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Abstract

Solid polymer electrolytes (SPEs) have become increasingly attractive in solid‐
state lithium‐ion batteries (SSLIBs) in recent years because of their inherent

properties of flexibility, processability, and interfacial compatibility. However,

the commercialization of SPEs remains challenging for flexible and high‐
energy‐density LIBs. The incorporation of functional additives into SPEs could

significantly improve the electrochemical and mechanical properties of SPEs

and has created some historical milestones in boosting the development of

SPEs. In this study, we review the roles of additives in SPEs, highlighting the

working mechanisms and functionalities of the additives. The additives could

afford significant advantages in boosting ionic conductivity, increasing ion

transference number, improving high‐voltage stability, enhancing mechanical

strength, inhibiting lithium dendrite, and reducing flammability. Moreover,

the application of functional additives in high‐voltage cathodes, lithium–sulfur
batteries, and flexible lithium‐ion batteries is summarized. Finally, future re-

search perspectives are proposed to overcome the unresolved technical hurdles

and critical issues in additives of SPEs, such as facile fabrication process,

interfacial compatibility, investigation of the working mechanism, and special

functionalities.
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1 | INTRODUCTION

The state‐of‐the‐art lithium‐ion batteries (LIBs) offer
volumetric and gravimetric energy densities up to
770Wh L−1 and 260Wh kg−1, respectively, which are
approaching their limits.1,2 On the contrary, the demand

for LIBs with higher energy density as well as higher
power density has markedly increased.3–7 Over the past
decades, solid‐state electrolytes (SSEs) have re‐emerged
as advanced technology to outperform current LIBs to
exceed the practical ceiling imposed on the currently
available cathode and anode chemistries.8 This interest
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in SSEs was initially motivated by several contributions,
targeted at increasing energy density, addressing safety
issues, and ensuring lower cost.9,10 In particular, re-
placement of liquid electrolytes with SSEs can prevent
leakage accidents and avoid the penetration of lithium
dendrites. So far, solid‐state lithium‐ion batteries
(SSLIBs) have attracted great interest as next‐generation
safe and stable high‐energy storage systems.

SSEs can be roughly divided into two main groups:
solid inorganic electrolytes and solid polymer electrolytes
(SPEs). Solid inorganic electrolytes can achieve high ionic
conductivities at room temperature (the highest record
being 25mS cm−1 at room temperature), which are com-
parable to those of conventional liquid electrolytes.11,12

Notably, solid inorganic electrolytes are intrinsically single‐
ion conductors, resulting in high ion transference num-
bers.13,14 Besides, solid inorganic electrolytes possess sig-
nificant advantages in increasing LIB lifetime and safety
due to their wide electrochemical voltage window, en-
hanced thermal stability, and diminished flammability.15–18

Compared with solid inorganic electrolytes, SPEs offer the
advantages of low cost, lightweight, easy processability,
excellent mechanical deformation, and better interfacial
contact and compatibility with electrodes.19,20 More im-
portantly, the polymer has excellent natural elastic and
plastic deformation, endowing SPEs with unique super-
iority in some flexible and wearable energy storage devices.
Owing to these distinctive merits of SPEs, in the last dec-
ades, intensive studies have been conducted to explore the
fundamental understanding of working mechanisms and
new polymer systems of SPEs.

Generally, an ideal SPE should simultaneously possess
some desired properties, including high ionic conductivity
along with high ion transference number, low interfacial
resistance, excellent thermal, mechanical, and electro-
chemical stability, and so forth.20 Some strategies have been
proposed to achieve high‐performance SPEs, including
molecular structure design,21–25 anion chemistry,26–29 in-
terfacial engineering,30–32 and so on. Among these meth-
ods, the incorporation of functional additives into
polymeric matrices is a facile but effective route to improve
the comprehensive performance of SPEs and has created
some historical milestones in boosting the development of
SPEs. For example, over 40 years ago, Feuillade and
Perche33 introduced organic plasticizers into SPEs to form
quasi‐sold‐state gel electrolytes, which worked well for
commercial manufacturing technology. Afterward, in 1988,
Skaarup et al.34 constructed a mixed‐phase electrolyte by
adding lithium nitride (Li3N) to a poly(ethylene oxide)
(PEO)–lithium trifluoromethanesulfonate (LiCF3SO3) elec-
trolyte, and they achieved an ionic conductivity and acti-
vation energy almost equal to that of the crystalline
component. Another pioneering work, which was

conducted by Wieczorek et al.35 in 1989, creatively in-
troduced ceramic additives into PEO polymer electrolytes,
thus improving the ionic conductivity by at least one order
of magnitude in comparison to pure PEO electrolytes. As
diverse functions are required, more advanced additives
have been explored to realize some special properties, such
as flame‐retardant,36–38 high‐voltage stability,39,40 self‐
healing ability,41,42 thermoresponsive ability,43 and so forth.
Moreover, the addition of ceramic electrolytes to polymer
electrolytes to form a ceramic/polymer composite has at-
tracted considerable attention as the composite electrolytes
combine the advantages of both electrolytes. Therefore,
integration of functional additives into a polymer
electrolyte is still a cutting‐edge technology to realize
high‐performance SPEs.

In this review, we focus on recent advances in func-
tional additives in polymer electrolytes from the per-
spective of ion transport mechanisms, additive types,
functionalities, and applications of additives in SSLIBs.
We also provide a perspective on the unresolved chal-
lenges and future research in additive design for SSLIBs.

2 | ION TRANSPORT
MECHANISMS IN SPES

The basic limitation of SPEs is their unsatisfactory
lithium‐ion (Li‐ion) conductivity at room temperature. In
this respect, it is crucial to understand the transport
mechanisms of Li ions in SPEs. Generally, there are two
types of mechanisms of Li‐ion transport in SPEs: (1) In
solvent‐free SPEs, the polymer host delivers the Li ion
through segment motion of the amorphous parts, and (2)
in solvent‐containing SPEs, the Li ion is transported in
the liquid phase while the polymer host acts as a skeleton
to maintain a gel state. The addition of ceramic materials
to polymer hosts makes the Li‐ion transport environment
more complicated in SPEs, and the Li‐ion transport me-
chanisms in the polymer/ceramic composite SSEs are
still under debate. In this section, the current main-
stream mechanisms in SPEs will be introduced.

2.1 | Ion transport in SPEs

Polymers containing electron‐donating groups such as
ether groups or carbonyl groups can coordinate with Li
ions and then transfer Li ions depending on the mobility
of the chain segment. Taking PEO as an example, PEO is
a polymer in which crystalline and amorphous phases
coexist.44 Normally, only the amorphous phase can
conduct Li ions. As shown in Figure 1A, Li ions can
coordinate with ether oxygen atoms on the backbone and
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move along the movement of highly flexible chain seg-
ments. In addition, at high temperatures, the increased
free volume in PEO enables Li ions to hop between two
main chains, thereby achieving ion transport.45 However,
when liquid solvents are added to form gel electrolytes,
the mechanism of Li‐ion transport in gel electrolytes is
similar to that in liquid electrolytes. The mechanism
shows that the gel electrolytes have a relatively higher Li‐
ion conductivity than pure polymer electrolytes like PEO.
However, the exudation of the liquid electrolyte during
long‐term storage may drastically affect the performance
of the gel electrolytes.

In addition, the crystalline PEO composite delivers Li
ions differently, as demonstrated by Gadjourova et al.45

In crystalline complexes, such as PEO:LiAsF6, pairs of
PEO chains fold to form cylindrical tunnels, inside which
the Li ions are located and coordinated by ether oxygen,
whereas the anions of lithium salts are located outside
these tunnels in the interchain space as shown in
Figure 1B. With this tunnel structure, the Li ions are
transported along the tunnels, leading to higher ionic
conductivity than that with the corresponding

amorphous structure above Tg. Moreover, the ion trans-
port in crystalline polymer electrolytes can be dominated
by the cations rather than both cations and anions, which
is advantageous for battery applications.

2.2 | Ion transport in a ceramic/polymer
composite electrolyte

Ordinarily, the ceramic/polymer composite electrolyte
can be divided into three parts: a ceramic region, a
polymer region, and an interfacial region between the
polymer and ceramic phases. Accordingly, three path-
ways of Li‐ion transport exist in the composite electro-
lytes: (1) Li ions move along the segmental motion of
polymer electrolytes; (2) Li ions hop within the ceramic
bulk; (3) Li ions migrate across the interfaces between
the ceramic and polymer electrolytes. For example, ac-
cording to the report of Li et al., report, after adding
16 vol% Li6.25Ga0.25La3Zr2O12 (Ga‐LLZO) nanoparticles
to PEO, the Li‐ion conductivity increased about four or-
ders of magnitude and reached 7.2 × 10−5 S cm−1

FIGURE 1 (A) Mechanism of ion transport
in amorphous poly(ethylene oxide) (PEO).
Reproduced with permission: Copyright 2015,
The Royal Society of Chemistry.44 (B) Structure
of the polymer electrolyte PEO6:LiAsF6. Left,
view of the structure along the chain axis
showing rows of Li ions perpendicular to the
page. Right, view of the structure showing the
relative position of the chains and their
conformation (hydrogens not shown).
Reproduced with permission: Copyright 2001,
Nature Publishing Group45
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compared with that of pure PEO‐based electrolytes at
30°C.46 The significant enhancement was attributed to
the formation of the interfacial area between the Ga‐
LLZO and PEO phases. In the presence of interfaces
between PEO and Ga‐LLZO, some Li ions in Ga‐LLZO
moved from lattice sites to the surface sites, leaving ne-
gatively charged vacancies in the bulk lattice and posi-
tively charged ions on the surface. When a second‐phase
PEO was present, the PEO phase could increasingly draw
Li ions from the Ga‐LLZO lattice. Therefore, a space‐
charge region with a width of about 5 nm was formed at
the PEO/Ga‐LLZO interface (Figure 2A). The space‐
charge region could change the defect concentration at
the interface and provide a new kinetic pathway for ionic
conduction. However, the dispersed Ga‐LLZO particles
could not considerably contribute to boosting the Li‐ion
conductivity of the hybrid electrolyte only when the in-
terface regions were connected to form a high‐speed
pathway for Li‐ion transmission.

However, in Zagórski's work, bare PEO/lithium bis
(trifluoromethanesulfonyl)imide (LiTFSI) showed the
highest ionic conductivity compared with Li6.55Ga0.15
La3Zr2O12 (LLZO)/PEO/LiTFSI composite electrolytes.47

Though the spontaneous Li‐ion exchange between the
ceramic phase and the polymer phase existed, this kind
of ion exchange could provide higher Li‐ion conductivity
than the single‐phase electrolyte only if this exchange

occurred on a large length scale. The hypothesis was
evidenced by the results of the ionic conductivity test, as
shown in Figure 2B. When the proportion of LLZO in-
creased to 40 vol%, the ionic conductivity of composite
electrolytes gradually decreased compared with that of
the LLZO‐free PEO, which indicated that little interfacial
polymer phase could be connected to the electrode, and
the ceramic phase did not contribute to the long‐range
transport of Li ions, while the Li‐ion conductivity of the
composite electrolyte with an LLZO content higher than
40% showed a sharper decrease, which is similar to the
conductivity of the compacted ceramic electrolyte pow-
der. This result suggested that Li ions were conducted
through the ceramic phase. Meanwhile, the movement of
the chain segments in the polymer phase was severely
restricted, and the high interfacial resistance between
PEO and LLZO further reduced the ionic conductivity.
However, the opposite results were reported by Zheng
and Hu.48 According to nuclear magnetic resonance
tests, with the increase in the LLZTO fraction in com-
posite electrolytes, ion mobility decreased, and moreover,
ion transport pathways gradually transited from the PEO
phase to connected LLZO particles (Figure 2C). Mean-
while, the active Li‐ion concentration increased. It
should be noted that the exact transition point of the
Li‐ion transport pathway depends on many factors, such
as particle size and morphology, as well as the mixing

FIGURE 2 (A) Illustration of the space‐charge region formed at the interface between the poly(ethylene oxide) (PEO) matrix and the
Ga‐LLZO nanoparticles. Reproduced with permission: Copyright 2019, American Chemical Society.46 (B) Total ion conductivities of
composite electrolytes with different volume fractions of LLZO garnet fillers at 70°C. Reproduced with permission: Copyright 2019,
American Chemical Society.47 (C) Schematic of Li‐ion pathways within the LLZO–PEO–LiTFSI and LLZO–PEO–LiTFSI–TEGDME
composite electrolytes. Reproduced with permission: Copyright 2018, American Chemical Society48
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degree of ceramic particles in a polymer host. Similar
results were also reported by Chen et al.49 Currently, the
Li‐ion transport in composite electrolytes is mainly at-
tributed to the migration of Li ions in two phases ac-
cording to whether the content of the ceramic electrolyte
is beyond the percolation threshold. The exact value of
the threshold is still fixed and markedly affected by many
factors, such as ceramic particle size, morphology, and
mixing degree.

3 | CLASSIFICATION OF
ADDITIVES IN SPES

Generally, a typical SPE consists of polymer matrices and
Li salts, which is normally prepared by solvent‐casting,
hot molding, or extrusion techniques.50 Besides polymer
hosts and lithium salts, various types of additives have
been explored in SPEs. These additives can be typically
divided into two main types: liquid additives and solid
additives. Accordingly, SPEs can be categorized into two
groups: gel polymer electrolytes (GPEs) and solvent‐free
polymer electrolytes. In this section, we will summarize
the different types of additives in the SPEs and also
compare their advantages and disadvantages (Figure 3).

3.1 | Liquid additives

To combine the advantages of solid electrolytes and li-
quid electrolytes, liquid additives are normally added to
the SPEs to form gel polymer electrolytes, namely, GPEs.
Due to the flexibility and elasticity, GPEs confer the de-
vices with adjustable shapes and high flexibility, showing
great potential for burgeoning portable and wearable
electronics.51 Meanwhile, due to the combined merits of
the liquid additive and SPEs, GPEs show obvious ad-
vantages compared with the liquid electrolytes: (1) GPEs
possess high ionic conductivity and superior interfacial
wetting ability as liquid electrolytes; (2) GPEs show ex-
cellent mechanical strength and flexibility; (3) GPEs can
markedly enhance the safety of LIBs. There are two main
types of liquid additives, including organic solvents and
ionic liquids (ILs).

3.1.1 | Organic solvents

Organic solvents are introduced to provide the medium
for ion transport and are expected to have a high di-
electric constant (ɛ> 15), donor number for more dis-
sociation of ions, and both chemical and electrochemical
stability. Common liquid additives preferentially include

propylene carbonate (PC), ethylene carbonate (EC), di-
methyl carbonate (DMC), and diethyl carbonate (DEC),
tetramethylene glycol dimethyl ether (TEGDME),
1,2‐dioxolane (DOL), dimethoxymethane (DME), and so
forth.52 Due to the presence of these liquid additives, the
Li ions are mainly transported in the liquid plasticizers,
while the polymer matrices provide sufficient mechan-
ical strength and maintain the GPEs in a quasi‐solid
state, thereby avoiding electrolyte leakage. The organic
solvents also lead to safety issues due to their flamm-
ability, volatility, corrosion, poor thermal stability, and
safety hazards such as fire and explosion during thermal
runaway.

3.1.2 | ILs

ILs are molten salts that remain in the liquid state,
consisting of positive (cation) and negative (anion)
charges bound together by electrostatic interactions. ILs
have attracted considerable attention as promising al-
ternative additives and possess high ionic conductivity,
non‐flammability, a wide electrochemical window, neg-
ligible volatility, broad temperature ranges of liquidity,
low vapor pressure, and so on.53 According to the nature
of the cation, ILs can be divided into protic and aprotic
groups, which are critical in determining their liquid
characteristics. The commonly used cation groups are
imidazolium, pyridinium, alkylammonium, alkylpho-
sphonium, pyrrolidinium, guanidinium, and so on,
which can combine with inorganic anions such as ha-
lides (Cl−, Br−, I−), polyatomic inorganics (PF6

−, BF4
−),

FIGURE 3 Overview of various types and functionalities of
additives in solid polymer electrolytes
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and polyoxometallates or organic anions such as nitrate
(NO3

−), trifluoromethylsulfonylimide (TFSI−), and tri-
fluoromethane sulfonate (Tf−) to form a huge number of
ILs.53,54 The IL‐based SPEs have key advantages in terms
of safety because of their non‐toxicity, inflammability,
and environmentally friendly nature. However, the high
cost and the relatively poor mechanical strength are still
key barriers to the application of IL‐based SPEs.

3.2 | Solid additives

To eliminate the drawbacks of liquid additives, solid
additives have been widely investigated. Generally, these
solid additives can be further subdivided into non-
conductive additives and ionically conductive additives
(normally ceramic electrolytes). The solid additives in
SPEs can reduce the crystallinity of polymer matrices
and/or promote the dissociation of Li salts in polymer
matrices, facilitating Li‐ion transport. Meanwhile, solid
fillers can improve the mechanical properties and ther-
mal stability of SPEs.55

3.2.1 | Nonconductive additives

Many nonconductive additives have been used to in-
crease the ionic conductivity of SPEs, including Al2O3,
SiO2, BaTiO3, PbTiO3, LiNbO3, SrBi4Ti4O15, CeO2, ZrO2,
carbon nanotubes (CNTs), and so forth.39,56–61 The in-
corporation of these inert additives into the SPEs can
simultaneously lead to high ionic conductivity and en-
hanced mechanical strength. The improved ionic con-
ductivity by the addition of inert additives is mainly
attributed to the reduced degree of crystallinity of the
polymer host and strong interactions between inert ad-
ditives and Li salts.40,60 More specifically, the oxide
ceramics with rich Lewis acid sites can interact with the
Li salt and polymer chains to enhance the electro-
chemical properties. As for the ferroelectric ceramic fil-
lers, their permanent dipole can help to reduce the
interfacial impedance between the electrolyte and the Li‐
metal anode.58 Meanwhile, due to the high aspect ratio,
clay‐based inert additives are also beneficial to improving
the solubility of Li salts and can participate in ionic
intercalation.62

3.2.2 | Ceramic electrolytes

Ceramic electrolytes are fast ionic conductors and have
been incorporated into the SPEs to synergistically com-
bine the beneficial properties of both inorganic solid

electrolytes (high ionic conductivity and strength) and
SPEs (good interfacial properties and flexibility).63 Var-
ious ceramic electrolytes have been investigated as ad-
ditives in SPEs, such as garnet‐type (e.g., Li7La3Zr2O12

[LLZO]), NASICON‐type (e.g., Li1.5Al0.5Ge1.5(PO4)3), and
sulfides (e.g., Li10GeP2S12).

64,65 The addition of inorganic
ceramic electrolyte has five main effects: (1) reducing the
crystallinity, (2) improving the electrochemical and
thermal stability, (3) increasing the concentration and
mobility of lithium ions, (4) preventing lithium den-
drites, and (5) providing a new continuous, long‐distance
lithium‐ion pathway.

Despite the enhanced electrochemical and mechan-
ical performance by solid additives, it is undeniable that
the agglomeration of such additives in the SPEs is still
one of the obstacles to practical application.66

4 | WORKING MECHANISMS
AND FUNCTIONALITIES OF
ADDITIVES IN SPES

SPEs have undergone rapid progress since many previous
studies successfully achieved fast ionic conductivity in
SPEs.33–35 The development of functional additives in
SPEs plays a significant role in this progress. Normally,
functional additives are used to solve some critical issues
in the SPEs, including the following: (1) SPEs generally
present comparatively low ionic conductivities with an
order of 10−8 to 10−7 S cm−1 at ambient temperature67;
(2) mobile anions move to the opposite electrode and
create concentration gradients in polymer hosts (except
single‐ion conductors), leading to poor cation transfer-
ence number, high polarization, and large internal im-
pedance68; (3) most widely studied polymer electrolytes
have limited oxidative stability and are not compatible
with state‐of‐the‐art high‐voltage cathodes69; (4) lithium
dendrite can form and cause failure when the modulus of
the polymer host decreases at high temperature.70

Therefore, functional additives have been investigated to
address the aforementioned issues in SPEs, as summar-
ized in Table 1. In this section, we summarize the
working mechanisms and functionalities of additives
in SPEs.

4.1 | Working mechanisms of additives
in SPEs

Polymer properties, including glass transfer temperature
(Tg) and degree of crystallinity, are vital in determining
the ionic conductivity of SPEs. When an additive is in-
troduced into a polymer host, the surfaces of the additive

6 | CHEN ET AL.



will be wetted by the polymer, or an interface between
the additive and the polymer host will be formed, re-
sulting in continuous phase boundaries.87 The presence
of a second phase can modify the structure and

morphology of the polymer matrix, and also many
properties of the polymer will be changed, including
glass transfer temperature (Tg) and degree of crystallinity
(Figure 4A). Tg is a temperature at which an amorphous

TABLE 1 Comparison of the ionic conductivity, the ion transference number, and the voltage window of SPEs using typical functional
additives

Additives δ (S cm−1) t+ Voltage window (V) Temperature (°C) References

PBMP 1.25 × 10−5 4 AT [36]

DKP 5.96 × 10−4 4.8 60 [37]

Mg2B2O5 3.7 × 10−4 0.44 4.75 50 [38]

Ca–CeO2 1.3 × 10−4 0.453 4.5 60 [39]

GDC 1.9 × 10−4 0.26 4 30 [40]

EMI‐TFSI 8.8 × 10−4 4.5 AT [42]

TSPE 2 × 10−4 30 [43]

Ga‐LLZO 7.2 × 10−5 0.39 4.6 30 [46]

Al2O3 1.5 × 10−4 AT [56]

BaTiO3 1.2 × 10−3 0.37 4 70 [58]

SBT 2.432 × 10−6 AT [59]

Clay–CNT 2.07 × 10−5 AT [60]

YSZ 1.07 × 10−5 0.56 ~4.5 30 [61]

Li0.33La0.557TiO3 2.4 × 10−4 AT [63]

LGPS 1.21 × 10−3 0.26 5.7 80 [64]

LLZTO 1.12 × 10−5 0.58 5.5 25 [65]

Succinonitrile 1.0 × 10−3 0.69 AT [71]

EC 2.36 × 10−4 AT [72]

Succinonitrile 3.0 × 10−3 25 [73]

Glutaronitrile 1.0 × 10−3 0.75 5 30 [74]

LSTZ 5.4 × 10−5 0.43 ~5.2 25 [75]

PMPyrrTFSI 6.93 × 10−4 0.38 5.6 25 [76]

N1,4,4,4TFSI 6.15 × 10−3 0.59 5.3 25 [77]

PPR14TFSI‐PEGDM 3.8 × 10−3 25 [78]

PEGDME/PEGDL 1.2 × 10−3 0.26 4.5 30 [79]

NMS 1.66 × 10−5 0.378 4.9 25 [80]

MOF‐5 3.16 × 10−5 4.57 25 [81]

UIO‐66 1.3 × 10−4 0.35 30 [82]

MOP 4.4 × 10−4 4.7 63 [83]

SiO2 1.2 × 10−3 5.5 60 [84]

MMT 1.6 × 10−3 0.78 5.0 25 [85]

Sulfolane 6.4 × 10−4 5.86 30 [86]

EMI‐TFSI 8.8 × 10−4 4.5 AT [42]

Abbreviations: AT, ambient temperature; t+, ion transference number; δ, ionic conductivity.
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polymer ceases to be brittle and glassy in nature and
becomes less rigid and more rubbery.88 At a temperature
above Tg, relatively more freedom will be created for
molecular motion, leading to a relatively fast ion transport.
After the addition of the additives, usually liquid solvents or
solid plasticizers, they interact with polymer molecules and
act as spacers at the molecular level. Hence, less energy is
required to free the molecules sufficiently to allow sub-
stantial rotation about the C–C bonds; thus, Tg decreases.

88

This was evidenced by a succinonitrile (SN); with increas-
ing SN concentration, Tg decreased from 14°C at 0wt% to
−83°C at 40wt% in the SPE, as shown in Figure 4B.71

Crystallinity can also restrict the molecular move-
ment of the polymer chains because highly crystalline
polymers have rigid structure, high melting point, and
less motion ability.91 Many polymers show partial crys-
tallinity, and the coexistence of crystalline and amor-
phous regions is typical of the behavior of crystalline
polymers. It is widely accepted that ion conduction in
polymers occurs in the amorphous regions, except in
specific cases.45,92 Thus, decreasing the crystallinity of

the polymer can effectively improve the ionic con-
ductivity of SPEs.89 Use of functional additives has tra-
ditionally been used as a straightforward method to
decrease the crystallinity of polymers. Among these ad-
ditives, organic liquid plasticizers with a high dielectric
constant and plastic crystal materials can drastically in-
crease the amorphousness of the SPEs.72–74,93 In terms of
ceramic additives, they can inhibit polymer crystal-
lization and promote the formation of grain boundaries
and amorphous regions.39,90,94 As shown in Figure 4C,
the intensity of PEO diffraction peaks decreased when
Al2O3 was added to the PEO‐LiTFSI. Thus, the in-
troduction of Al2O3 nanoparticles increased amorphous
phases in polymer electrolytes by changing the ordered
form of PEO to a disordered form, in which ion transport
occurred.90 However, in some cases, the ceramic particles
act as nucleation centers in the polymer matrix, enhan-
cing the degree of crystallinity. In these cases, the so‐
called polymer–ceramic grain boundaries do not con-
tribute to ionic conduction.95 Therefore, there is con-
siderable interest in controlling the polymer crystallinity

FIGURE 4 (A) Illustration of three main routes toward highly conducting solid polymer electrolytes (SPEs): decreasing the crystallinity,
glass‐transition temperature (Tg) and increasing ion‐pair dissociation. Reproduced with permission: Copyright 2020, Nature Publishing
Group.89 (B) DSC‐Tg of various plasticized PEM systems (PEGDA/LiTFSI weight ratios are fixed at 3:1, 1:1, and 1:2) and the plasticized neat
PEGDA network as a function of the SCN concentration. Reproduced with permission: Copyright 2016, American Chemical Society.71

(C) X‐ray diffraction patterns for PEO‐LiTFSI‐x wt% Al2O3 polymer electrolytes. Reproduced with permission: Copyright 2015, AIP
Publishing.90 (D) Schematic illustration of mechanisms for enhanced Li‐ion transport in a PEO‐based electrolyte by Ca–CeO2 nanotubes.
Reproduced with permission: Copyright 2020, Wiley39
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degree in the presence of additives by designing the ap-
propriate size, shape, and volume fraction.

In polymer/lithium salt complexes, the dissociation of
lithium salts is driven by the ion–dipole interaction be-
tween ions and the polymer matrix, leading to free Li
ions and thus high ionic conductivity of SPEs. For ex-
ample, in conventional PEO‐based electrolytes, the
EO–Li+ interaction between the PEO host and lithium
salt is an important factor affecting the ionic conductivity
of PEO‐based SPEs.96–98 Therefore, the ion solvation in
an SPE should be neither too strong, in which case the
ion is strongly coordinated with the polymer backbone
and thus immobile, nor too weak, in which case the li-
thium salt does not dissociate.19 The additives can be
added to the polymer electrolytes to change the local
Li‐ion environments and activate more Li ions that are
mobile. First, the additive shows strong interactions with
anions and causes dissociation of the lithium salts. For
example, the surface engineering of inorganic fillers
could show strong interactions with anions of lithium
salts, leading to increased mobile Li ions and enhanced
ionic conductivity.39,40,61 Along this direction, the liquid
solvents are the most effective additives to dissociate the
lithium salt, providing high ionic conductivity for the
GPEs.99 Second, organic additives can form strong hy-
drogen bonds with polar groups of the polymer host,
which reduces the strength of the interactions between
the polar groups and Li ions and in turn increases the
free Li‐ion concentration.100 Additionally, the hydrogen
bonds and π–π stacking interactions can establish special
transport channels for Li ions via supramolecular
assembly.101,102

The ion transference number (t+) is defined as the
fraction of ionic conductivity imparted by the Li ion
rather than its counterion.103 In typical polymer/li-
thium salt complexes, both the anion and the cation
can be freely migrated under the effect of potential
difference, causing low t+. The t+ value results in the
formation of strong concentration gradients during
battery operation with deleterious effects on the li-
thium dendrite growth and limited power delivery.104

Strategies toward increasing t+ typically focus on the
immobilization of anions via a single‐ion conducting
solid polymer21,105 or ceramic solid electrolyte.11,12,106

In terms of increasing t+ in existing SPEs, additives are
usually introduced to immobilize the anions via sur-
face engineering. For example, Chen et al. reported
oxygen‐vacancy‐rich calcium‐doped CeO2 (Ca–CeO2)
nanotubes as fillers to improve the electrochemical
performance of PEO‐based electrolytes. The results
suggested that the –SO2 and –CF3 groups of LiTFSI salt
could strongly interact with the Ca–CeO2 nanotube,
resulting in more free Li ion and increased t+ value

(Figure 4D).39 A similar working mechanism was re-
ported in PEO/Li3/8Sr7/16Ta3/4Zr1/4O3 composite elec-
trolytes, in which the strong interaction between the
F− of TFSI− and the surface Ta5+ of the perovskite
contributed toward an increase in ionic conductivity.75

More importantly, the inhibition of the anion groups
plays an important role in uniform lithium deposition
and high‐voltage stability.107

4.2 | Functionalities of additives in SPEs

4.2.1 | Enhancing ionic conductivity

Organic liquid additives with high dielectric constants in-
cluding EC,72 PC,93 and DMC,93 and ILs have been com-
monly used to increase the amorphousness of the SPEs and
enhance ion‐pair dissociation. Taking ILs as examples, the
incorporation of ILs into the polymer/lithium salt system to
overcome the inherent limitation to the ionic conductivity
of dry SPEs has been proposed. For example, 1‐methyl‐1‐
propylpyrrolidinium bis(trifluoromethanesulfonyl)imide
(PMPyrrTFSI) was introduced into a poly(vinylidene
fluoride)‐co‐hexafluoropropylene (PVdF‐HFP)‐based GPE
system, and with optimized composition, this GPE deliv-
ered an ionic conductivity of 6.93 × 10−4 S cm−1 at room
temperature (Figure 5A).76 The synergetic effects of ILs and
organic solvents in enhancing ionic conductivity have
been well exemplified. For instance, GPEs based on
trimethylolpropane trimethylacrylate (TMPTMA) were in
situ‐polymerized using lithium bis(trifluoromethane)
sulfonamide (LiTFSI), DMC, and tributylmethylammo-
nium bis(trifluoromethanesulfonyl)imide [N1444][TFSI]
(Figure 5B).77 The [N1444][TFSI] effectively caused dis-
sociation of the lithium salts to boost the ionic transport
and thus delivered a high ionic conductivity of
6.15 × 10−3 S cm−1 at 25°C. Similar to liquid additives, some
low‐molar‐mass organics can also serve as plasticizers for
preparing GPEs, such as polyethylene glycol (PEG),78

PEGDME (MW 400),108 and PEMDME/PEG dilaurate
dual‐plasticizers.79

The fast ionic transportation in SPEs is suppressed by
the absence of a long‐range‐ordered pathway for Li‐ion
transport and robust Li–O coordination. When organic
solid additives are added to the SPEs, both the electro-
chemical and mechanical properties will be improved.
For example, Fu et al. designed a small‐molecule
β‐cyclodextrin (CD)‐based SPE by altering the mole-
cular weight of PEO and achieved a 1000‐fold enhance-
ment of the ionic conductivity compared with those
electrolytes synthesized with high‐molecular‐weight
polymers. As shown in Figure 5C, the fast segmental
motion of PEO chains in small‐molecule SPE observably
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inhibited the coordination between PEO chains and Li
ions, resulting in the high mobility of Li ions. Ad-
ditionally, the number of hydroxyl end groups in PEO
increased when the molecular weight of PEO was de-
creased in samples with Mw < 1000, which would have a
relatively strong constraining effect on Li ions.109

Plastic crystals have been attracting increasing at-
tention as additives in SSEs.110 Due to their high diffu-
sivity and plasticity, the plastic crystals can greatly
facilitate ionic conductivity.20 As one of the most widely
used plastic crystals, SN shows high polarity, which en-
ables the dissolution of lithium salts, leading to the high
ionic conductivity of SPEs. Additionally, because of the
high melting point (Tm), SN as a plasticizer can maintain
its shape at high temperatures.111 For example, Li et al.
applied a rational ternary phase diagram approach to
avoid Edisonian trial‐and‐error investigations in search-
ing for ionic conductive polymer composites with dif-
ferent concentrations of poly(ethylene glycol) diacrylate
(PEGDA), glutaronitrile (GN), and a lithium salt. In the
presence of the GN plastic crystal, an isotropic phase was
obtained, and a highly optimized ionic conductivity of
over 1.0 mS cm−1 at 30°C was achieved in the isotropic
phase (Figure 5D).74

Besides, organic‐matter‐based additives have at-
tracted extensive attention and shown great potential to
improve the electrochemical performance of SPEs.66,80

Among these organic‐matter‐based compounds,
metal–organic frameworks (MOFs) consist of metal
ions or clusters coordinated to organic ligands to form
periodic network structures with open crystalline
structures, large surface areas, and pore volumes. Yuan
et al., for the first time, introduced MOF‐5 (Zn4O
(BDC)3; BDC stands for 1,4‐benzene dicarboxylate) as a
filler for PEO‐based electrolytes. As shown in
Figure 6A, the Lewis‐acidic sites on MOF‐5 could in-
teract with the PEO chain and lithium salt, which could
hinder the crystallization of PEO and facilitate Li‐ion
transport on the surface of the filler. Additionally, the
interaction between MOF‐5 and lithium salt increased
the dissociation of lithium salt.81 Similarly, Wang et al.
incorporated vinyl‐functionalized MOF (M‐UiO‐66‐
NH2) nanoparticles (Figure 6B) into polymer electro-
lytes and achieved a high ionic conductivity of
4.31 × 10−5 S cm−1 at 30°C and much better interfacial
contact with Li electrodes.112 Recently, increasingly
more organic‐matter‐based additives have been ex-
plored, such as UIO‐66,82 UIO‐67,113 a mesoporous
organic polymer (MOP),83 lithiophilic poly-
acenequinone (PQ),114 and so forth. Despite the success
of these organic‐matter‐based additives in SPEs, more
investigation needs to be conducted to better under-
stand the working mechanisms of these additives due to
the complexity of their structures.

FIGURE 5 (A) Schematic illustration of a PVdF‐HFP/LiTFSI/PMPyrrTFSI hybrid gel polymer electrolyte. Reproduced with permission:
Copyright 2021, Elsevier.76 (B) Schematic illustration of trimethylolpropane trimethylacrylate (TMPTMA)‐based cross‐linked gel polymer
electrolytes. Reproduced with permission: Copyright 2021, Elsevier.77 (C) Illustration of low‐molecular‐weight poly(ethylene oxides) (PEOs)
in cyclodextrin (CD)‐based solid polymer electrolytes to reduce the coordination strength between the Li ions and the ligands and facilitate
Li‐ion transport. Reproduced with permission: Copyright 2020, American Chemical Society.109 (D) Ionic conductivity (at 20°C) of solid
polymer electrolyte on the ternary phase diagram. Reproduced with permission: Copyright 2018, Elsevier74
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Inorganic additives are still the most widely used
ones in SPEs because they can reduce the crystallinity
of the polymer and the glass transition temperature
(Tg).

56,115,116 Moreover, the enhanced ionic con-
ductivity is due to the reduced glass transition tem-
perature and the increased amorphous area of the
polymer.48,56,84,116 The enhancement in ionic con-
ductivity by inorganic additives has been compre-
hensively reviewed in previous studies,55,117 which
will not be discussed here again. However, it should
be noted that the structural design of solid additives
could markedly enhance the ionic conductivity of
SPEs. For example, Liu et al. used LLTO nanowires to
construct continuous pathways for Li‐ion transport in
PAN‐based electrolytes. As a result, the electrolyte of
PAN‐LiClO4 with 15 wt% LLTO nanowires could de-
liver a high conductivity of 2.4 × 10−4 S cm−1 at room
temperature, which is more than three orders of
magnitude higher than the ceramic particle sample
(Figure 6C).63

4.2.2 | Increasing the ion transference
number

To increase the ion transference number, functional ad-
ditives have been designed to immobilize the anions in
SPEs. Without any modification or additive, the Li‐ion
migration number of PEO shows a strong variation, de-
pending on the preparation methods.118 The closer the
migration number t+ is to 1, the higher the proportion of
Li‐ion migration in the electrolyte and the higher the
efficiency of charge transfer between the positive and
negative electrodes of the electrolyte become.

Considering the low Li‐ion transference number
arising from the dual‐ion‐conductor characteristics, de-
sign of an IL that participates in the Li‐ion transport has
been proposed to increase the ion transference number.
For example, an N‐methyl‐N‐oligo(ethylene oxide) pyr-
rolidinium TFSI with a median oligo(ethylene oxide)
chain length of seven repeating units was designed to
facilitate fast Li‐ion transport by accelerating the PEO

FIGURE 6 (A) Illustration of the interaction of unsaturated metal sites on the surface of MOF‐5 with lithium salt (①) and poly(ethylene
oxide) chains (②) and ionic transport in the pore canals of MOF‐5, which are isotropic open in the three‐dimensional direction (③).
Reproduced with permission: Copyright 2013, Elsevier.81 (B) Synthetic route of the hybrid covalently linked MOF–PEGDA‐based
all‐solid‐state electrolyte. Reproduced with permission: Copyright 2018, Royal Society of Chemistry.112 (C) Arrhenius plots of the composite
electrolytes with an LLTO nanowire or an LLTO nanoparticle. Reproduced with permission: Copyright 2015, American Chemical Society63
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segmental mobility and the solvation of Li ions by a
single IL cation (Figure 7A).119 Such a strategy can be
further applied to design other types of ILs.

The ceramic filler added to the polymer electrolyte
can be regarded as a Lewis base, which promotes
the dissolution of lithium salt by a Lewis acid–base in-
teraction, resulting in a higher free Li‐ion concentration.
Simultaneously, the ceramic fillers soften the polymer
chain segment and weaken the interactions between the
polymer host and Li ions, thereby increasing the Li‐ion
migration number.120–122 For example, when ceramic
powder LLZTO was added to the PVDF–HFP polymer
electrolyte, the t+ of the composite solid electrolyte was
determined to be 0.47, which was higher than that of a
liquid electrolyte. Moreover, the segment motion was
promoted under the interaction of inorganic fillers and
polymer chains, accelerating the dynamic processes
between the segments (Figure 7B).120

4.2.3 | Inhibition of lithium dendrite

Due to the low ionic conductivity of SPEs at room tem-
perature, the cells with SPEs normally require to be op-
erated at elevated temperatures. However, needle‐like
dendrites can easily grow, resulting in a short circuit
because the elastic stiffness of the polymers decreases
significantly at a higher temperature.123 In this regard,
functional additives have been designed to suppress the
growth of dendritic protrusions.

Despite the high ionic conductivity, GPEs with su-
perior mechanical strength and flexibility are un-
doubtedly a promising way to homogenize the Li
concentration, leading to the alleviated growth of Li
dendrite. The mechanical restriction is of great sig-
nificance to physically hindering the growth of Li
dendrite. The addition of liquid additives, however,
inevitably leads to poor mechanical strength. In rela-
tion, the mechanical strength of GPEs is normally
enhanced by incorporating inorganic nanoparticles,

which shows a similar working mechanism to solid
additives.

Another effective strategy for dendrite‐free applica-
tions by adding liquid additives is anion mobilization.
The immobilized anions will lead to an increased ion
transference number, which simultaneously reduces the
polarization from the concentration gradient and leads to
homogeneous Li deposition and dissolution. Such a hy-
pothesis has been confirmed by several studies. For ex-
ample, N‐methyl‐2‐pyrrolidone (NPH) was introduced
into the PVDF–HFP polymer matrix for anion im-
mobilization, originating from the strong interaction of
the anion with the polymer matrix. The resultant GPE
demonstrated stable Li plating/stripping even at 70°C
(Figure 8A,B).124 Such a strategy can be readily adapted
to modify other polymer matrices.

Due to the robust nature of the inorganic additives
and the seamless surface contact achieved by the poly-
mer matrix, the inorganic/polymer composite electro-
lytes are expected to be effective in resisting lithium
dendrite growth. Besides the enhanced mechanical
strength, the reduced interfacial polarization and regu-
lated growth direction of lithium dendrite also contribute
to the suppressed lithium dendrite. Specifically, under
the driving forces from an applied electric field, a large
number of anions gather near the electrode and show
considerable resistance to the transmission of Li ions.
The resulting space charge will cause a gradient dis-
tribution of Li ions, leading to dendritic Li deposition. As
mentioned previously, the addition of solid additives is
conducive in fixing anions and increasing the t+.
Therefore, the formation of the space‐charge layer is
blocked from the source, and a uniform deposition can
be achieved (Figure 8C).65 In addition, composite elec-
trolytes with nanoparticles, nanowires, nanosheets, and
3D frameworks were investigated in terms of the ability
of lithium dendrite suppression. For example, Jeon et al.
fabricated a UV‐crosslinked composite polymer‐clay
electrolyte (U‐CPCE) using two‐dimensional ultrathin
clay nanosheets (Figure 8D). As a result, the batteries

FIGURE 7 (A) Scheme of the correlated
motion of a Li+–Pyr1,(2O)8+ complex.
Reproduced with permission: Copyright 2021,
Wiley.119 (B) Schematic illustration of a possible
ionic conduction mechanism of hybrid solid
electrolyte (HSE）. Reproduced with
permission: Copyright 2019, Elsevier120
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showed excellent cycling performance due to a sig-
nificantly
enhanced Li‐ion transference number (tLi+ = 0.78)
and inhibition of lithium dendrite formation on the li-
thium metal surface.85 The results showed that the
composite electrolyte with a 3D structure ceramic filler
had a more stable polarization voltage, which resulted
from the continuous pathways for uniform deposition of
Li ions.125

4.2.4 | Improving high‐voltage stability

High‐voltage stability is one of the main challenging is-
sues in SPEs. The high‐voltage stability of SPEs requires
that the electrolyte components must simultaneously
have a lower energy level of the highest occupied mole-
cular orbital (HOMO) than the cathode potential (μc)

(Figure 9A).98,126 However, in practical application, the
μc could shift down to a lower state than the HOMO of
SPEs, resulting in an interfacial parasitic reaction. Thus,
strategies have been proposed to regulate the frontier
orbital energy level of SPEs, lowering the HOMO of SPEs,
and increasing high‐voltage stability, including mole-
cular design,127,128 highly concentrated electrolytes,129

and so forth.
Additives can be incorporated into SPEs to change

the chemical environment via intermolecular interac-
tions or Lewis acid–base interactions, resulting in a
tunable HOMO thermodynamically and then high‐
voltage stability.98 First, additives can prevent the anion
group transfer from SPE to the surface of the electrode,
avoiding the degradation of lithium salt.21,130 Second,
additives with low HOMO energy show intrinsic high
oxidation stability, contributing to the buildup of wide
electrochemical windows for SPEs. For example, the

FIGURE 8 (A) Voltage profiles of the symmetrical Li//Li batteries cycling with NPH‐GPE at different current densities and (B) surface
morphology of the Li anode after 100 cycles at 0.5 C. Reproduced with permission: Copyright 2020, Elsevier.124 (C) Schematic of the
immobilized anions tethered to polymer chains and LLZTO ceramic particles. Reproduced with permission: Copyright 2017, the National
Academy of Sciences.65 (D) Schematic illustration of the ionic transport mechanism and the factors affecting the improvement of ionic
conductivity. Reproduced with permission: Copyright 2020, Wiley85
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plastic crystal SN is an effective additive to develop
high‐voltage SSLIBs.131,132 Third, additives can suppress
the oxidation of the polymer host, such as ceramic filler
LLZTO,133 ferroelectric SrBi4Ti4O15,

134 and oxygen‐
vacancy‐rich CeO2.

39 This enhancement of high‐voltage
stability may be due to the strong interactions between
additives and polymer hosts.98

SN and sulfolane are well‐known high‐voltage electrolyte
additives with a high dielectric constant and a high oxidation
potential.73,135 Wang et al. prepared a sulfolane‐plasticized
GPE by in situ photocuring (Figure 9B,C) and tested the
electrochemical window (Figure 9D) of GPE with different
amounts of sulfolane additives. The results showed that the
oxidation potentials of GPE‐40, GPE‐60, and GPE‐80 were
6.01, 5.96, and 5.86V, respectively, showing great potential
for use on high‐voltage cathode materials.86

The ceramic additives show excellent capability to im-
prove the electrochemical or thermal stability of SPEs. Nor-
mally, the bare PEO film is electrochemically oxidized at

around 4.0 V (vs. Li/Li+) at 30°C and shows a narrow elec-
trochemical window below 4.5V. However, with the addi-
tion of 5wt% Li1.4Al0.4Ti1.6(PO4)3 (LATP) to the PEO
polymer, the electrochemical window can be increased to
4.8 V, which is attributed to the wide electrochemical win-
dow of LATP (Figure 9E).115 Similarly, Zhang et al.136 re-
ported an LLZO‐reinforced PVDF–HFP electrolyte that
could maintain electrochemical stability at about 5.3 V (vs.
Li+/Li). Generally, the enhanced high‐voltage stability is due
to the higher electrochemical stability of ceramic materials
than that of polymers.137

4.2.5 | Other special functions (self‐healing,
fire‐retardant, and thermal stability)

Self‐healing GPEs have potential for realization of prac-
tical applications of LIBs in flexible and wearable devices
with a prolonged lifetime and suppressed dendrite

FIGURE 9 (A) Schematic energy diagram of a polymer electrolyte. Eg is the energy separation of highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) of the polymer electrolyte. Reproduced with permission: Copyright 2019,
Wiley.98 (B) Chemical structure of major chemicals, (C) mechanism and possible gel structure of the gel polymer electrolyte (GPE), and (D)
electrochemical window test results of GPE at 5.0–6.2 V. Reproduced with permission: Copyright 2019, MDPI.86 (E) Linear sweep
voltammetry profiles of the PEO–LATP composite polymer electrolyte films. Reproduced with permission: Copyright 2019, Elsevier115

14 | CHEN ET AL.



growth. ILs have been proposed as suitable plasticizers to
prepare self‐healing GPEs owing to their ability to be
incorporated into the covalently self‐healing cross‐linked
polymer matrix. For example, the ILs of 1,2‐dimethyl‐3‐
ethoxy ethyl imidazolium bis(trifluoromethanesulfonyl)
imide (DE‐IM/TFSI) were incorporated into a hydrogen‐
bonded framework of ureido‐pyrimidinone (UPy). The
resultant GPE (denoted as PIL‐UPy) was capable of
healing the damage because of the reversible nature of
the supramolecular interactions between the composi-
tions and showed excellent fire‐retardant property
(Figure 10A,B).138 Similarly, 1‐ethyl‐3‐methylimidazolium
bis(trifluoromethylsulfonyl)‐imide (EMI‐TFSI) has been
incorporated into the fluorinated copolymers, namely,
P(VDF‐HFP), in which the ion–dipole interaction between
C3H5N2

+ and F− formed a cross‐linked network with a
tethered TFSI anion and self‐healing capability
(Figure 10C,D). Additionally, the LiTFSI‐IL‐P(VDF‐HFP)
gel electrolyte with tethered TFSI anions could regulate the
Li+ flux near the lithium anode to restrain Li dendrite
growth during Li plating (Figure 10E).42

The ongoing concerns related to the safety issues
have led to the development of GPEs with high thermal
stability. The incorporation of ILs into the polymer

matrix is deemed to be effective owing to their robust
thermal stability and fire retardancy. The excellent non‐
flammable nature of ILs‐immobilized GPEs has been
widely verified, for example, as illustrated in Figure 10B.
Another emerging liquid additive for GPEs with high
thermal stability is a deep eutectic solvent (DES). DES
has been claimed to be a green solvent capable of selec-
tively dissolving valuable metal elements. Recently, the
role of a DES in preparing GPEs has been actively in-
vestigated. A DES comprising of N‐methylacetamide
(NMA) and lithium LiTFSI was added to UV‐cured ac-
rylate polymers consisting of 2‐hydroxyethyl acrylate
(HEA) and polyethylene glycol methyl ether acrylate
(MPEGA) to prepare eutectic gel polymer electrolytes
(EGPEs) (Figure 11A,B).139 The self‐extinguishing time
measurement on the conventional organic electrolyte
(1M LiPF6 in EC/DMC), liquid DES, and the two best‐
performing EGPEs confirms the excellent non‐flammable
nature of EGPEs (Figure 11C).

The nonflammable nature of future GPEs can be
further improved by replacing organic solvents with
water. Following this logic, significant efforts have been
made to explore “water‐in‐salt” electrolytes, which have
the advantages of an extended electrochemical stability

FIGURE 10 (A) Schematic illustration of the preparative process of the ionogel membranes and (B) photographs showing an Ionogel‐
3.5 membrane that are exposed to the flame. Reproduced with permission: Copyright 2019, American Chemical Society.138 Optical
microscopic observations of the self‐healing capability of scratched (C) pristine P(VDF‐HFP) and (D) IL‐P(VDF‐HFP) membranes, and (E)
schematic illustration of the electrochemical deposition behavior of lithium metal anodes with a LiTFSI‐IL‐P(VDF‐HFP) gel electrolyte.
Reproduced with permission: Copyright 2018, Elsevier42
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window and superior flame retardancy. For instance, a
“water‐in‐bisalt” GPE consisting of lithium LiTFSI and
lithium trifluoromethanesulfonate (LiOTf) in water was
proposed.140 Such a “water‐in‐bisalt” electrolyte was
immobilized in PVA‐based GPEs (Figure 11D). Excellent
thermal stability was observed in the resultant GPE, on
account of the reduced water as well as improved re-
tention of free water. Considering the future potential
applications of LIBs, such GPEs with high safety are
much preferred and deserve more attention.

5 | APPLICATIONS OF
ADDITIVES IN SSLIBS

5.1 | High‐voltage LIBs

The next‐generation LIBs require advanced cathode
materials with higher energy and power density, longer
cycle life, and better safety than those available
nowadays.141 To date, many high‐energy‐density
cathodes have been developed, including layered
oxides,142 lithium‐rich layered oxides,143,144 spinel
oxides,145 and polyanionic compounds,146 among
which LiNixMnyCo1 − x − yO2 (NMC) and LiNixCoyAl1 −
x− yO2 (NCA) have already been commercially applied
in electric vehicles. However, high‐voltage stability
and high‐rate cycling often trigger accelerated de-
gradation, premature failure, and safety issues.147

Considering the internal drawbacks of liquid electro-
lytes for high‐voltage cathodes, including safety
hazards,148 parasitic side reactions,149 lithium dendrite

growth,150 metal ion dissolution,151 and so on, SPEs
show obvious advantages in addressing these issues in
high‐voltage cathodes. However, the commonly used
PEO‐based polymer electrolytes have limited oxidative
stability in state‐of‐the‐art high‐voltage cathodes,
limiting their utility.69 Recently, SPEs containing
functional additives have been reported to show both
high‐ionic conductivity and high‐voltage stability.74

Plastic crystal SN can effectively improve the high‐
voltage stability of SPEs because of the low HOMO
energy of SN. Ha et al. prepared a self‐standing, UV‐
cured polymer network‐reinforced plastic crystal
composite electrolyte for LIBs. Both the plastic crystal
composite electrolytes (F‐PCCE and X‐PCCE) could
maintain electrochemical stability up to 4 V. After
further reinforcement with UV‐curved ethoxylated
trimethylolpropane triacrylate (ETPTA) networks, the
X‐PCCE showed improved anodic stability, and no
decomposition of any components occurred below
5.0 V versus Li+/Li.131 In terms of the working me-
chanisms of SN in SPEs, Zhou et al.98 proposed a
hypothesis that the interactions between the C≡N
group of SN and lithium salt could be attributed to the
voltage stability of SPEs. Similar to SN, GN was used
as a plasticizer by Li et al. in SPEs. As shown in linear
sweep voltammetry (LSV) tests (Figure 12A,B), either
SPE with a single salt or dual salt showed a stable
voltage window up to around 4.3 V. Notably, the dual‐
salt electrolyte remained flat and stable up to 4.5 V.74

These results suggested that nitrile‐based additives
could be promising candidates to increase ionic

FIGURE 11 (A–C) Schematic representation of the synthetic process for UV‐cured eutectic gel polymer electrolyte (EGPE),
and self‐extinguishing time for the liquid deep eutectic solvent (DES), a standard organic electrolyte control, and two EGPEs.
Reproduced with permission: Copyright 2020, Royal Society of Chemistry.139 (D) Schematic of the UV‐cured acrylic polymer‐based GPE.
Reproduced with permission: Copyright 2019, Royal Society of Chemistry140
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conductivity and widen the voltage window of SPEs
simultaneously.

Inorganic additives have been widely used to enhance
the electrochemical stability of SPEs via Lewis acid–base
interactions, including hydrogen‐bond interaction, posi-
tive vacancy–salt interaction, and dipole–dipole interac-
tion (Figure 12C), which can reduce interfacial
impedance and remove interfacial impurities.133,152–154

Pioneering work was conducted by Park et al.,152 who
first proposed the positive effect of the hydrogen‐bond
interaction between Al2O3 and ClO4

− anion in enhancing

the electrochemical stability of PEO‐based electrolytes.
As shown in Figure 12D, the electrochemical stability of
PEO‐based electrolytes was markedly affected by the
states of Al2O3 additives, among which the SPE with
acidic Al2O3 or neutral Al2O3 showed higher electro-
chemical stability than that prepared with basic Al2O3.
This result suggested that the OH group on the surface of
the inorganic filler could reinforce the interactions (via
hydrogen bonding) with the ClO4

− ion. Following this
direction, more functional inorganic additives have been
explored, including Y2O3‐doped ZrO2 nanowires,61

FIGURE 12 (A) Linear sweep voltammetry (LSV) of the single‐salt (LiTFSI) SPE and (B) LSV of the dual‐salt (LiTFSI/LiBOB)
SPE. Reproduced with permission: Copyright 2018, Elsevier.74 (C) Illustration of Lewis acid–base interaction between an inorganic additive
and a polymer electrolyte. Reproduced with permission: Copyright 2019, Wiley.98 (D) Pictorial model of the surface interaction between
three forms (activated acidic, activated neutral, and activated basic) of an Al2O3 inorganic filler and the PEO–LiClO4 electrolyte complex.
Reproduced with permission: Copyright 2003, Elsevier152
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Mg2B2O5,
38 Ca–CeO2 nanotubes,39 Al‐doped Li6.75

La3Zr1.75Ta0.25O12 (LLZTO) ceramic particles,65 and so
forth. Meanwhile, the battery performance of high‐
voltage cathodes has been investigated. For example, Wu
et al. used Li‐ion‐insulating oxide fluorite Gd0.1Ce0.9O1.95

(GDC) and perovskite La0.8Sr0.2Ga0.8Mg0.2O2.55 (LSGM)
with a high concentration of oxygen vacancies to de-
monstrate two oxide/PEO‐based composite electrolytes.
As shown in Figure 13A, the accumulation of the elec-
trons between the O atom of the TFSI− anion and the
surface of the crystal indicated the formation of a bond
between the TFSI− anion and the surface of the inorganic
filler. When paired with the high‐voltage LiNi0.8
Mn0.1Co0.1O2 (NMC) cathode material, the all‐solid‐state
Li/NMC cell cycled from 2.8 to 4.3 V delivered discharge
capacities of 156, 135, and 108mAh g−1 at 50, 100, and
150 μA cm−2, respectively (Figure 13B), and the Cou-
lombic efficiency of the cell remained above 99% over 100
charge/discharge cycles while retaining a capacity of
100mAh g−1 (Figure 13C).40 In most cases, the enhanced
electrochemical stability of SPEs can be attributed to the
improved stability of lithium salts by inorganic additives.
However, the inorganic additives have also been reported
to interact with polymer hosts, resulting in suppressed
oxidative decomposition of polymer hosts.133 This me-
chanism is derived from the fact that most lithium salts
have much better antioxidant ability than the PEO‐based

polymer.155 In this regard, the electrochemical stability of
both lithium salts and polymer hosts is crucial in
determining the high‐voltage stability of SPEs.

Besides the structural design of the polymer host and
a lithium salt,156 the design of functional additives has
been demonstrated to be an effective strategy to enhance
the high‐voltage stability of SPEs and achieve high ionic
conductivity. The improved high‐voltage stability and
ionic conductivity are due to the ion‐dipole and Lewis
acid‐base interactions between additives and other elec-
trolyte components. However, considering the complex-
ity of these interactions existing among the additive,
lithium salt, and the polymer host, it is still challenging
to identify these working mechanisms of additives.
Therefore, future work should be conducted to further
unveil the working mechanisms and formulate funda-
mental guidelines to design high‐voltage SPEs.98

5.2 | Lithium–sulfur batteries

Lithium–sulfur (Li–S) batteries can deliver a high theo-
retical gravimetric energy density of 2600Wh kg−1 and a
high theoretical specific capacity of 1675mAh g−1.157,158

However, some key drawbacks of Li–S batteries hinder
their practical application, including the shuttle effect,
considerable change in volume, the low electronic

FIGURE 13 (A) Calculated differential
electron density distribution on the surface of
GDC and LSGM. (B) Charge/discharge voltage
profiles, capacity retention, and (C) cycling
efficiency of an all‐solid‐state Li/NMC cell cycled
at 35°C. Reproduced with permission: Copyright
2019, Wiley40
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conductivities of S and Li2S, and uncontrollable lithium
dendrite growth.159 Incorporation of SPEs into Li–S bat-
teries is an effective strategy to resolve the aforemen-
tioned issues because SPEs can provide the following
advantages.28,159 (1) SPEs can suppress the shuttle effect
as the dissolution of polysulfides is reduced, and the
migration of polysulfides to the anode becomes more
difficult when the electrolyte is not fully in the liquid
state. (2) SPEs act as not only the electrolyte but also the
separator, and the superior mechanical properties can
withstand both the lithium dendrite penetration and the
volume expansion of S during lithiation/delithiation.
Moreover, the high Young's modulus of SPEs can stabi-
lize the solid electrolyte interphase (SEI) layer during
cycling. (3) The safety concerns can also be eliminated as
there is no leakage in SPEs. As the major challenge for

SPEs is ionic conductivity, considerable efforts have
continuously been made toward solving this issue. Apart
from exchanging the polymer hosts and lithium salts, the
addition of functional additives to the base matrix seems
to be a promising route. As some great reviews have fo-
cused on this topic,160,161 herein, we review only some of
the inspiring examples from the perspective of liquid
additives and inert filler additives.

The major advantage of adding organic solvents or IL
additives to the SPEs is that the ion conductivity is increased
at room temperature, and such composites are classified as
GPEs. As mentioned in the previous sections, addition of IL
as additives can improve the performance of GPEs. For in-
stance, Jin et al.162 demonstrated an interesting concept by
designing a semicrystalline PVDF–HFP GPE with the de-
sired ionic conductivity and mechanical strength.

FIGURE 14 (A) Electrochemical behavior of the LiF‐modified CPE in a symmetric Li/CPE/Li cell and (B) specific capacity and
Coulombic efficiency as a function of cycle number of the as‐prepared all‐solid‐state Li–S batteries. Reproduced with permission: Copyright
2020, Elsevier.166 (C) Schematic illustration of the reaction mechanisms for the electrolytes containing a LiN3 additive. Reproduced with
permission: Copyright 2017, Wiley.167 (D) Schematic illustration and (E) cycling performance of the solid‐state Li–S batteries with a P2S5
additive. Reproduced with permission: Copyright 2021, Elsevier168
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Furthermore, this GPE was soaked with a room‐temperature
IL, N‐methyl‐N‐butylpyrrolidinium bis(trifluoromethanesu
lfonyl)imide (P14TFSI), with LiTFSI solution. When paired
with a sulfur cathode and a lithium anode, the solid‐state
Li–S batteries (SSLSBs) retained a high capacity of
818mAh g−1 after 20 cycles at a current density of
50mAg−1.

To minimize the safety concerns of the liquid com-
ponents, solid additives with high ionic conductivity and
polysulfide‐adsorbing ability have been explored to
achieve high‐performance SSLSBs. These additives can
enhance the overall mechanical properties of the com-
posite and suppress lithium dendrite growth as well as
the shuttle effect and electrode swelling during charge
and discharge.159 These solid additives include inert fil-
lers such as Al2O3,

163 TiO2,
164 ZrO2,

165 and SiO2,
84 and

ceramic electrolytes. Taking ceramic electrolytes as ex-
amples, Thangadurai et al. prepared a flexible LiF‐
modified PVDF‐based electrolyte with 2 wt% of
Li6.5La2.5Ba0.5ZrTaO12 (LLBZTO) and assembled it with
the sulfur cathode (Figure 14A). The as‐prepared SSLSBs
could maintain a high specific capacity of 610mAh g−1

after 80 cycles (Figure 14B).166

Another function of additives in SSLSBs is to stabilize
the lithium metal. For example, Eshetu et al. developed a
PEO‐based electrolyte by adding a LiN3 additive and
created a conductive passivated layer of lithium azide
(Li3N), a superior SEI, on the lithium metal anode after
cycling (Figure 14C).167 With just a tiny fraction of LiN3

(2 wt%), the shuttle effect was mitigated, and the cycling
performance was markedly improved. Similarly, Chen
et al.168 proposed a sacrificial electrolyte additive, phos-
phorus pentasulfide (P2S5), in a PEO–LiTFSI‐based SPE
for SSLSBs. Results suggested that the sample with 5 wt%
P2S5 showed a stable cycling performance for 200 h and
high capacity retention of 897mAh g−1 over 350 cycles
(Figure 14D,E).

SPEs are expected to suppress the shuttle effects in Li–S
batteries. However, the long‐chain polysulfides are still dis-
solved in the PEO‐based electrolytes, causing the expansion
of the SPEs and the corrosion of the lithium metal anode.169

Therefore, more efforts should be made to develop novel
additives that have a strong ability to alleviate the shuttle
effect of polysulfides. Additionally, catalytic additives should
be explored to accelerate the transfer of sulfur species be-
cause the reaction kinetics in SSLSBs become sluggish.

5.3 | Flexible LIBs

With the rapid development of portable and flexible smart
electronics, flexible LIBs have contributed toward great
convenience in daily life and are predominantly used in

wearable integrated configurations with multifunction
properties. Polymer electrolytes are preferable in flexible
LIBs because of their structure flexibility as well as better
lamination stacking and hermetic sealing processes.170

Meanwhile, the incorporation of SPEs into flexible LIBs can
only minimize the safety issues and performance dete-
rioration caused by the leakage of flammable organic sol-
vents.171 Thus, it is highly desirable to develop SPEs with
good safety and flexibility, stable output voltage, and ideally
good air‐atmosphere manufacturability for powering
wearable smart electronics.

To achieve a wavy composite with combined
functions, Wang et al. reported an arched structure
enabled by a CNT/LiMn2O4 (LMO)–CNT cathode, a
CNT/Li4Ti5O12 (LTO)–CNT anode, and a GPE com-
posed of PEO and LiTFSI in SN (Figure 15A,B). No-
tably, the resulting arched electrodes could bear a
400% strain and showed stable electrochemical per-
formance after undergoing 500 stretching cycles.172

To overcome interfacial challenges in flexible
SSLIBs, Yu et al.173 fabricated a flexible, scalable, and
ambient atmosphere manufacturable SSLIB combin-
ing CNT‐enhanced electrodes of LiTi2(PO4)3 (LTP/
CNT) and Li3V2(PO4)3 (LVP/CNT) with an SPE that
was made of highly ionic conductive, highly flexible
poly[bis(2‐(2‐methoxyethoxy)ethoxy)phosphazene]
(MEEP), and mechanically stable PVDF–HFP
(Figure 15C). The components were chosen based on
their low toxicity, systematic manufacturability, and
(electro‐)chemical matching to ensure ambient at-
mosphere battery assembly and to achieve high flex-
ibility, good safety, effective interfacial contacts, and
high chemical and mechanical stability for the battery
while in operation. As a result, the electrodes showed
outstanding performance individually in half‐cells
with a liquid and a polymer electrolyte.

To apply the single‐particle thick membrane (SPTM) for
the all‐solid‐state battery configuration, Pandian et al.174

designed a hybrid SE comprising a layered stack of a flexible
SPTM and ion‐conducting polymeric interposers. The flex-
ible SPTM, made of a monolayer of ion‐conducting ceramic
particles laterally interconnected by a soft insulating poly-
mer, rendered controlled lithium‐ion transfer through hard
ceramic particles, enabling efficient dendrite suppression
(Figure 15D). Consequently, the synergistic effect of the
components in the hybrid electrolyte facilitated a stable cy-
cling behavior of the Li//Li cell for more than 1000 h at
0.2mAcm–2, and the system could withstand even higher
current densities (∼0.7mAcm–2) at room temperature,
where polymer electrolytes are often subjected to a short‐
circuit.

The continuous fabrication process of flexible
SPEs is still a huge challenge for their facile
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commercialization. Accordingly, Kim et al.175 re-
ported a new class of flexible/shape‐versatile bipolar
SSLIBs via the UV‐assisted multistage printing pro-
cess as shown in Figure 15E. In this bipolar SSLIBs, a
new flexible/nonflammable gel electrolyte (i.e., seba-
conitrile [SBN]‐based electrolyte and a semi‐
interpenetrating polymer network [semi‐IPN] skele-
ton) were designed. Because of the advantages of
solvent‐drying‐free printing, the printed bipolar LIBs
showed exceptional flexibility, form factors, charge/
discharge behavior, and nonflammability.

The development of flexible SSLIBs is still at the very
beginning stage, and many challenging issues need to be
addressed in terms of the fabrication of high‐perfor-
mance flexible electrode and electrolytes materials and
the establishment of stable interfaces in the batteries.

6 | CONCLUSION AND
PERSPECTIVE

SSEs have been regarded as next‐generation technologies
for high energy density and superior safety in energy
storage systems. Among these SSEs, SPEs stand out be-
cause of their superior mechanical properties, such as
flexibility and processability, excellent mechanical de-
formation, and better interfacial contact and compat-
ibility with electrodes. Among the advanced SPE
systems, the PEO‐based SPEs, currently the mainstream
systems, show the most promise for the future markets
due to their good chain flexibility, superior electro-
chemical stability to lithium metal, low glass transition
temperature (Tg), and excellent solubility with con-
ductive lithium salts. However, the practical application

FIGURE 15 (A) Schematic illustration of a super‐stretchy battery and (B) its multilayered structure. Reproduced with permission:
Copyright 2015, Wiley.172 (C) Schematic illustration of an MEEP/PVDF‐HFP/LiBOB solid polymer electrolyte, LiTi2(PO4)3/CNT, and
Li3V2(PO4)3/CNT. Reproduced with permission: Copyright 2020, American Chemical Society.173 (D) Schematic illustration of a hybrid solid‐
state electrolyte (HSSE) comprising a layered stack of a flexible single‐particle‐thick membrane (SPTM) and ion‐conducting polymeric
interposers. Reproduced with permission: Copyright 2020, American Chemical Society.174 (E) Schematic of the flexible/shape‐versatile
bipolar cells prepared using the UV‐assisted multistage printing process. Reproduced with permission: Copyright 2017, Royal Society of
Chemistry175
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of the SPEs is still hindered by some key drawbacks in-
cluding low room‐temperature ionic conductivity, inter-
facial instability, and electrochemical instability. The
incorporation of the functional additives into SPEs has
been considered an effective strategy to address these
drawbacks. Normally, liquid additives can provide rela-
tively high ionic conductivity and superior interfacial
wetting ability, while solid additives can improve the
mechanical properties and thermal stability. After the
addition of the functional additives, the polymer prop-
erties, including glass transference temperature (Tg) and
degree of crystallinity, and the dissociation degree of the
lithium salts as well the interfacial properties would be
modified, thereby enhancing ionic conductivity, in-
creasing the ion transference number, inhibiting lithium
dendrite, improving high‐voltage stability, and so forth.
Considering their multiple functionalities, functional
additives have been widely used in high‐voltage LIBs,
lithium–sulfur batteries, and flexible LIBs, demonstrating
that functional additives could effectively boost the en-
ergy density, lifetime, and flexibility of SSLIBs.

Despite the aforementioned achievements, the de-
velopment of the functional additives for SPEs is at the
infancy stage. Most current studies have mainly focused
on the development of emerging additives to achieve
high ionic conductivity and high‐voltage stability, but
these studies were performed in indoor lab settings,
which are far from commercially satisfactory. Worse still,
the fundamental explanation of the working mechanisms
is debated. From random attempts at the rational design
of advanced additives, we proposed some strategies for
further optimizing additive design and approaching the
commercial practicability of SPEs for next‐generation
energy storage systems:

(1) The inhomogeneous dispersion of additives in SPEs
is still a challenge in the preparation of high‐
performance additive‐reinforced SPEs, especially for
solid additives. It is necessary to develop effective
physical or chemical methods to evenly disperse the
solid additives into SPEs, such as ultrasonic disper-
sion and the use of dispersion agents, thereby facil-
itating the construction of continuous and uniform
transport channels for Li‐ion migration.

(2) The high ionic conductivity of 10−3–10−2 S cm−1 at
room temperature, a critical ionic conductivity range
for commercial energy storage devices, is the top‐
priority task of SPEs and will remain a challenge in
the near future. Thus, additives with superionic
conductivity should be developed to further dis-
sociate the lithium salt, suppress the crystallinity of
the polymer matrix, and immobilize the anions, as
well as improve the electrochemical stability.

Moreover, highly conductive pathways can be con-
structed via 3D frameworks of functional additives to
provide continuous interfacial ionic conductivity
in SPEs.

(3) The interfacial issues in SPEs, including high‐voltage
stability and compatibility with lithium metal, are
still crucial in achieving high‐performance SSLIBs.
Besides enhancing the electrochemical and me-
chanical properties of SPEs via solid additives, mo-
lecular design of organic additives would be an
alternative strategy to solve the aforementioned in-
terfacial issues. For example, to inhibit the structural
degradation of SPEs at high voltage, additives with
functional groups (e.g., cyano (C≡N) group) may
significantly contribute to superior compatibility
with high voltage. Meanwhile, additives with carbo-
nyl (C═O) groups can be used to interact with Li
ions, regulating lithium growth and inhibiting the
penetration of lithium dendrites.

(4) The working mechanisms of additives in SPEs
should be further explored, and the advanced in situ
characterizations, such as X‐ray microscopy/trans-
mission electron microscopy (TEM)/X‐ray photo-
electron spectroscopy (XPS)/Fourier‐transform
infrared spectroscopy (FTIR), and so on, as well as
theoretical simulations can be applied to investigate
the structure and morphology change of additives
during prolonged cycles.

(5) Additives with special functionalities, including fire‐
retardancy, self‐healing ability, thermally responsive
characteristic, color‐changing ability, biocompat-
ibility, and so on, should be explored to widen the
application of SPEs in smart devices.
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