further improve the ionic conductivity of
electrolytes. Liang et al. [151] used hydroxyapatite (HAP) with

LiTFSI

(a) LiTFSI

LTFS|

Adsorption energy (eV)

Caions missing
5] randomly °

—_
o
-

0
CPE-GDC CPE-LSGM CPE-ALO,

More free Li*
transference

negative potential as filler for PEO-based SPE to effectively
improve the ionic conductivity and mechanical strength
of SPE. The surface negative charge on the HAP promotes
the lithium dissociation through its attraction to Li* in
electrochemical reactions (Fig. 19(d)). According to DFT
calculations in Fig. 19(e), the unique surface with negative
potential vacancies of HAP facilitates the lithium salt
dissociation to generate more Li* with dissociation energy of
0.76 eV by attracting Li*, which is superior to that without
HAP (0.41 eV). The PEO-LiTFSI-HAP SPE owns a high ionic
conductivity of 0.064 mS-cm™ at 30 °C (Fig. 19(f)). Because
of the higher conductivity of the HAP-containing electrolyte,
the PEO-LiTFSI-HAP SPE-based LiFePO./Li cell exhibits
higher capacities than the PEO-LiTFSI SPE-based cell in the
temperature range from 30 to 100 °C at 1 C (Fig. 19(g)).
Moreover, the PEO-LiTFSI-HAP SPE-based Li/Li cell can
stably cycle for at least 200 cycles without short circuit at
0.05 mA-cm™ and 60 °C due to the enhancement of the
mechanical strength by the HAP nanofillers (Fig. 19(h)).

Besides the commonly used oxide nanoparticles, carbon
quantum dots (CQDs) have been proved to be important
nanofillers owing to the ultra-small size and abundance of
oxygen-containing functional groups. Wei et al. [152] used
well-dispersed CQDs with a diameter of 2.0-3.0 nm to prepare
high-conductivity composite electrolytes. A large number of
Lewis acid sites can effectively improve the dissociation degree
of lithium and sodium salts by effectively adsorbing anions and
the amorphous properties of PEO matrix, and therefore the
PEO-LiClO4/CQD and PEO-NaClO./CQD nanocomposite
electrolytes show abnormally high ionic conductivity of 1.39 x
10 and 7.17 x 107 S-cm™, and the lithium ion transference
numbers are 0.48 and 0.42, respectively.
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Figure 19 (a) Calculated differential electron density distribution on the surface of GDC, LSGM, and ALOs. (b) TFSI™ adsorption energy on the surface
of the crystal and the corresponding experimental measured Li* ion conductivity. (c) Calculated Li binding energy of the TFSI™ adsorbed on each ceramic
substrate surface, free TESI™ (purple), and free PEO (black). Reproduced with permission from Ref. [150], © Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim 2019. (d) Design of PEO-LiTFSI-HAP SPEs. (e) Schematic of DFT calculations of the dissociation energy of lithium salt in PEO-LiTFSI SPE
and PEO-LiTFSI-HAP SPE. (f) Arrhenius ionic conductivity (o) plots of PEO-LITFSI-HAP SPE and PEO-LIiTFSI. (g) Cycling performances (1 C) of the
LiFePO4-Li cells with PEO-LiTFSI-HAP SPE and PEO-LIiTFSI SPE. (h) Galvanostatic cycling performances of the Li/SPE/Li symmetric cell at a current
density of 0.05 mA-cm™ at 60 °C. Reproduced with permission from Ref. [151], © Elsevier Ltd. 2021.
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Apart from inorganic nanoparticles, organic nanoparticles
built with different organic unites have superior chemical
tailorability, large surface areas, and high thermal stability, and
have also been used as fillers for nanocomposite polymer
electrolytes. Liu et al. [153] synthesized mesoporous organic
polymer (MOP) spheres by a self-template method, and then
used them as nanofillers to prepare PEO-LiTFSI electrolyte
membranes. With the addition of the MOP nanofillers, the
composite electrolytes showed high ion conductivity of 4.4 x
107 S-cm™ at 63 °C and thermal stability of over 270 °C and
can effectively block Li dendrite growth. Zhou et al. [154]
further fabricated a novel and flexible disk-like liquid
crystal-based crosslinked solid polymer electrolyte (DLCCSPE)
by controlling the ionic conductive channel through a one-pot
photopolymerization of directional reactant, poly (ethylene
glycol) diacrylate, and lithium salt. DLC disks also form
columns in DLCCSPE and act as ionic conductive channels
to facilitate ion transfer in the electrolyte. Therefore, the
composite electrolyte has a higher ionic conductivity of 5.48 x
107 S-cm™ at 30 °C than the pristine PEO electrolyte (7.93 x
107° S-cm™). Fu et al. [155] developed a new hybrid nanofiller
via combining the ion-conductive soy proteins (SPs) and
the ceramic nanoparticle, TiO.. The chain configuration and
protein/TiO: interactions in the hybrid nanofiller play critical
roles in improving not only the mechanical properties but also
the ion conductivity, electrochemical stability, and adhesion
properties. Particularly, the ion conductivity of the CPE
loaded with 5 wt.% TiO./(SP-open) hybrid nanofiller is 5 x
107° S-cm™, which is about one magnitude higher than that of
the pure PEO-LiClOs electrolyte.

To further improve the electrolyte properties, MOFs are
used as fillers in composite polymer electrolytes. MOFs,
consisting of metal ion clusters and organic linkers are typical
nanoporous materials, which can provide ideal accommodation
for a variety of guest species. By absorbing Li-containing
compounds or mixtures in the nanopores, MOFs are converted
into lithium ion conductors. Owing to their nanoporous
structure and high ionic conductivity, MOF derived ionic
conductors are ideal fillers in composite polymer electrolytes.
Zhu et al. [156] prepared a PEO-MIL-53(Al)-LiTFSI electrolyte
by using MOFs MIL-53(Al) as a filler for all-solid-state LIBs.
The MIL-53(Al) nanoparticles have a Lewis acidic surface
interaction with N(SO.CFs),™ anions, and the addition of the
particles promotes the dissolution of LiTFSI to increase the
ion conductivity. At the same time, the particles, as the
crossing-linking center of PEO, can not only increase the thermal
stability of the electrolyte, but also enhance the mechanical
strength by building a robust network. The synthesized
electrolyte has an ionic conductivity of 3.39 x 10~ S-cm™ at
120 °C, which is higher than that of the MIL-53(Al)-free
electrolyte (9.66 x 10 S-cm™). Guo et al. [157] applied a
typical MOF material (UIO-66) with the absorption of a
nonvolatile and nonflammable Li-containing ionic liquid, i.e.,
LiTFSI in [EMIM][TFSI], where Li*, EMIM®, and TFSI™ ions
were mobile. The ionic conductivity of the solid electrolytes
with 40 wt.% UIO/Li-IL increased by a factor of 37 to 1.3 x
10 S-cm™ at 30 °C, and the lithium ion transference number
increased to 0.35. The nanoporous UIO/Li-IL fillers can also
effectively suppress the growth of Li dendrites in the PEO
matrix, and the current density for stable Li plating/stripping
in the nanocomposite electrolyte reached to 0.5 mA-cm™,
which was much higher than that of the pristine PEO
electrolyte.
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Different from the abovementioned inert nanoparticles, a few
active Li-containing ceramic electrolytes such as Li;La;Zr.O1n
[158], LiossLaossTiOs (LLTO), LATP [69], LAGP [159], and
sulfides [160] are also used as fillers to further enhance the
lithium ion transfer ability. Finite element simulations reveal
that the ion conduction within the composite electrolytes
mainly occurs at the ceramic—polymer interface [161, 162].
Recent researches suggest that Li ions can also diffuse through
the ceramic electrolyte particles [70, 161]. Thus, the active
filler-based composite electrolytes should exhibit higher ionic
conductivity than the inert filler-incorporated electrolytes in
theory. Hu et al. [163] deeply investigated the ionic transport
mechanisms in different nanocomposite electrolytes by the
solid-state NMR characterization technology combined with
Li isotope labeling. In 2016, they prepared 50 wt.% LLZO
microparticle-filled PEO-LiClOs electrolyte by ball-milling
and following slurry coating, and then found that the Li ions
favored the pathways through the LLZO ceramic phase
instead of the PEO/LLZO interface or PEO matrices. They
also investigated the ion transport pathways in other active
nanofiller-modified composite electrolytes including LLZO
NW/PAN-LiClO4 [70], LissSt7n6TasuZr1405 nanoparticle/ PEO-
LiTFSI [71], and LiioGeP.S:; nanoparticle/PEO-LiTFSI [72],
and proved that most of the Li ions are likely to transport at
the active nanofiller/polymer interfaces rather than in the active
particles. They also prepared LLZO microparticle/PEO-LiTFSI
electrolytes with various LLZO contents (Figs. 20(a) and 20(b)),
and then examined the compositional dependence of the three
determining factors for ionic conductivity such as ion mobility,
ion transport pathway, and active ion concentration [164].
They found that the ion mobility decreased, the ion transport
pathway transited from polymer to ceramic routes, and the
active ion concentration increased, when increasing the
fraction of LLZO phase in the composite electrolytes (Fig. 20(c)).
These changes in the ion mobility, transport pathway, and
concentration collectively determined the jon conductivity
change in the composite electrolytes. In addition, liquid
additives altered ion transport pathways and increased the
ion mobility, thus resulting in the significant increase of the
ionic conductivity. Cui et al. [165] prepared a free-standing
PPC/Lis7ssLasZri75Tao2sO12 (LLZTO) electrolyte through a
doctor blade coating method for ambient temperature and
flexible solid state lithium battery. The composite electrolyte
had high ion conductivity (2.2 x 107 S-cm™’, 20 °C), high ion
transference number (0.75), wide electrochemical window
(4.6 V), and satisfactory mechanical strength (6.8 MPa). The
addition of LLZTO can reduce the crystallinity of PPC and
promote the dissociation of lithium salt, together with the
percolation behavior between PPC and LLZTO, improving the
ionic conductivity of the composite electrolyte. Moreover, the
solid LiFePO./Li battery showed excellent rate capability (5 C)
and cycling stability (95%) at ambient temperature.

It should be noted in the nanoparticle-filled electrolytes,
there are two or three jon-conduction pathways: the ion
conduction pathways in the ion-conductive nanofillers, the
polymer matrices, and the nanofiller/polymer interfaces, and
usually the ion conductivity at the interfaces or the nanofillers
is the highest. Therefore, arranging the nanofillers in lines is
important to increase the ion conductivity by connecting the
nanofillers or the interfaces for continuous ion transport
pathways. Zhai et al. [166] presented an ice-templating-based
method to construct vertically aligned and connected
Li1xALTi«(PO4)s nanoparticles in the PEO matrix to maximize
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the ionic conduction. The vertically aligned ion-conductive
ceramic fillers form fast pathways for Li* transport, and its
conductivity reaches 0.52 x 107 S-cm™, which is 3.6 times that
of the composite electrolyte with the randomly dispersed LATP
NPs. In addition to arranging the nanoparticles vertically by
the ice-templating-based method, Liu et al. [167] used external
AC electric fields to induce the Lii3AlosTii7(POs)s particles and
poly(ethylene glycol) diacrylate in poly-(dimethylsiloxane)
(LATP@PEGDA@PDMS) assembly into a three-dimensional
connected network (Figs. 21(a) and 21(b)). The ionic
conductivity of 2.4 x 107 S-«cm™ at room temperature is higher
than that of the random one (8.0 x 107 S-cm™, Fig. 21(e)). This
greatly improved ionic conductivity is attributed to the parallel
alignment of the LATP particles and the constructed prolonged
lithium-ion conductive pathways (Fig. 21(d)). It is clearly
observed that the LATP@PEGDA domains were connected to
each other and aligned into a stretched necklacelike structure
(Fig. 21(¢)).

However, the poor interaction between the ceramic
nanoparticles and the polymer matrices and the severe
agglomeration of the high-surface-area nanoparticles in the
polymer matrices have a detrimental effect on the improvement
on the electrical and mechanical properties of the electrolytes.
Therefore, in situ generation of nanoparticles in the polymer
matrices or surface functionalization of the nanoparticles are
applied to improve the nanofiller dispersity for high-performance
polymer electrolytes. Lin et al. [168] established an in situ
hydrolysis method to obtain a high-monodisperse SiO; particle
for further synthesis of PEO-based composite electrolyte. This
method not only yields stronger PEO-SiO: interactions
through the chemical bonding and mechanical wrapping, but
also enables better SiO, dispersion in the PEO matrix, thus
greatly increasing the effective surface area of the Lewis acid-base
interaction. Both a lower degree of PEO crystallinity and a higher
degree of LiClOx dissociation can be obtained simultaneously

in the CPE, and the ionic conductivity is then further improved.
Consequently, high ionic conductivities of 4.4 x 10~ and 1.2 x
107 S-cm™ are achieved at 30 and 60 °C, respectively. Li et al.
[169] first modified LLZTO nanoparticles with polydopamine
(PDA) and then synthesized LLZTO@PDA/PEQ electrolyte by
solvent casting method (Figs. 22(a) and 22(b)). The uniform
polydopamine layer of about 5 nm in thickness on the surface
of LLZTO particles was observed by the transmission electron
microscopy (Fig. 22(c)). PDA has good compatibility with
both inorganic LLZTO and organic PEO materials, which
improves the wettability of LLZTO and PEO, resulting in a
strong bond between LLZTO and PEO. Meanwhile, due to the
excellent wetting ability of dopamine, the composite electrolyte
has good compatibility and adhesion with the positive and
negative electrodes of the lithium ion battery. This property
improves interfacial contact at the electrode/solid electrolyte
interface, thereby reducing the overall resistance of the
battery. After modification with dopamine, the agglomeration
problem of LLZTO particles in the polymer matrix is well
improved (Figs. 22(d) and 22(e)). Thus, the ion conductivity
of the composite electrolyte increased from 6.3 x 107 to 1.1 x
107 S-cm™ at 30 °C (Figs. 22(g) and 22(h)), and the interfacial
resistance between the composite electrolyte and lithium
metal anode decreased from 308 to 65 Q-cm’® at 50 °C
(Fig. 22(f)). Meanwhile, the discharge capacity curve at 0.2 C
and 50 °C between 3.0 and 4.0 V shows that the composite
electrolyte-based battery has better cycle stability over 50 cycles
(Fig. 22(i)).

3.3.3.2  One-dimensional (1D) nanofiller

Compared to the 0D nanofillers, 1D nanowires such as Mg:B,Os
nanowire, SiO; nanowire [170], and LLTO nanowire [171] with
high aspect ratio embedded in polymer electrolytes can create
longer continuous fast-ion transport pathways and significantly
reduce the junction crossing (Li* must crosses a large number

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy



24 -no Research Energy 2023, 2: €9120050

= Random sample
« Aligned sample

100 4 - L
g .
B .
. '.
1 aene -."-..\/"
p, o- T T T T T
g{g POMS PEGDA =+ LATP Qg POMS PEGDA =+ LATP o % 100 %0 200

» C 3 2,
s @ e Li* pathway Z'x10° (Q-cm”)

Figure 21 (a) Random morphology of the pristine LATP@PEGDA@PDMS (5:20:100, w/w/w) by in situ optical microscopy. (b) Alignment of
LATP@PEGDA in PDMS under external AC electric field of 100 Hz and 400 V. (c) SEM morphology of the aligned LATP@PEGDA@PDMS after curing
under external an AC electric field of 100 Hz and 400 V. (d) Illustration of electric-field-directed parallel alignment architecting 3D lithium-ion pathways.
The electric-field direction is indicated by the vertical arrow. (e) Electrochemical impedance spectroscopy for the LATP@PEGDA@PDMS with or without
an external AC electric field at 25 °C. Reproduced from permission from Ref. [167], © American Chemical Society 2018.

T . § . >
AL \, Polydopamine OLop?
.\ Polydop s B o2

Intermediate RAE Lo (@)
NP

' 0500 5 o9
5 1 000 5
5% / y A © 0506 002
] ; (oo}

S W
e ]

b 4 %
o Lzro | _PRAcating (11 z10gp0A 10 nm
] 5 s 2

(a)

(b) Agglomeration Well-dispersed (C)

Jor ).
LKA,

+— LLZTOPED-20 ©

~+—LLZTO@PDAPEQ-50 T

1500 2500
z@)
700 -25 260
(g) ——LLZTOPEO-50 °C (h ) —=— LLZTO@PDAPEO (I ) e —=—UZTOPED —=—LLZTOQFOAPED |
600 ——LLZTOPEO-30 °C —e—LLZTO/PEO ~ =
—— LLZTO@PDA/PEO-50 °C 204 1, 2207 fasmy g
—— LLZTO@PDAPEO-30 °C 25014 L
500 - _ H 200
‘T/\ = 1804 95
—~ 400 g =354 % 160 4
g 2 § Mo I
i 1 Fs0
Ry 300 8 _404 B 1201
g &
200 4 = & 100
= —a—LLZTO/PEO —o— LLZTO@PDA/PEO
-4.54 2 804 L85
100 4 ’ a 60
404
o —_— 20 J e 80
0 100 200 300 400 500 600 700 28 29 30 31 32 33 34 35 P T S P T S Sl R
Z'(Q) 1,000 x 77" (K™ Cycle number

Figure 22 Schematics of dopamine polymerized on the surface of LLZTO particle to form a polydopamine coating layer (a) and LLZTO particles
(coated and uncoated with PDA) dispersion in PEO solution (b). (c¢) TEM micrograph of the PDA coating layer on the LLZTO particle. SEM micrographs
of (d) LLZTO/PEO and (e) LLZTO@PDA/PEO. (f) Nyquist plots of lithium symmetric cells at 20 and 50 °C. (g) Nyquist plots of LLZTO@PDA/PEO
and LLZTO/PEO at 30 and 50 °C. (h) Arrhenius plots of LLZTO@PDA/PEO and LLZTO/PEO electrolytes in the temperature range from 80 to 20 °C.
(i) Discharge capacity retention and Coulombic efficiency evolution with cycle number of Li|SSE|LiFePOs all-solid-state batteries with a rate of 0.2 C at 50 °C.
Reproduced from permission from Ref. [169], © The Royal Society of Chemistry 2019.

(&

i 2w | Sci@pen

SEZY Tsinghua University Press



Nano Research Energy 2023, 2: €9120050

of particle-particle junctions in the 0D nanoparticle-based
electrolytes because of the incontinuity of the nanoparticles or
the nanoparticle/polymer interfaces). Tao et al. [172] reported
PEO-LIiTFSI electrolytes filled with Mg.B.Os nanowires. The
average diameter of these nanowires was about 270 nm. The
electrolyte sample with 10 wt.% Mg:B.Os nanowires had a high
ionic conductivity of up to 1.53 x 10 and 3.7 x 10~ S-«em™ at
40 and 50 °C, respectively, attributing to the improved motion
of the PEO chains and the increased Li migrating paths at the
interfaces between the Mg:B,Os nanowires and the PEO-LiTFSI
matrices. The interaction between the Mg,B,Os nanowires and
the —-SO2- groups in the TFSI™ anions also contributes to the
improvement of the ion conductivity. The maximum stress of
the nanofilm containing 5 wt.% Mg,B,Osnanowires is 2.29 MPa,
which is much higher than that of the electrolyte without
nanowires (1.31 MPa). Liu et al. [173] synthesized a solid
composite polymer electrolyte with Y,Os-doped ZrO. (YSZ)
nanowires that are rich in positive-charged oxygen vacancies.
The oxygen vacancy in YSZ has a positive charge and can act as
a Lewis acid site in a composite polymer electrolyte, binding
to anions and then releasing more lithium ions. Compared
with the nanofiller-free electrolyte (3.62 x 107 S-cm™), the
electrolyte filled with 7 mol% YSZ nanowires has the highest
ionic conductivity of 1.07 x 10~ S-cm™ at 30 °C, while the
composite polymer electrolyte with 0D YSZ nanoparticles
only shows 2.98 x 107 S-cm™. It indicates that the nanowires
form a more continuous fast-ion conduction pathway than
the 0D nanoparticles.

Cui et al. [65] further studied the effect of the orientation
of the LLZO nanowires on the ionic conductivity of the
PAN-LICIOx electrolyte. The ionic conductivity of the electrolyte
without nanofillers is very low, i.e., 3.62 x 107 S-cm™, while the
LLZO nanoparticle and random LLZO nanowire-containing
electrolytes show higher conductivities of 1.02 x 107 and
5.4 x 10° S.cm™ at room temperature. When the nanowires
are arranged, the ion conductivity reaches the highest (6.05 x
107 S-cm™), which is one order of magnitude higher than the
polymer electrolytes with the randomly aligned nanowires.
The large enhancement in conductivity is attributed to a
fast ion-conducting pathway with no cross-junctions on the
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surfaces of the aligned nanowires (Fig. 23). Comsol multiphysics
numerical analysis of the ion distribution in composite polymer
electrolytes with the nanowires at different orientation angles
(0°, 30° 45°, 60°, and 90°) is also utilized to prove the faster
ion transport pathways at the LLZO/PAN interfaces (1.26 x
107 S-cm™ at 30 °C, comparable to that of liquid electrolyte).

In addition to the nanowires, nanorods and nanotubes, as
new designed structures of 1D ceramic nanofillers, also greatly
contribute to the improvement of the composite electrolyte
ion conductivity. Romero et al. [174] prepared hydrogen titanate
nanotube filler-based PAN-LiClOs+ composite electrolytes,
and then combined with two characterization methods,
Raman microscopy analysis and ab initio molecular dynamics
simulations to reveal the ion conduction mechanism. The acidic
hydrogen titanate nanotubes can promote the dissociation of
lithium perchlorate at the interface between the polymer and
the nanotube fillers, and thus the PAN-LiClOs composite
electrolyte with 10 wt.% nanofillers showed a high ionic
conductivity of ~ 4 x 10 S-cm™ at room temperature, which
was almost two orders of magnitude higher than the original
electrolyte. Guo et al. [175] synthesized ALB.Os (ABO)
nanorods by an economical sol-gel method and then added
ABO into PEO matrix to prepare PEO based SPEs (ASPEs).
Due to the longer-range ordered Li* transfer channels generated
by the interaction between the ABO nanorods and PEO, the
optimal ASPE exhibited high ionic conductivities of 4.35 x 107"
and 3.1 x 107" S-cm™ at 30 and 60 °C, respectively.

3.3.3.3 Two-dimensional (2D) nanofiller

In addition to the 0D and 1D inorganic nanofillers, 2D graphene
oxide (GO) also acts as an effective additive to enhance the
performance of polymer electrolytes, due to its unique laminated
structure, high specific surface area, abundant oxygen-containing
functional groups, strong mechanical strength, and high
thermal stability [176]. Yuan et al. [177] synthesized solid
PEO-LiClO+-GO nanocomposite electrolyte by solution blending
and evaporation casting method (Fig. 24(a)). The PEO electrolyte
containing 0.5% GO shows a wave-like morphology and the GO
sheets appear to be well integrated into the polymer matrix
(Figs. 24(b) and 24(c)). With the addition of GO nanosheets,

Aligned NWs

Li-ion conduction

Li*

Inorganic NWs

Polymer + Li salt Interface

High conductive

Figure 23 The comparison of possible Li-ion conduction pathways in the nanocomposite electrolytes with (a) nanoparticles, (b) random nanowires, and
(c) aligned nanowires. (d) Compared with the isolated nanoparticles, the random nanowires could supply a more continuous fast conduction pathway for
Liions and the aligned nanowires are free of crossing junctions. Reproduced with permission from Ref. [65], © Nature Publishing Group 2017.
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Figure 24 (a) The preparation schematic of PEO/GO/Li salt membrane. (b) SEM image of GO. (c) SEM image of cross-section of 0.5 wt.% GO/PEO-Li
polymer electrolyte. (d) Melting point (Twm) and glass transition temperature (Tg) of polymer electrolyte films. (e) Crystalline fraction (Xc) of polymer
electrolyte films. (f) Ionic conductivity (o) at room temperature of polymer electrolyte films. (g) Temperature dependence of ion conductivity (1 wt.% GO
content). Reproduced with permission from Ref. [177], © The Royal Society of Chemistry 2014.

the Ty of the polymer electrolyte decreases (Fig. 24(d)) and
the proportion of amorphous regions increases (Fig. 24(e)),
which could improve the mobility of the polymer chains. By
comparing the fraction of free ClO4~ calculated by the FTIR
spectra of the pure PEO and nanocomposites with different
GO contents, they found that the number of dissociated
lithium ions in pure PEO was about 70%. With the addition of
the GO sheets to the polymer electrolyte, the free ions increase
to a maximum of 80% in the 1 wt.% GO-based electrolyte.
This suggests that the GO sheets can also promote the
dissociation of lithium salts by weakening the bonds between
the ion pairs, and leading to an increase in carrier
concentration. The combination of these factors leads to an
increase in the ionic conductivity of the composite electrolyte
(Figs. 24(f) and 24(g)), and the room-temperature ionic
conductivity of the 1 wt.% GO-containing composite
electrolyte (~ 107 S-cm™) is about two orders of magnitude
greater than that of the pristine electrolyte (~ 107 S-cm™).

A few polymers such as PEG [178] and polymeric ionic
liquids (PILs) [179] are further used to functionalize GO to
enhance the compatibility with the polymer matrices and the
dispersion of graphene in the polymer matrices, thus resulting
in the increased Lewis acid-base interactions with lithium
salts. The highly dispersed 2D graphene in the polymer matrix
can also form 3D continuously interconnected ion conduction
channels, and greatly enhance the segment motion ability of
the polymer chain, thus further increasing the Li* ionic
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conductivity of the composite polymer electrolyte (~ 10*S-cm™
at room temperature) [176, 178]. In addition, the incorporation
of the graphene materials can improve the mechanical strength
and thermal stability of the composite polymer electrolytes.
Although a few studies have shown that the graphene oxides
and the polymer-functionalized graphene oxides are insulators,
safety issues such as internal short circuits, heat, and ignition
should be carefully considered because the graphene-based
composite polymer electrolytes also act as separators in the
batteries.

Other 2D nanomaterials such as vermiculite nanosheet,
g-CsN4 nanosheet [180], boronnitride (BN) nanoplate [181],
MZXene nanosheet [182], lithium montmorillonite nanoplate
[183], and MgAIOH nanosheet [184] are further used as
effective nanofillers. Li et al. [182] prepared PEO-LiTFSI
composite solid electrolytes with a small amount of Ti;C,Tx
nanosheets uniformly dispersed in the matrices by a simple
aqueous solution mixing method. The addition of the
hydrophilic 2D MXene nanoflakes (~ 1 nm in thickness) can
weaken the crystallization of PEO and enhance its segment
motility. The ionic conductivity of the nanocomposite electrolyte
containing 3.6 wt.% MXene was the highest at 28 °C (2.2 x
107 S-cm™). Compared with 1D and 2D nanofillers, MXene
was more effective in improving the ionic conductivity. It
must be noted that MXenes have high electronic conductivity,
and the application of high-concentration MXenes in composite
electrolyte membrane may cause battery short circuit. Zheng
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et al. [185] added single-layered-double-hydroxide nanosheets
(SLNs) to PVDE-HFP and obtained robust CPEs, which
provided a high room temperature ionic conductivity of 2.2 x
107 S-cm™ (25 °C), a superior Li* transference number (0.78),
and a wide electrochemical window (4.9 V), under a low SLN
load (1 wt.%). DFT calculations showed that the SLNs can
facilitate the dissociation of LiTFSI and the immobilization
of TESI, thus enhancing the Li* flux in the polymer matrix.
Coupled with the enhancement of the mechanical strength of
the CPEs, the Li symmetric cells showed a stable cycle (over
900 h at 0.1 mA-cm™, 25 °C). In addition, all-solid-state
Li|LiFePOs batteries can run stably more than 190 cycles with
a high capacity retention rate of 98.6% at 0.1 C and 25 °C.
Chen et al. [186] prepared two-dimensional porous graphitic
carbon nitride (PGCN) nanosheets by a simple hydrothermal
and calcined two-step method, and further obtained a
PVDE-HFP/PGCN/LIFSI composite electrolyte film with
excellent properties (e.g., high ionic conductivity of 2.3 x 107
S-cm™ at 30 °C). The excellent performance of the electrolyte
membrane can be attributed to the addition of the PGCN
nanosheets containing a large number of nanopores with a
specific surface area of up to 53.1 m>g, which is conducive to
the uniform distribution of PGCN nanosheets in the polymer
phase and the formation of rich organic/inorganic interfaces,
further enhancing the transmission of lithium ions across
the interfaces. The solid Li/LiFePOs battery showed excellent
cycling performance with a 71% capacity retention after
400 cycles at 0.5 C and 26 °C.

3.3.3.4 3D nanofiller

As can be seen from the previous sections, the improvement
of ion conductivities of the 0D, 1D, and 2D nanofillers is
mostly relied on the rapid interphase conduction between the
nanofillers and the polymer matrices. With the increase of the
filler ratio, the interphase volume and the conductivity should
also increase. However, the nanoparticles tend to aggregate
at high concentration, which would destroy the interphase
infiltration network and fail to further improve the conductivity.
In order to solve this problem, an effective strategy (i.e.,
solution infusion) is proposed by filling the polymer matrices
into 3D nanofiller network structures, which can avoid the
nanoparticle agglomeration and meanwhile provide 3D
continuous pathways for ion conduction with high nanofiller
contents. There are a few ways to construct 3D nanofiller
frameworks, such as electrospinning [162, 187], aerogel,
hydrogel [188], 3D printing [189], and template methods [190].
Guo et al. [191] prepared a composite polymer electrolyte
with 3D porous LLZO networks filled with PEO-Li salt. The
3D garnet framework is fabricated via a polymeric sponge
method, using low-cost polyurethane foam as a template.
The interconnected 3D garnet frames not only enhance the
electrochemical stability, thermal stability, and mechanical
stability of the composite electrolyte, but also form a continuous
lithium ion transport channel, thereby improving the ionic
conductivity. The ionic conductivity of the 3D garnet-based
composite electrolyte at 30 °C is 1.2 x 10™* S-cm™, about twice
that of the garnet particle reinforced composite electrolyte by
the traditional solution casting method. Xiong et al. [192]
designed a new composite solid electrolyte of PMMA-coated
LATP-PVDEF-LiTFSI. On one hand, the interconnected
LATP@PMMA framework is constructed through the
interaction between PVDF and PMMA molecules coated on
the LATP particles. On the other hand, the ion transport in

the LATP/PVDF interface region is promoted through the
coordination of the C-O group and Li* in PMMA. Continuous
Li* transport paths were generated in the LATP framework
and the LATP/PVDF interphase, resulting in an excellent
ionic conductivity of 1.23 x 107 S-cm™ at room temperature.
The LiNiosC002Mno3O2/Li battery has a high capacity retention
rate of 91.2% after 150 cycles at 0.5 C.

The commonly-used 3D conductive ceramic frameworks
are usually composed of ion-conductive LLZO, LLTO, LAGP,
and LATP. High-conductivity composite electrolytes can also
be prepared with inert ceramic frameworks with vertical pores
such as alumina. Cui et al. [66] have reported composite
electrolytes (denoted as APCE) with densely packed, vertically
aligned, and continuous nanoscale ceramic/polymer interfaces,
using PEO as matrices and surface-modified porous aluminum
oxide as the 3D ceramic scaffold (Fig. 25(a)). They believe that
the 0D nanoparticle filler-based electrolyte has short and isolated
fast-ion conduction pathways, and the nanowire-based
electrolyte has longer and more continuous fast-ion transport
pathways. To further prolong the ion transport pathways, the
authors used anodized aluminum oxides to form directional
and vertically-aligned continuous ceramic/polymer interfaces
(Fig. 25(b)). The ionic conductivity of the APCE electrolyte
is 5.82 x 10™* S-cm™ (Figs. 25(c) and 25(d)), an order of
magnitude higher than that of the original electrolyte (SPE,
1.69 x 107 S-cm™), and about four times higher than those of the
0D nanoparticle-filled electrolyte (CSPE-NPs, 3.13 x 10~ S-cm™)
and 1D nanowire-filled electrolyte (CSPE-NW, 4.13 x 107 S-«cm™).
They also calculated that the ceramic/polymer interfacial ion
conductivity can reach 10 S-cm™ at 0 °C.

It should be noted that the thickness of the composite
polymer electrolyte films with the ceramic frames is usually
large, which seriously affects the energy density of lithium-ion
batteries and meanwhile causes the increase of the battery
resistance. In addition, the weak and cross-linked ceramic
networks may affect the flexibility of the composite electrolytes.
In order to achieve high flexibility of composite polymer
electrolyte membranes, a few organic materials like PVDF
nanofiber [193], polyamide 6 (PA6) microfiber non-woven
fabric [194], cellulose nanofiber (CNF) [195], aramid nanofiber
(ANF) [73, 196], and polyimide nanofiber [197] are further
utilized as 3D nanofiller frameworks. However, the large
nanofiller size and the limited contact area and interaction
between the non-conductive nanofillers and the polymer
matrices may be detrimental to the ionic conductivity. Sun
et al. [198] found that the 3D glass fiber frame-supported
PEO-LiTFSI electrolyte had a slightly lower ionic conductivity
(1.9 x 10*S-cm™) at 60 °C than the pristine PEO-LiTFSI
electrolyte, although its mechanical strength, electrochemical
window, and lithium dendrite inhibition ability were greatly
enhanced.

To improve the ionic conductance of the organic
frameworks and their composite electrolytes, Kawakami et al.
[197] prepared an ion-conductive PEO-grafted polyimide
(PI-g-PEO) nanofiber network by an electrospinning method,
and then filled the PEO-LiTFSI electrolyte into the 3D porous
PI-g-PEO network to obtain thin and flexible composite
polymer electrolytes (Figs. 26(a)-26(c)). The thickness of
the PI-g-PEO nanofiber framework-supported PEO-LiTFSI
membrane was about 19 um, similar to the thickness of the
pristine nanofiber framework (20 um). Due to its unique
structural integrity of the PI-g-PEO nanofiber framework, the
mechanical strength of the solid-state PEO-LiTFSI electrolyte
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polymer interfaces. (c) Impedance spectra measured at room temperature. (d) Temperature dependence of ionic conductivities. Reproduced with permission
from Ref. [66], © American Chemical Society 2018.
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increased from 0.45 to 3.3 MPa. The PI-g-PEO nanofiber-
supported composite electrolyte film also had a low
crystallization temperature of 31 °C and a PEO crystallinity
of 24% (Fig. 26(d)), resulting in high mobility of the PEO
chain segments and the increase of the ionic conductivity
of the composite electrolyte film (1.0 x 10™* S-cm™ at
room temperature, Fig. 26(c)). Furthermore, the composite
electrolyte-based battery displayed a high discharge capacity
of over 120 mAh-g™ after 50 cycles at 0.05 C and 60 °C
(Fig. 26(e)). In order to further increase the ionic conductivity
of the composite electrolytes, Lee et al. [123] filled a
high-ion-conductivity plastic nitrile in a high-strength PET
framework film, and the PET nonwoven-supported ETPTA-
succinonitrile-LiTFSI composite electrolyte with a thickness
of 25 um showed a high ionic conductivity of 5.7 x 10 S-cm™
at 30 °C.

3.3.4 Synergistic effect

Above we have introduced three kinds of modification
strategies on the polymer electrolytes regarding additives, and
each modification method has its own merits and disadvantages.
Appropriate addition of these additives can increase the ionic
conductivity of the polymer electrolytes, but excessive additives
usually result in the decrease in the ionic conductivity or severe
degradation of other properties. The utilization of two or
more additives may further increase the ionic conductivity
or improve other properties based on the synergistic effect.
Likewise, the integration of two or three modification methods
can also achieve the strengthening effect.

The commonly-used method is the combination of
nanoparticle filling and plasticizer addition. Klongkan et al.
[115] prepared a PEO-LiCF:SO; based composite solid
electrolyte by ball milling and hot pressing using nano
alumina as filler and DOP and PEG as plasticizers. ALO; can
destroy the ordered arrangement of the polymer side chains,
reduce the crystallinity, and further lead to the increase of
amorphous phase. At the same time, the plasticizers of DOP
and PEG can further increase the amorphous phase content in
the polymer electrolyte. The PEO-15 wt.% LiCFsSOs electrolyte
showed a room-temperature ionic conductivity of the order of
107° S-cm™, but the conductivity increased to 10°-107* S-cm™
by adding nano ALO; and plasticizer to the PEO-LiCFs;SO;
SPE. The maximum jonic conductivity of the 20 wt.%
DOP-modified PEO-LiCF:SOs composite was as high as 7.60 x
10™*S-cm™.

Chen et al. [119] synthesized a PEO-based solid electrolyte
with a solid oxide lithium ion conductor of LLZO and a SN
plasticizer by a solution casting method. The plasticity of SN
can effectively solve the interface contact problem between the
electrode and the electrolyte, while LLZO can further improve
the electrochemical window and mechanical strength of
composite electrolyte. Both of them also have positive effects
on increasing the concentration of free lithium ion and
inhibiting the crystallization of PEO. The ionic conductivity
of the PEO-LiTFSI-7.5% LLZO-10% SN electrolyte was the
highest at room temperature (1.19 x 10™* S-cm™). In addition,
the electrolyte had good electrochemical stability (5.5 V vs.

Li/Li*) and good interface compatibility with lithium electrode.

The electrolyte-based cells had an initial discharge capacity of
130.2 mAh-g™' and remained 80.0% of the initial capacity after
500 cycles at 1 C. The batteries can also work well at lower
temperatures (30 and 45 °C).

In addition to adding plasticizers and nanofillers at the same

time, the combination of nanoparticle filling and polymer
blending is also proven as an effective modification method.
Wang et al. [215] discovered that the Young’s modulus
(4.73 MPa) of PEO/LLZTO electrolyte was much lower than
that of the PVDF-HFP/LLZTO electrolyte (12.3 MPa), but the
ionic conductivities of the PEO/LLZTO electrolyte (1.83 x
107 and 1.86 x 10 S-cm™) were much higher than those
of the PVDF-HFP/LLZTO electrolyte (3.68 x 10~ and 3.68 x
107° S-cm™) at 21 and 60 °C. Therefore, LLZTO powder was
selected as the filler to be added into PEO and PVDF-HFP
mixed matrices to prepare composite electrolytes with
comprehensively-updated properties. The PVDF-HFP blended
electrolyte membrane with 40% LLZTO had a high tensile
strength of 3.5 MPa and a modulus of 53.5 MPa (~ 10 times
that of PEO/LLZTO membrane) and ionic conductivity of
420 x 107 S-em™ at 60 °C. The Li/Li symmetric battery
equipped with this new composite electrolyte can cycle steadily
over 600 h, while a control battery using the PEO/LLZTO
electrolyte short-circuited within 100 h. In addition, the
composite electrolyte-based solid-state LiFePO4/Li full battery
can maintain 93.4% of initial capacity after 140 cycles. Lim
et al. [216] first blended PEO with PMMA and then added
silica aerogel particles as inert inorganic fillers to the
PEO-PMMA-LIiClO. electrolyte to obtain a solid polymer
electrolyte with high ionic conductivity and improved thermal
stability. Silica aerogel powder with high specific surface area
provided abundant Lewis acid centers, which can induce Lewis
acid-base interaction between the polar surface of the ceramic
particles and lithium ions, and promote the dissociation of
lithjum salts. XRD and FTIR analyses showed that the blending
of PMMA and PEO can effectively suppress the crystallization
of the polymer and lower the glass transition temperature.
Due to the synergistic effect of the silica particle and PMMA,
the composite electrolyte with PEO:PMMA = 8:1 and 8% silica
showed the highest ionic conductivity of 1.35 x 107 S-cm™ at
30 °C and excellent mechanical stability.

3.3.5 Remarks

Adding organic plasticizers in polymer electrolytes is a
commonly-utilized method to increase the ionic conductivity.
Due to their high dielectric permittivity, liquid carbonates are
usually applied as plasticizers to adjust the polymer interchain
interactions and the polymer polar group-Li* and anion-Li*
interactions, thus lowering the activation energy for fast ion
motion; however, these solvents can cause electrolyte leakage,
flammability, electrochemical instability, and mechanical
property degradation. Similarly, adding high-thermostability
ionic liquids into the polymer electrolytes can also weaken
the polymer segment interaction and promote the polymer
segment movement and the lithium salt dissociation, but the
mechanical properties also become poor. In contrast, utilizing
oligomer polymers can both improve the thermostability and
mechanical strength, and meanwhile increase the ionic
conductivity by decreasing the polymer matrix crystallinity.
As another solid-state plasticizer, succinonitrile imparts a
plastic character below its melting point and can greatly increase
the ionic conductivity by solvating lithium salts and reducing
the polymer crystallinity; however, it has issues such as side
reactions with lithium metals and insufficient mechanical
properties. Improving the interface stability with lithium
anodes by functional additives and confining succinonitrile in
high-strength substrates would facilitate their applications in
solid-state metallic lithium batteries.
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The ionic conductivity and even other properties can be
also improved by simply blending two or more polymers, and
the increase of the ionic conductivity is usually attributed to
the inhibition of the polymer crystallization and the facilitation
of the lithium salt dissociation. Of course, the strong interaction
between the polymer matrices and the polymer additives would
strengthen the mechanical properties, but this may cause the
decrease in the ionic conductivity. Thus, the compatibility
of the mixed polymers and the interactions between the
polymers should be carefully considered when preparing the
blend polymer electrolytes.

Similar to the functionality of the abovementioned methods,
micro-/nano-particle filling in the polymer electrolytes can
also increase the ionic conductivity by inhibiting the polymer
matrix crystallinity and facilitating the lithium salt dissociation.
Another important advantage of the nanoparticle filling is the
formation of many fast-ion pathways at the nanoparticle/polymer
matrix interfaces or on the nanofiller surfaces. In comparison
with the 0D nanofillers, 1D and 2D nanofillers can make use
of their morphological advantages to generate continuous line
and surface long-range ion transport channels. The further
construction of 3D ion transport pathways (at the interfaces or
the 3D substrates) by filling polymer electrolytes in 3D porous
frameworks can effectively avoid the agglomeration of the
low-dimensional nanofillers, and make high-concentration filling
possible, thus significantly improving the ionic conductivity
and even the mechanical strength, thermal stability, and
electrochemical stability. The adjustion of the interactions
between the nanofillers and the polymer matrices/lithium
salts would greatly change the polymer crystallinity and the
free ion concentration, while the arrangement orientation of
the nanoparticles parallel to the electrical field can shorten the
ion transport distance for high ionic conductivity.

Each modification strategy has its own advantages and
drawbacks as we have mentioned above. The combination
of two or more methods would further improve the ionic
conductivity or other properties to facilitate the viable application
of polymer electrolytes in solid-state batteries based on the
synergistic effect.

3.4 Electrolyte micromorphology adjustion

3.4.1 Pore structure

Apart from the chemical composition and structure, the
morphology characteristics such as pore and thickness also
have an important impact on the electrical and mechanical
properties of the solid polymer electrolytes, although there are
only a few researches on this issue. The pore size and porosity
effect on the GPEs have been deeply studied, and it is found
that the porosity, pore size, and pore uniformity determine
the ionic conductivity and mechanical strength of the GPEs
[217-219]. In general, the GPEs with higher porosity can
accommodate more liquid polar electrolytes and thus exhibit
higher ionic conductivity, but the mechanical strength would
decrease. Moreover, too big pore sizes would reduce the
contact area or interface area between the polymer matrices
and the liquid electrolyte, which is detrimental to the ionic
conductivity. The interconnected pore structure is conducive
to the continuous transport of the ions. Thus, it is necessary to
exploit polymer matrices with continuous and uniform pores,
and proper porosity to get a balance between the high ionic
conductivity and the mechanical strength [220].
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Extraction and phase inversion methods are usually used to
prepare pours polymer matrices for the GPEs with certain
mechanical strengths, and the pore structure severely affects
the polymer composition, solvent type, and the evaporation time
and temperature [221]. The extraction method was found by
the researchers in Bellcore Laboratory in 1994 [222, 223].
They prepared porous PVDF-HFP films using low-boiling
diethyl ether as an extraction agent with the assistance of the
phase separation of the solvents, and found that the high
porosity would result in the increase of the ion conductivity
and the decrease of the mechanical strength of the gel polymer
electrolyte. Later, porous PVDF-HFP/PEG hybrid polymer
electrolytes were prepared by the convenient casting method
and the following extraction of PEG by water [221]. The
PEG molecules were extracted by water from the PVDEF-
HFP polymer membrane during the casting process to
generate pores (Figs. 27(a)-27(c)). The porosity on the ionic
conductivity of the electrolyte was also explored, and it was
found that with the increase of PEG concentration or the
casting time, both the porosity and the ionic conductivity
gradually increased. The ion conductivities of all the polymer
electrolyte systems were higher than 107 S-cm™ at room
temperature (Figs. 27(d) and 27(f)). The mechanical strength
was also improved (Fig. 27(g)). Moreover, the polymer
electrolyte composites were stable up to about 5 V (Figs. 27(h)
and 27(i)).

Another method for preparing porous polymer matrices
such as PVDF-HFP, PAN, PMMA, and PEO is phase inversion,
and the generated pores were owing to the different dissolution
and evaporation rates of the mixture solvents [224]. Zhou et al.
[225] synthesized a poly(B-Vd) which contains cyclic boroxine
and cyclic carbonate groups by using polyethylene glycol
methyl methacrylate (B-PEGMA) (containing boronic acid
monomers) and 4-vinyl-1,3-dioxan-2-one (Vd), and then
combined the poly(B-Vd) copolymer with the PVDF polymer
matrix to prepare borate-based porous polymer electrolytes
(B-PPEs) by the phase inversion method (Fig. 28(a)). With the
increase of the poly(B-Vd) content, the pore size in the
polymer matrix becomes smaller and the pore distribution is
narrower and more uniform (Figs. 28(b), 28(c), and 28(f)).
There are well-connected pores inside, which can provide fast
conduction channels for lithium ions. The DSC curves
showed that the peak intensity of the B-PPE film decreased
with the increase of the B-Vd content, indicating that the
increase of the B-Vd copolymer and the pores could inhibit
the crystallization of PVDF (Fig. 28(h)). This leads to an
increase in the ionic conductivity of the B-PPEs, which is 3.12 x
10™* S-cm™ for the B-PPEO and 1.32 x 107 S-cm™ for the
B-PPE40 at 30 °C (Fig. 28(i)). The electrochemical window of
the B-PPEs is also expanding (Fig. 28(e)). The introduction
of the B-Vd and the pores can also promote the uniform
deposition of Li and suppress the growth of the Li dendrite. The
Li/B-PPE40/Li battery exhibits a low and stable overpotential,
and the polarization voltage held at 11 mV after 1,000 h
(Fig. 28(d)). Furthermore, the Li/B-PPE40/LiFePO4 batteries
have better cycling performance and higher specific discharge
capacity than the B-PPEO-based batteries (Fig. 28(g)).

The commonly-prepared SPEs membranes are dense
without porous structures, and the effect of the porosity on
the electrical properties is usually ignored. However, recent
studies have found that the pore surface is also beneficial to
the fast ion transport in the SPEs [219, 226]. Liang et al. [227]
prepared a PEO-PMMA-LiClO4-x wt.% phytic acid (PA)
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Figure 27 (a) FTIR spectra of the pure PEG and polymer electrolyte films prepared before and after casting process. SEM images of the porous
PVDF-HFP/PEG membrane with the incorporated PEG concentrations of (b) 0 wt.% and (c) 20 wt.%. (d) Dependence of the PVDF-HFP/PEG membrane
porosity on the film-casting time with the PEG concentration of 15 wt.%. (e) Influence of the PEG concentration on the PVDF-HFP/PEG membrane porosity
after immersion in water for 10 h. (f) Effect of the swelling ratio (Q) on the ion conductivity of the PVDF-HFP/PEG electrolyte at room temperature with
the LiBF4 concentrations of 0.3, 0.66, 1.0, and 2.0 M. (g) Tensile behaviors of the PVDF-HFP/PEG film with 0 wt.%, 6.1 wt.%, 11.5 wt.%, and 16.3 wt.% PEG.
Cyclic voltammograms of the PVDF-HFP/PEG electrolyte containing 1 M LiBF+EC/PC electrolyte with the Q of (h) 2.1 and (i) 6.0. Reproduced with
permission from Ref. [221], © Elsevier B.V. 2003.
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electrolyte, and then studied the effect of the PA additive content
on the morphology, pore structure, and electrochemical
performance of the porous electrolyte membrane (Fig. 29(a)).
It is confirmed that the addition of PA plays an important
role in regulating the electrolyte morphology including
the pore size and porosity (Figs. 29(c)-29(f)). The 15 wt.%
PA-resulted solid electrolyte with around 20% porosity
shows higher ion conductivity of 1.59 x 10~ S-cm™ than the
PA-free electrolyte with around 5% porosity (6.9 x 10 S-cm™)
at 20 °C (Fig. 29(b)), and the electrochemical window is above
5V (Fig. 29(g)).

In addition to the fast ion transport on the pore surface in
the porous SPEs, the polymer/polymer and polymer/filler
interfaces are also found to be fast-ion transport pathways.
Chen et al. [75] applied a simultaneous electrospinning/
electrospray method to roll-press PAN and conductive
ceramic into thin films, immersed them in LiClOs solution,
and then dried to form electrolyte films (Fig. 30(a)). The FTIR
curves show that there is an interaction between Li* and the
cyanide groups in PAN, and LiClO, in the composite film is
completely dissociated (Fig. 30(b)). In order to verify that Li*
can be conducted through the polymer/filler interface, the
authors changed the diameter of the ZrO, particles, but kept
the total amount of ZrO, unchanged. It was found that the ionic
conductivity increased with the decrease of the ZrO, particle
size (the increasing of specific interfacial area) (Fig. 30(d)).
The ionic conductivity was up to 1.16 x 107 S-cm™. In addition,
the ionic conductivity also increased with the increase of the
ZrO; content (Fig. 30(f)). These results show that if there are
ceramic fillers in the electrolytes, Li* can transport through
the polymer/filler interface. Besides, the electrospinning
would generate many polymer/polymer interfaces through
which Li* can transport, and thus the conductivity without
the ceramic phase reaches 2.9 x 10™* S-cm™, which is much
higher than the blade-casted electrolyte (10°-107 S-cm™,
Fig. 30(c)). The NMR spectra also confirmed the existence
of four Li* transport pathways in the electrolyte, i.e., PAN,
LLZTO, PAN/PAN interface, and LLZTO/PAN interface
(Fig. 30(e)). Moreover, the Li-CNT|PAN/LiCIOsLLZTO|Li-CNT
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battery can cycle stably for 5,000 h at 1 mA-cm™ with stable
overpotentials (Figs. 30(g) and 30(h)).

3.4.2 Thickness

The thickness of the solid-state electrolytes has an adverse
impact on the overall ionic conductance, internal resistance,
gravimetric, and volumetric energies, and even the cost of
the solid-state LIBs [228, 229]; however, most of the batteries
reported recently are composed of thick SSEs with the
thickness of = 100 pm [230]. To achieve high energy densities
over 300 Wh-kg™" and 500 Wh-L™', thin SSEs are quite necessary.
The gravimetric energy density of the LiNiosCo001Mno.1O,/Li
battery can even reach 500 Wh-kg™, if the polymer electrolyte
and the ceramic oxide electrolyte have small thicknesses of
12 and 8 pm, respectively [231, 232]. Although the inorganic
electrolytes such as oxides and sulfides have much higher
ionic electrolytes than the polymer electrolytes, they also have
higher densities than the polymer electrolytes. Thus, it is
important to reduce the electrolyte thickness for high-energy-
density LIBs. But the brittleness and rigidity of the ceramic
electrolytes hinder their preparation of thin films [233]. Of
course, the reduction of the thickness of the polymer electrolytes
would also cause the loss of the mechanical strength and the
safety issues during the fabrication and cycling processes of
the solid-state LIBs.

A few physical vapor deposition methods such as pulsed
laser deposition, radio frequency magnetron sputtering,
chemical vapor deposition, and atomic layer deposition can be
used to prepare inorganic thin films [234, 235]. Especially, the
magnetron sputtering method has been widely used to fabricate
amorphous electrolyte films via the deposition of solid
electrolyte particles on substrates by physical sputtering under
vacuum condition. The thickness of the electrolyte films
prepared by these methods is usually quite thin, even up to
several tens of nanometers, which can effectively reduce the
impedance of the entire battery. However, these physical
deposition methods have a few disadvantages such as high
preparation cost, small film area, and low ionic conductivity.
The thin electrolyte films also need to be deposited/sputtered
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Figure 29 (a) Schematic fabrication process of the porous polymer membrane. (b) Impedance spectra of the SS/PPEs/SS cell at 20 °C. (c) Porosity and
liquid electrolyte uptake as a function of the PA weight fraction in the porous membranes. SEM images of the porous PEO-PMMA-LiClOs-15 wt.% PA
membranes at the (d) front surface, (e) back surface, and (f) cross section. (g) LSV plots of the PPEs with 0 wt.% and 15 wt.% PA. Reproduced with

permission from Ref. [227], © Elsevier B.V. 2015.
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Figure 30 (a) Schematic description of the preparation of the electrolyte. (b) FTIR spectra of PAN, PAN:ZrO,, PAN:LLZTO, PAN/LiClO4+ZrO>, and
PAN/LiClO+:LLZTO. (c) Nyquist plots of electrospun and blade-casted PAN/LiClO4 samples at 25 °C. (d) Nyquist plots of the PAN/LiClO4:ZrO, BISCs
with the ZrO; particle sizes of 220, 365, and 470 nm. (e) °Li MAS NMR spectra of the PAN/LiCIO4LLZTO, PAN/LiClO4:ZrO;, electrospun PAN/LiClOs,
and the blade-casted PAN/LiClO4. The right pane exhibits the deconvolution of the BISC spectra. (f) Ionic conductivity of the PAN/LiClO4:ZrO;
BISCs with different contents of ZrO, ranging from 0 wt.% to 67.1 wt.% at 25 °C. (g) Galvanostatic stripping/plating cycles of the symmetric Li-CNT]|
PAN/LiClO&LLZTO|Li-CNT cell under different current densities. (h) Extended cycling performance of the Li-CNT|PAN/LiClO+LLZTO|Li-CNT cell
under 1 mA-cm ™ and 0.5 mAh-cm™. Reproduced with permission from Ref. [75], © American Chemical Society 2020.

on a substrate. In addition, high vacuum deposition techniques
are extremely expensive and do not present a scalable process
for commercial development of the solid-state battery. More
importantly, these methods are not applicable in the preparation
of solid polymer electrolytes. Ling et al. [236] prepared LATP
electrolyte films by the magnetron sputtering technology for
thin-film batteries. The LATP films were composed of fine
particles, and had smooth surfaces without obvious cracks
and pinholes. However, the thin films were difficult to be
peeled off from the substrates, and the room-temperature
ionic conductivity was only 6.47 x 107 S-cm™". Xu et al. [237]
prepared a thin Li-La-Ti-Zr-O electrolyte film with a thickness
of 611 nm and an ionic conductivity of 2.83 x 10°S-cm™ at
room temperature via the radio frequency magnetron
co-sputtering using LiosLaossTiOs and LizLasZr2O1 powder
targets.

Compared to the abovementioned physical deposition
methods, solution casting method is a low-cost electrolyte
film preparation method by simply pouring the electrolyte
solution into an inert mold and then evaporating the solvents,
which has been widely used to fabricate flexible polymer
electrolytes, but the polymer electrolyte thickness is usually
lager than 100 pm for high flexibility and processibility [238].
The thickness can also be changed by adjusting the volume
and concentration of the electrolyte solution. To enhance the
mechanical strength of the electrolyte films, nanoparticles
are usually added into the solution to prepare composite
electrolyte films (Table 6). Yang et al. [230] prepared a CPE
membrane by the incorporation of LiwSnP>S1> particles into
the PEO matrix using a solution-casting method. Because of

the uniform distribution of the high-conductivity LiioSnP.S:,
particles, the inhibition of the PEO crystallization, and the
interactions among the PEO chains, the 1 wt.% LiioSnP2S12
particle-containing CPE film had a maximum ionic conductivity
of 1.69 x 10™* S.cm™ at 50 °C and the highest mechanical
strength. Thus, the CPE-based Li-S battery exhibited outstanding
electrochemical cycling performance with a high discharge
capacity of ~ 1,000 mAh-g™', high Coulombic efficiency, and
excellent cycling stability at 60 °C. Direct casting of the
electrolyte solution on the cathode or anode surfaces after the
subsequent drying process offers another route to achieving
small thickness of the electrolytes, but it should be mentioned
that the solvent may destroy the electrode microstructure.
Of course, the electrolyte solution can penetrate the pores of
the electrodes and greatly improve their physical contact for
the continuous ion transport.

Tape casting is also known as doctor blading or knife
coating, which is widely utilized to prepare large-area electrodes
in LIBs. The tape casting method for preparing ceramic
electrolyte films usually contains the following processes: (1) the
dispersion of the ceramic electrolyte powders with an organic
binder in a solvent; (2) the coating of the homogenous slurry
on a flexible substrate using a doctor blade; (3) the evaporation
of the solvent for flexible ceramic films with a thickness
range of 20-1,000 um; (4) hot pressing of the dried films to
further improve the interconnectivity of the ceramic particles;
(5) annealing of the ceramic films to evaporate the organic
components and strengthen the connectivity of the ceramic
phases for thin and dense ceramic electrolyte films [230].
Chi et al. [239] prepared a thin Liis«AlosGe16(PO4)s film with
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Table 6 Thin solid-state electrolytes

Tonic conductivity

Preparation method Electrolyte type (S-em-, 25 °C) Thickness (m) References
Solution casting PEO-LiTFSI-Li10SnP1S12 23%x10™ 30 [230]
Tape casting Li14Alo4Ge16(POs)3 34x107™* 75 [239]
Tape casting Lio34Laos6TiO3 2.0x107° 25 [234]
Tape casting Ceramic oxide 1.1 x 107#(60 °C) 10 [244]
Hot pressing Li,S-P2Ss ~10™ 64 [238]
Cold pressing Sulfide 2.0x10™ 35 [241]
Solution infusion PI-g-PEO/PEO-LiTFSI ~107 19 [197]
Solution infusion PE/PMMA-PS/PEG-LiTFSI 1.9 x 107 10 [242]
Solution infusion PE/PEO-LiTFSI 107°(30 °C) 8 [243]
Solution infusion PI/PEO-LiTFSI 2.3 x107(30°C) [233]
Solution infusion Vermiculite/PEO-PAN-LiTFSI 2.1x10™ 4 [232]

a thickness of 75 um and a high ionic conductivity of 3.4 x
107 S-cm™ at 25 °C by the tape casting method. The high
ionic conductivity of the sample was ascribed to the increase of
the relative density by the proper heat-treating process, which
can effectively reduce the resistance of the grain boundary.
Wang et al. [234] prepared a freestanding ceramic electrolyte
film of perovskite-type LLTO with a thickness of 25 pm by the
tape casting method (Figs. 31(a)-31(f)). Compared to the cold
pressing-resulted thick electrolyte with a thickness of > 200 pm,
the tape casting-resulted thin film showed a high ionic
conductivity of 2.0 x 107 S-cm™ at room temperature and a high
flexural strength of 264 MPa. The solid-state LIBs with 41 um
thick LLTO films exhibited an initial capacity of 145 mAh-g™'
and a high capacity retention ratio of 86% after 50 cycles.
Though the obvious advantages such as the scalability for

(@)

Green film

PET release film

large-area electrolyte film production and the reduction of
the preparation cost, the electrolyte preparation is complicated
and energy consuming, because of the processes such as the
planetary ball milling and hot pressing. The utilization of the
toxic solvent is also harmful to the environment.

Ceramic electrolyte pellets with high thickness are usually
prepared by cold pressing of the electrolyte powders in a mold
and then calcinating them at high temperatures. To reduce the
electrolyte thickness and preparation cost while maintaining
the flexibility of the electrolytes, cold pressing has been
developed by facilely putting the electrolyte powders (or the
electrolyte powders with non-polar solvents) into the pores
of the porous scaffolds under high pressure. Jung et al. [240]
prepared thin and bendable sulfide electrolyte films with a
thickness of ~ 70 um by pressing soft sulfide particles into
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Figure 31 (a) Schematic description of the preparation of LLTO films using a tape-casting method, photographs of (b) LLTO casting film on PET release
film after drying, (c) LLTO scroll film after being stripped off from the PET film, and (d) LLTO casting film disk with a diameter of 22 mm, and (e) cross-
sectional SEM images (inset is a photograph) with EDS mapping and (f) surface SEM image of the LLTO ceramic film after sintering at 1,260 °C.
Reproduced with permission from Ref. [234], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2019.
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polyparaphenylene terephthalamide (PPTA) NW scaffolds. Due
to the effective mechanical supporting by the high-strength
PPTA, the sulfide electrolyte films had high flexibility and
the ionic conductivity reached 2.0 x 10™* S-cm™ at room
temperature. Moreover, the energy density of the LCO/LTO
cells with the thin electrolyte films increased by approximately
a factor of 3 (to 44 Wh-kg™), compared to the conventional
all-solid-state cells without the NW scaffold. Yao et al. [241]
prepared an ultra-thin free-standing sulfide electrolyte
film with a thickness of ~ 35 pum by cold pressing of
polydopamine-coated LisPSsCl particles. Because of the high
ionic conductivity (0.2 mS-cm™ at room temperature) and
the small thickness of the electrolyte films, the energy density
of the full cells with 6.37 mg-cm™ cathode loading reached
284.4 Whkg ™.

Apart from the cold pressing method, hot pressing is also
exploited to prepare ceramic electrolyte films and even
polymer electrolyte films. The applied heat can easily melt the
polymers or the organic binders and evaporate the solvents.
The utilization of the binders can enhance the flexibility of
the electrolyte films, but the low-conductivity binders have a
negative impact on the conductivity of the electrolyte films
after the hot-pressing process. Thus, the content of the binders
should be minimized to balance the flexibility and the ionic
conductivity. Zhang et al. [238] prepared an electrolyte film
with a thickness of 64 pm by the hot pressing method. The
electrolyte film also had high flexibility and room-temperature
ionic conductivity of ~ 107 S-cm™, because of the penetration
of the in situ derived polymer matrix in the void space between
the solid ceramic particles.

Compared to the aforesaid methods, solution infusion
method is considered as one of the most important routes to
preparing thin CPE membranes by infusing the electrolyte
solution/slurry into porous substrates and then evaporating
the solvents. The ionic conductivity of the CPE films is
determined by the porous substrates (e.g., the intrinsic ionic
conductivity) and the interaction between the porous substrates
and the polymer electrolytes, while the thickness is mainly
relied on the porous substrates (e.g., the thickness and the
mechanical strength). As we have mentioned in Section 3.3.3,
the porous ceramic electrolytes (e.g., LLZO, LLTO, LAGP, and
LATP) with high ionic conductivity have been used as substrates
to prepare CPE membranes for high ionic conductivity and
mechanical strength; however, the membranes are too brittle
and inflexible, and the thickness is usually higher than 100 um
[187-189, 191, 232]. To reduce the thickness and meanwhile
increase the flexibility of the electrolyte membranes, organic
substrates composed of PVDF nanofiber [193], PA6 microfiber
non-woven fabric [194], CNF [195], ANF [73, 196], polyimide
nanofiber [233, 197], and polyethylene separator [242, 243]
are further utilized to prepared CPEs. Nevertheless, the organic
substrate-supported CPE films have much lower ionic conductivity
than the ceramic electrolyte substrate-supported CPEs, because
of the low intrinsic conductivity and high content of the organic
substrates. Adjusting the interaction between the substrates
and the polymer matrices/lithium salts to decrease the polymer
matrix crystallinity and facilitate the lithium salt dissociation
offers an important way to increase the ionic conductivity of
the CPE films.

3.4.3 Remarks

A few methods such as extraction and phase inversion have
been used to prepare porous polymer matrices for obtaining

gel polymer electrolytes, and the pore size and porosity have an
important impact on the ionic conductivity and mechanical
strength of the gel polymer electrolytes. In comparison, solid
polymer electrolytes are usually prepared by solution casting
or doctor blading methods, and the polymer matrices are
dense without porous structure. However, recent studies discover
that the pore surface is conducive to fast ion transport in solid
polymer electrolytes, and appropriate porosity results in high
ionic conductivity. A few characterizations such as NMR and
TEM further verify the fast-ion transport pathways at the
polymer/polymer interface. Thus, the control on the porous
structure (e.g., interconnected pores and porosity) of the solid
polymer electrolytes offers another viable way to obtaining
high-conductivity electrolytes. It should also be mentioned
that too high porosity (or too big pore) could cause deteriorative
mechanical strength and poor physical contact with the electrodes.
Moreover, the development of novel porous electrolyte
preparation processes will become a new research hotspot.

In comparison of the pore structure (determining the
electrolyte conductivity), the thickness of the electrolytes has
an important impact on both the overall conductance of the
electrolytes and the internal resistance and energy density
(even cost) of the batteries. Of course, reducing the electrolyte
thickness may cause the deterioration of the electrolyte strength
and the short circuit of the batteries. Physical vapor deposition
technologies are usually utilized to prepare ultrathin ceramic
electrolytes with the thickness of < 1 um for low-area-density
batteries; however, the physical deposition methods have the
disadvantages such as low electrolyte conductivity and high
cost. In comparison, tape casting and hot-/cold-pressing
technologies are low-cost methods to prepare thin membranes
of inorganic electrolytes. Solution casting is a commonly-used
method to prepare polymer electrolytes due to its facile
process and low cost, but the electrolyte thickness is usually
higher than 100 pum. To obtain polymer electrolytes with lower
thickness, nanoparticles are added in the electrolytes to enhance
the mechanical strength or the polymer electrolytes are directly
deposited on the electrode surface. Filling polymer electrolytes
in flexible porous organic substrates offers a quite important
route to obtaining ultrathin composite electrolytes, but the
intrinsic non-conductivity nature of the organic substrates
affects the overall conductivity of the electrolytes. An effective
way to increase the conductivity of the electrolyte films is
adjusting the interaction between the substrates and the
polymer matrices/lithium salts to decrease the polymer matrix
crystallinity and facilitate the lithium salt dissociation.

4 Conclusions

Polymer electrolytes are regarded as one of the most important
solid-state electrolytes, because of their comprehensive merits
such as high flexibility, excellent physical contact with the
electrodes, film formation ability, and low cost. The utilization
of polymer electrolytes is believed to greatly improve the safety
and energy density of lithium-ion batteries; however, one of
the main obstacles is the insufficient ionic conductivity of the
electrolytes especially below their melting points. By scrutinizing
the microstructure characteristics and the ion migration
behaviors, we disclose the ion conduction mechanisms of
the polymer electrolytes. The ion transport involves the ion
hopping in adjacent sites and the polymer segmental motion.
The ionic conductivity is mainly relied on the free ion
concentration, the ionic hopping velocity along the polymer
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chains, and the interfacial fast-ion pathways. Based on these
analyses, this paper further summarizes the up-to-date progress
made in the polymer electrolytes with the focus on the polymer
structure design, lithium salt type, additive engineering, and
electrolyte morphology control.

As for the polymer molecular structure design, ethylene
oxide groups are usually combined with other polymer units to
construct copolymer structures with low polymer crystallinity
or glass-transition temperature. Compared to the block, star,
and graft copolymers with possible mechanical strength
degradation, the design of cross-linking interpenetrating networks
has dual advantages of the reduction of the crystalline domain
and the enhancement of the mechanical properties, and
thus has attracted more and more attention. It should be
highlighted that the increase of the ionic conductivity should
not sacrifice other properties especially the mechanical strength
and the electrochemical compatibility with the electrode
materials, which is always ignored. Ideal cross-linking initiators
and novel copolymer structure design are therefore become more
important for comprehensively-updated polymer electrolytes.
Same to the polymer matrices, lithium salts are also
indispensable in polymer electrolytes, and their properties
have important effects on the polymer electrolytes and the
battery. Although there are many lithium salts, none of them
possesses the comprehensive advantages of high dissociation
ability, wide electrochemical window, good compatibility
with other battery components, high safety, low cost, etc. It is
necessary to exploit novel lithium salts with large anion radius
and weak interaction between the positive and negative ions
for high-conductivity electrolytes. The overall performance
of the polymer electrolytes can also be strengthened by
combining two or more lithium salts with different molecular
structures and properties with assistance of the synergic effect
on the electrical, thermal, and electrochemical properties.

In addition to the modification on the polymer electrolytes
themselves, a lot of organic micro-molecules, polymer molecules,
and micro-/nano-particles are introduced into polymer
electrolytes as additives to increase the ionic conductivity by
facilitating the polymer segment mobility, increasing the carrier
concentration, or forming fast-ion pathways. High-dielectric-
permittivity carbonates, ionic liquids, and plastic materials are
commonly used as plasticizers to adjust the polymer interchain
interactions, and the polymer polar group-Li* and anion-Li*
interactions, and lower the activation energy for fast ion motion,
thus greatly increasing the ionic conductivity; however, these
plasticizers are related to the issues such as poor thermostability,
low mechanical strength, and electrochemical instability with
the electrodes. In comparison with the organic plasticizers, the
introduction of other polymers by simple blending can increase
both the mechanical strength and ionic conductivity of polymer
electrolytes by inhibiting the polymer crystallization and
facilitating the lithium salt dissociation, but the compatibility
and interactions between the polymers should be carefully
considered. Different from the organic plasticizers and polymer
additives, the utilization of nanoparticle fillers can improve
the overall performance of the polymer electrolytes, and the
increase in the ionic conductivity is not only attributed to the
inhibition of polymer matrix crystallinity (or the decrease of
the T;) and the facilitation of lithium salt dissociation, but also
to the formation of fast-ion pathways at the nanofiller/polymer
interfaces (and the ion transport pathways in the electrolyte
filler phase). The particle size, chemical composition, surficial
functional groups/charges, and shape have important impacts
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on the ionic conductivity, and it is generally recognized that
the formation of continuous fast-ion pathways in 1D, 2D,
and 3D nanofiller-based electrolytes is conducive to the ionic
conductivity; however, the nanoparticle filling induces a few
problems such as severe aggregation and disordered distribution
of the nanoparticles. Thus, it is important to control the particle
arrangement and the interaction between the nanofillers and
the polymer matrices/lithium salts. Of course, each modification
strategy has its own advantages and drawbacks, and the
effective combination of two or more methods would further
improve the ionic conductivity or other properties based on
the synergistic effect.

Apart from the composition and structure, the
micromorphology characteristics such as pore and thickness
also play an important role in the ion conduction of polymer
electrolytes. Especially, recent researches have confirmed the
fast ion transport behaviors at the pore surface and even the
polymer/polymer interface. Novel methods are needed to
effectively adjust the porous structure for high-conductivity
polymer electrolytes without sacrificing the mechanical properties,
and meanwhile the electrode preparation methods may be
changed to enhance the physical interface contact between
the polymer electrolytes and the active electrode materials.
Another route to improve the overall ionic conductance of the
electrolytes is decreasing the electrolyte thickness, which is
also helpful for increasing the energy density of the batteries.
Nevertheless, the commonly-used solution casting and tape
casting methods are not suitable for preparing thin polymer
electrolytes of < 100 um in thickness. To obtain thin polymer
electrolyte membranes, nanofillers are usually introduced
into the electrolytes for high mechanical strength and film
processibility. Direct deposition of thin polymer electrolyte
layers on the electrodes offers an important way to improve
the electrolyte/electrode contact, but the electrode integrity
should not be destroyed during the deposition process. In
stark contrast, solution infusion technology is a quite effective
method to produce ultrathin (< 30 pm) composite polymer
electrolytes by filling polymer electrolytes in flexible porous
substrates, and the pore structure and the interaction between
the substrates and the polymer matrices/lithium salts need to
be well adjusted to further increase the ionic conductivity.

Though the numerous studies on the ion transport behaviors
in the polymer electrolytes, there are still a few questions that
must be answered: (1) What is the highest ionic conductivity
of the polymer electrolytes, and how the polymer chain
distribution affects the ion migration? Based on the analyses
of the ion conduction mechanisms and the modification
strategies on the polymer molecular structure design, lithium
salt exploitation, additive engineering, and the electrolyte
micromorphology adjustion, we can easily conclude that
especially the polymer segment migration and interfacial ion
transport mechanisms play important roles in increasing the
ionic conductivity, and the nanofiller/polymer interfaces
are proven to exhibit high conductivities same to the liquid
electrolytes through the numerical simulation methods. High
ionic conductivities up to 10°-107* S-cm™ have been achieved
at room temperature by the above-mentioned modification
strategies, and solid polymer electrolytes with abundant,
continuous, and well-aligned interfaces are expected to
further increase the ionic conductivity up to the level of liquid
electrolytes (10°-107> S-cm™ at room temperature). (2) How
the interfacial ion conduction phenomenon comes out, and what
is the nature of the fast-ion pathways at the nanofiller/polymer
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interfaces? A few advanced technologies such as ssNMR and
HAADF-TEM/EELS have proven the existence of fast-ion
pathways at the nanofiller/polymer and polymer/polymer
interfaces, and the finite element analysis further discloses the
high ionic conductivities of the interfacial areas. Other advanced
technologies such as neutron diffraction highly sensitive to
light elements (e.g., H, Li, or O) may be suitable for revealing
the Li* transport pathways. The Lewis acid-base theory and
space-charge layer theory have been applied to explain the
fast-ion transport pathways at the interfacial regions, but the
numerical simulation methods such as density functional theory
calculations and molecular dynamics simulations should be
further utilized to explore the nature of the fast-ion pathways.
(3) Which method can afford green and scalable preparation
of flexible, thin, and high-conductivity electrolyte membranes
without compromising other properties? The conventional
methods such as solution casting are simple and scalable to
prepare electrolyte membranes with large thickness, which is
detrimental to the ion conduction and the energy density of
batteries. Because of the high ionic conductivity of the interfacial
regions, novel methods such as electrospinning may be capable
of fabricating flexible, thin, and high-conductivity polymer
electrolytes with continuous interfaces. The exploitation of
novel modification methods would further facilitate the
large-scale application of polymer electrolytes in high-safety
and high-energy-density batteries.
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