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Abstract
Lithium-ion batteries (LIBs) are considered to be one of the most promising power sources for mobile electronic products, 
portable power devices and vehicles due to their superior environmental friendliness, excellent energy density, negligible 
memory effect, good charge/discharge rates, stable cycling life, and efficient electrochemical energy conversion, which dis-
tinguish it from other power devices. However, the flammable and volatile organic solvents in carbonate-containing liquid 
electrolytes can leach, resulting in thermal runaway and interface reactions, thus significantly limiting its application. The 
use of polymer solid electrolytes is an effective way to solve this safety issues, among which poly (ethylene oxide) (PEO)-
based solid polymer electrolytes (SPEs) have attracted much attention because of their stable mechanical properties, ease 
of fabrication, excellent electrochemical and thermal stability. Unfortunately, PEO-SPEs with their low room-temperature 
ionic conductivity, narrow electrochemical windows, poor interface stability, and uncontrollable growth of lithium dendrites 
cannot meet the demand for high energy density in future LIBs. Therefore, this review firstly describes the ion transport 
mechanisms and challenges that are crucial for PEO-SPEs, and then provides a comprehensive review of current approaches 
to address the challenges, including novel and efficient lithium salts, additives, composite electrolytes, stable solid electro-
lyte interfaces, 3-D lithium metals and alloys, cathode protection layers and multi-layer electrolytes. Finally, future research 
directions are proposed for the stable operation of PEO-SPEs at room temperature and high voltage, which is imperative for 
the commercialization of safe and high energy density LIBs.
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1  Introduction

Lithium metal has become one of the most attractive 
anodes for rechargeable batteries due to its enormous 
theoretical capacity of up to 3 860 mAh g–1 and extremely 
low reduction potential (− 3.04 V) [1–5]. Since the com-
mercialization of LIBs in the 1990s, their applications 
have expanded from mobile electronic devices to electric 
vehicles and stationary power grids [3, 6–8]. The demand 
for LIBs with higher energy density has forced research-
ers to develop advanced electrode materials with larger 
capacities and electrolytes with broader voltage windows 
[9–15]. Although liquid organic electrolytes are widely 
used in commercial LIBs, they remain potentially risky 
in emergency situations due to their low boiling point and 
high flammability [16–20]. In contrast, solid-state elec-
trolytes can overcome these issues to produce safer LIBs. 
Thus, it has attracted extensive research interests in the 
last decade [10, 21–23].

Solid electrolytes can be divided into inorganic and 
organic solid electrolytes. Inorganic solid electrolytes 
include oxides, sulfides, nitrides, and phosphates, while 
organic solid electrolytes consist of a mixture of lithium 
salts and polymers. Despite the relatively high ionic con-
ductivity (IC) of inorganic solid electrolytes, they do suf-
fer from poor mechanical strength and interface issues, 
which still prohibited their practical applications [24–27]. 
Solid polymer electrolytes (SPEs) provide chain chan-
nels for Li+ transport with excellent interface compat-
ibility and enhanced safety [25, 28]. SPEs mainly include 

polyvinylidene fluoride-hexafluoropropylene copolymer 
(PVDF-HFP), polymethyl methacrylate (PMMA), polyeth-
ylene oxide (PEO), etc. Among these, PEO stands out due 
to its high flexibility of chains, high dielectric constant and 
strong solubility for Li+ [29–32]. PEO-based SPEs have 
the following advantages: (1) Easy deformability, which 
can be adapted to a variety of battery structures; (2) Great 
flexibility, which is able to reduce the effect on the changes 
of electrode volume during the battery charging and dis-
charging; (3) Excellent processability, which is consistent 
with the preparation process of current LIBs. Therefore, it 
has a better development prospect for the safety of LIBs.

However, the main obstacles limiting the development of 
PEO are the relatively low IC at room temperature [33, 34] 
and the high interface impedance between the electrolyte 
and the electrodes [35–37]. Furthermore, the low oxidation 
potential of PEO may cause its oxidative decomposition 
when the voltage is higher than 3.6 V as shown in Fig. 1a 
[22, 38]. Therefore, this work provides an overview of recent 
advances in the fabrication of PEO-based SPEs for LIBs. 
The review begins with a brief introduction of the problems 
with PEO-based polymer electrolytes, including lower IC at 
low temperatures, poor electrochemical stability at high volt-
ages, terrible mechanical properties and stability at the elec-
trolyte–electrode interface. Then, IC improvement strategies, 
mechanical property and electrochemical window enhance-
ment methods are summarized in detail. Among these, the 
combination of PEO and fillers that are organic or inorganic 
has been tried, and the effect of fillers in types, contents, spa-
tial distributions, and binding modes on the performance of 
PEO has been studied. This will be the key to improving IC, 

Fig. 1   a The challenges of 
lithium batteries with PEO-
based electrolytes. b Schematic 
diagram on the improvement of 
PEO-based polymer electrolytes 
and their interfacial improve-
ments
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addressing the electrochemical stability of PEO-based SPEs 
and the interfacial compatibility between electrolytes and 
electrodes. However, a single solution is not good enough 
to significantly enhance the comprehensive performance of 
PEO-based SPEs. Therefore, this paper supplied multiple 
design strategies, such as adjusting electrolyte composi-
tion as well as modifying electrode coating and interfaces 
(Fig. 1b). Finally, the existing challenges and future research 
directions are summarized and prospected.

2 � Deficiencies of PEO‑Based Solid 
Electrolytes

2.1 � Low Ionic Conductivity

Generally, the IC values of PEO at room temperature (RT) 
are between 10–8 and 10–6 S cm–1 [24, 25]. Pure PEO is not 

suitable as an electrolyte for LIBs without modification at 
structure. With the formation and breaking of Li–O chemical 
bonds, Li+ migrates through PEO polymer chains or mole-
cules. The biggest problem with PEO-based SPEs, their low 
IC at low temperatures, was caused by two factors. Firstly, 
the high crystallinity of PEO at low temperatures limits the 
segmental movement of PEO chains due to its glass transi-
tion temperature (Tg) of 60 °C. Secondly, the interaction 
between EO and Li+ in the PEO electrolyte prevents the 
transport of Li+ [39, 40].

2.2 � Migration Mechanism of Li+ in PEO‑Based SPEs

As shown in Table 1, PEO with a relative molecular mass 
between 1 × 105 and 1 × 106 is a water-soluble and ther-
moplastic crystalline resin in the form of a white flowable 
powder with a repeating unit of (CH2CH2O)–. This resin 
has a low concentration of reactive end groups. The IC of 

Table 1   The IC, EW, and 
TS of PEO electrolytes at 
different temperatures after the 
introduction of some optimal 
ratios of fillers

Data come from different resources, and thus are with different significant digits; Mw means the relative 
molecular mass. The expression wt% means the weight percentage

Li salt PEO/Mw EO/Li+ Fillers IC/(S cm–1) EW/V TS/MPa T/
°C

References

LiClO4 6 × 105 8:1 10 wt% SiO2 4.4 × 10–5 5.5 30 [95]
LiTFSI 6 × 105 8:1 67.3 wt% LATP

4 wt% BMP-TFSI
2.42 × 10–4 5 30 [77]

LiTFSI 6 × 105 8:1 64.6 wt% PEG
1.94 wt% LGPS

9.83 × 10–4 5.1 25 [96]

LiTFSI 6 × 105 8:1 10 wt% PAN
15 wt% LLZTO

1.76 × 10–4 5.2 9.47 30 [97]

LiTFSI 6 × 105 8:1 15 wt% SN
14 wt% LAGP

1.26 × 10–4 4.9 9.1 30 [98]

LiTFSI 6 × 105 8:1 15 wt% PVDF-HFP
10 wt% LLZTO

1.05 × 10–4 5.2 35 [99]

LiTFSI 6 × 105 10:1 1 wt% GO 1.54 × 10–5 5 1.31 24 [100]
LiTFSI 6 × 105 10:1 6 wt% GDC 1.9 × 10–4 4 30 [101]
LiTFSI 6 × 105 10:1 25 wt% LSGM 1.3 × 10–4 30 [101]
LiTFSI 6 × 105 10:1 1 wt% HPMA 1.13 × 10–4 5.1 2.0 35 [102]
LiI 4 × 105 12:1 0.1 wt% CdO 3 × 10–4 [86]
LiTFSI 6 × 105 14:1 5 wt% LLTO1-D 2.4 × 10–4 5.0 25 [103]
LiTFSI 6 × 105 15:1 15 wt% β-CD 1.02 × 10–5 4.5 1.69 30 [104]
LiTFSI 6 × 105 18:1 1 wt% LGPS 1.18 × 10–5 5.7 25 [63]
LiTFSI 6 × 105 18:1 15 wt% MB-LLZTO 3.11 × 10–4 4.5 45 [105]
LiTFSI 6 × 105 18:1 3 wt% LLTO 3-D 2.04 × 10–4 4.5 16.18 25 [106]
LiTFSI 6 × 105 18:1 12.14 wt% LLZTO 1.76 × 10–4 5.2 25 [97]
LiTFSI 6 × 105 20:1 5 wt% g-C3N4 2.3 × 10–6 4.7 1.8 30 [107]
LiTFSI 6 × 105 20:1 7 wt% vermiculite 1.22 × 10–5 4.6 4.2 [108]
LiTFSI 3 × 105 20:1 6 wt% h-BN 7.7 × 10–6 5.16 0.98 [109]
LiClO4 4 × 105 20:1 3 wt% NS-CD 2.1 × 10–4 5 2.51 [110]
LiTFSI 6 × 105 20:1 10 wt% HACC​ 5.01 × 10–4 5.26 1.01 60 [90]
LiTFSI 6 × 105 20:1 5 wt% LATP 5.24 × 10–4 5.0 55 [56]
LiTFSI 6 × 105 32:1 27 wt% SN 1.9 × 10–4 4.7 25 [111]
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PEO is quite low at RT, but it can be increased by raising 
the temperature. PEO-based SPEs have two main migration 
mechanisms of Li+ followed by the relationship between 
temperature and ionic conductivity: Arrhenius or the Vogel-
Tammany-Fulcher (VTF) model. Equation (1) is the Arrhe-
nius model.

where σ0 is the exponential factor, Ea is the activation energy 
and kB is the Boltzmann constant. The Arrhenius formula 
explains that the cation motion is not caused by the molecu-
lar motion of the polymer, but the cation migration mecha-
nism is similar to that in ionic crystals, i.e., ions jump to 
the nearest vacancy. The molecular motion of polymers is 
strongly influenced by temperature. This relationship can be 
expressed by the Vogel-Tammany-Fulcher model in Eq. (2).

where T0 is the equilibrium glass transition temperature, 
which is close to the Tg of SPEs, and Tg is the tempera-
ture at which the polymer backbone begins to move in seg-
ments. When the temperature is lower than Tg, the segmental 
motion of the polymer almost stops. And only when the tem-
perature is higher than Tg, the segmental motion is gradually 

(1)� = �0exp
(

−Ea∕kBT
)

(2)� = �0T
−1∕2exp

[

−Ea∕
(

T − T0
)]

carried out. In general, the IC of the polymer electrolyte 
increases with decreasing Tg and improves with increasing 
amorphous proportion. When the temperature is higher than 
Tg, amorphous PEO starts to form, which is beneficial to 
improving the IC of PEO [30, 38, 41]. PEO polymers have 
the ability to dissolve lithium salts and form complexes of 
lithium ions. The relationship between σ and the concentra-
tion of charge carriers is shown in Eq. (3).

where qi is the ionic charge, ui is the mobility of each charge 
carrier, and n is the number of freely charged species or 
dissolved ions. The IC of PEO polymer electrolytes can be 
improved by increasing the dissociation capacity and carrier 
density of lithium salts, or by decreasing the crystallinity 
of the PEO polymer matrix. Lithium salts are an important 
component of electrolytes and can affect the IC of electro-
lytes. The choice of an appropriate lithium salt is crucial 
since most lithium salts can only be partially dissociated in 
polymers as shown in Fig. 2d. Figure 2 shows a schematic 
diagram of the Li+ transfer process in the composite electro-
lyte from “ceramic-polymer”, “intermediate” to “polymer-
ceramic”. There are three different transport paths for lith-
ium ions in PEO-based SPEs, as shown in Fig. 2(a–c) [42]: 

(3)� =
∑

n qiui

Fig. 2   a-c Different lithium-ion transport paths in different systems. 
Reprinted with permission from Ref. [42].  Copyright © 2018, Else-
vier Ltd. d Schematic of Li+ transport in PEO-based solid polymer 

electrolytes. Reprinted with permission from Ref. [43]. Copyright © 
2021, Elsevier Ltd



Electrochemical Energy Reviews             (2024) 7:2 	 Page 5 of 38      2 

(1) PEO phases; (2) PEO-LLZTO ceramic interface phases; 
and (3) LLZTO ceramic phases. The introduction of certain 
LLZTO particles into PEO polymers not only improves the 
motion of the PEO chain segment, but also enhances the 
ionic conductivity of PEO, providing a new pathway for Li+ 
transportation.

2.3 � Poor Mechanical Properties

Solid polymer electrolytes should have high mechanical 
strength and some elasticity. As predicted by Newman and 
Newman Monroe, when the shear modulus of the polymer 
is large enough, the growth of lithium metal dendrites can 
be effectively inhibited. In addition, the polymer electrolyte 
should have a certain elasticity to accommodate the volume 
expansion of the electrode. The shear modulus (G) is defined 
as the ratio of shear stress to shear strain, which imparts elas-
tic properties to the polymer. The Young’s modulus of most 
solid polymer electrolytes is less than 5 GPa, while dendritic 
polymers have a critical shear modulus of about 9 GPa. The 
modulus of elasticity of PEO is as low as 106 Pa at RT, and 
the PEO-based SPEs are too soft and have poor mechanical 
properties to inhibit the growth of lithium dendrites.

2.4 � Narrow Electrochemical Window

There is a limit to the most positive and most negative poten-
tials for an electrolyte, beyond which the electrolyte will 
decompose by the electrochemical reaction. Then, there is 
an interval between this most positive and most negative 
potentials, in which the electrolyte is stable, normally called 
EW. The oxidation potential of PEO polymer is low with 
a general decomposition voltage of 3.7 V. Therefore, it is 
commonly used with the low-voltage LiFeO4 cathode. EW is 
an important indicator of electrolyte stability. The wide EW 
could ensure that the electrolyte remains electrochemically 
and chemically stable when in contact with the cathode and 
anode. SPEs should have an EW of 4 V or wider for proper 
charging and discharging of LIBs, which can match the high-
voltage cathode material. Improving the EW of solid electro-
lytes not only broadens the application range of electrolytes, 
but also enables the preparation of high-voltage LIBs. Thus, 
the energy density of LIBs would be increased.

2.5 � Poor Electrode and Electrolyte Interface Contact 
and Compatibility

The interface between electrolytes and electrodes in ASS-
LBs is quite different from liquid LIBs, in which the liquid 
electrolyte can wet the electrode and the transfer rate of 
ions between electrolytes and electrodes is fast. In contrast, 
PEO-based SPEs are in rigid contact with electrodes, and 
the impedance of the interface is quite high, which affects 

the transfer rate of charges at the interface of electrodes 
and electrolytes. During charging and discharging, the vol-
ume change of the electrode decreases the interface contact 
between the electrode and PEO-based SPEs, which increases 
polarization and results in LIBs failure.

Figure 1a shows the problems of terrible interface contact 
of cathodes, poor mechanical and electrochemical stability 
in PEO-based SPEs in ASSLBs. Figure 1b shows a series 
of improvement to the interface, including improving the 
composition of the PEO-based electrolyte and adjusting the 
structure of cathodes and cathodes to create a stable solid-
state interface layer.

3 � Improving Ionic Conductivity of PEO 
at Low Temperatures

3.1 � Li Salts with Larger Anions

Lithium salts with larger anions have been reported to have 
relatively higher IC. In 1973, Fenton et al. [29] developed a 
PEO-LiX electrolyte material with high IC for alkali metals. 
Subsequently, LiCF3SO3 [44–47], LiBF4, LiClO4, LiPF6 and 
LiAsF6 [38], LiBOB [48], as well as LiN (CF3SO2)2(LiTFSI) 
[49] have been reported. Among them, LiTFSI is the most 
widely used because of its strong electron-withdrawing 
groups (SO2CF3), flexible groups (–SO2–N–SO2–), better 
thermal, chemical, and electrochemical stabilization proper-
ties [50, 51].

It has been found that increasing the concentration of 
lithium salts can promote the migration of Li+. However, 
the high concentration of lithium salts is detrimental to the 
thermal movement of the PEO molecular chains, the migra-
tion of ions, the formation of films, and mechanical proper-
ties of the SPEs, resulting in a rise in Tg of the polymer and 
an increase in salt-ion complexation. Therefore, the molar 
ratio of EO to Li+ in the electrolyte must be in a suitable 
range [52–54]. According to Table 1, the optimal ratio of 
EO/Li lies between 8 and 20. Lukas Stolz et al. experimen-
tally demonstrated that PEO-LiX has similar performance 
and specific charge capacity at 60 °C when the ratio of EO/
Li is lower than 20, but an obstructive polarization occurs 
when the ratio is above 20 [55]. The experiments were con-
ducted at 40 °C as well to investigate the effect of tempera-
ture on the performance of different salt concentrations. The 
results showed that the overvoltage, specific capacity, and 
polarization in Fig. 3a and b became dispersed compared 
to that at 60 °C. When EO/Li is higher than 20, the voltage 
rises nearly vertically with time, indicating the presence of 
obstructive polarization in the LIBs. The transition time (τ) 
and current density of this polarization mathematically coin-
cide with the Sander’s equation, from which the Li+ diffu-
sion constant ( D

Li
+ ) can be calculated. In turn, the maximum 
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current density of SPEs can be calculated and predicted as 
well under a certain salt concentration and temperature. This 
polarization stems from the lack of Li+ in the electrolyte at 
the surface of electrodes and is limited by the kinetics of 
ion transport as verified in Fig. 3d. The obstructive polari-
zation occurs when Li+ is completely depleted at the sur-
face, because the consumption rate of reactants is faster than 
that of the Li+ transport rate through the SPEs, as shown in 
Fig. 3c. Therefore, it is preferable to use a low concentra-
tion of salts, which not only saves costs [31, 56] but also 
improves mechanical properties of the enhancer [57–60].

However, the inhomogeneity of the PEO-LiX com-
posite electrolyte is a major problem, which can 

lead to high current density regions at the interface 
between the anodes, the PEO and internal short circuits 
(> 0.2 mA cm–2) in LIBs. In addition, it can reduce the 
mechanical strength and prevent PEO-LiX films from 
inhibiting the growth of lithium dendrites when the tem-
perature is higher than 50 °C [61]. Different mixing tech-
nologies [58, 62], addition of fillers [63–65] and various 
salts [66–70] can promote a more homogeneous mixture 
of PEO and LiX, and further improve the physical and 
chemical properties of the composite electrolytes.

Fig. 3   a Voltage profile and specific capacity of NMC622 || SPE || Li 
cell at 40 °C. b Voltage curve of Li || SPE || Li batteries at 40 °C. 
The transition time and current density are mathematically consistent 
with the Sand equation schematic. c When t = τ, blocking polariza-
tion appears in the diagram voltage profile and specific capacity of 

NMC622 || SPE || Li cells at 60 °C. d The transition time (τ) for the 
electrolyte on the electrode surface with a Li+ concentration of 0. 
Reprinted with permission from Ref. [55].  Copyright © 2021, Else-
vier Ltd



Electrochemical Energy Reviews             (2024) 7:2 	 Page 7 of 38      2 

3.2 � Filler Doping

Adding fillers to PEO-based electrolytes to form composite 
polymer electrolytes (CPEs) is a popular research direction 
for ASSLBs. The fillers not only promote the IC and migra-
tion of Li+, but also improve the mechanical properties of 
solid electrolytes and the stability of the interface between 
the electrolyte and the electrode. Fillers are mainly classified 
into inorganic and organic materials. Inorganic fillers are 
mainly nano-sized and can be subdivided into active and 
inert fillers. Among them, inert fillers were studied at the 
beginning and they generally do not have Li+ components 
and transport capacity. However, they can disrupt the crys-
talline morphology of PEO to improve the mechanical prop-
erties and the thermal stability of the electrolyte. In recent 
years, research has focused on active fillers that contain 
Li+ components and are capable of Li+ transportation. The 
conductivity of the electrolyte is improved by providing an 
additional amount of Li+ and broadening the EW. Several 
improvements have been proposed to achieve homogeneous 
dispersion of fillers in the polymer, such as enhancing the 
binding of fillers to polymers [71–74], increasing the size of 
fillers [75–77], and improving mixing technologies [76, 78].

3.3 � Passive Fillers

Since Weston and Steele [79] first added α-Al2O3 to the 
PEO8-LiClO4 system in 1982 and significantly enhanced the 
IC of the electrolyte, many metal oxides, including TiO2 
[80], Al2O3 [79–82], ZrO2 [83], Fe2O3 [84], CuO [85], CdO 
[86], CeO2 [87, 88], CaO [89], MnO2 [90], and ZnO [64, 
91], have been further studied. Currently, there are two 
theories on the role of inorganic fillers in improving the IC. 
Firstly, Wzorek et al. [92, 93] considered that the cations of 
inorganic fillers can bind to anions in the electrolyte through 
Lewis acid–base interactions and increase the amount of free 
Li+ in the system by promoting the dissociation of Li+ salts. 
Secondly, Croce et al. [94] suggested that inorganic fillers 
can promote local reorganization of chain segments in the 
polymer and reduce the crystallinity of the polymer, thus 
promoting chain movement. Table 1 shows the IC, EW and 
tensile strength (TS) of PEO-based SPEs at different tem-
peratures after the introduction of optimal ratios of fillers.

The composite polymer electrolyte was prepared by using 
a PEO-based polymer. However, many crystalline regions 
formed by the agglomeration of the incorporated nanoparti-
cle fillers limit the enhancement of IC. Therefore, the dimen-
sionality of the filler was increased from nanoparticles to 
nanosheets as is desirable to further improve the dispersion 
of the nano-filler and enhance the interaction between the 
filler and the polymer [107, 112].

The crystallinity of the polymer is related to the size 
of the inorganic filler, incorporation, own properties, and 

dispersion in the polymer [113]. The solution casting method 
is commonly used to prepare polymer nanocomposites that 
are filled with different concentrations of metal oxide par-
ticles [114–118]. In 1998, F. Croce et al. added nano-sized 
TiO2 and Al2O3 ceramic powders to a PEO-based electrolyte 
via a casting method [80]. They demonstrated that the con-
ductivity of the composite electrolyte (PEO-LiClO4) con-
taining 10% by weight (wt%) TiO2 with 13 nm and 10 wt% 
Al2O3 with 5.8 nm in diameter was approximately 10–4 S 
cm–1 at 50 °C and 10–5 S cm–1 at 30 °C. Kamaka. A. Ghosh 
observed that 0.10 wt% CdO nanoparticles with an aver-
age size of 2.5 nm dispersed in a PEO matrix by using a 
casting method can improve IC to 3 × 10–4 S cm–1 at 30 °C. 
The decreasing Tg of the PEO-LiI electrolyte was observed 
with the introduction of CdO nanoparticles into the poly-
mer. Results characterized by X-ray diffractometry, electron 
microscopy and differential scanning calorimetry indicated 
that the amorphous phase of PEO increased with the intro-
duction of CdO nanoparticles. At a 0.1 wt% CdO doping 
amount, the conductivity of direct current was significantly 
enhanced by three orders of magnitude over that of the PEO-
LiI electrolyte. However, the conductivity decreases when 
CdO is added more than this concentration because the nan-
oparticle aggregation blocks ion transport. Meanwhile, the 
PEO-LiI electrolytes incorporated with CdO nanoparticles 
showed a VTF behavior. The conductivity is inversely pro-
portional to the temperature, suggesting a strong coupling 
between the ionic motion and the polymer chain segment 
motion. When the amount of CdO is above this concentra-
tion, the conductivity decreases as a result of the hindering 
effect of the nanoparticle aggregation on the ion transport 
[86]. Some complex metallic oxides materials can also be 
used as fillers such as MgAl2O4 [119], Gd0.1Ce0.9O1.959 
(GDC), La0.8Sr0.2Ga0.8Mg0.2O2.55 (LSGM) and zirco-
nium 1,4-hydroxyphenyl metal–organic framework (UIO) 
[120]. Among them, Nan Wu et al. presented two oxides 
Gd0.1Ce0.9O1.95 and perovskite La0.8Sr0.2Ga0.8Mg0.2O2.55 in 
oxide/polymer. Lithium solid-state nuclear magnetic reso-
nance (NMR) measurements confirmed the presence of two 
different localized Li+ landscapes in the composite polymer 
electrolyte, namely A1 and A2. The distribution of Li+ at the 
A1 and A2 sites is changed with the introduction of GDC 
or LSGM. While Li+ at the A2 is weakly coordinated to the 
ether oxygen, Li+ at the A1 is tightly coordinated. Density 
functional calculations (DFT) were performed to reveal that 
bonds formed on the surface of the TFSI– anion and the 
introduced filler. Oxygen vacancies on the surface of GDC/
LSGM combine with the TFSI– anion in the PEO-LiTFSI 
composite electrolyte to enhance the number of freely mov-
ing Li+ in the electrolyte. The maximum ionic conductivities 
are 1.9 × 10–4 and 1.3 × 10–4 S cm–1 at 30 °C for CPE-5 wt% 
GDC and CPE-25 wt% LSGM CPES, respectively[101].
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Compared with other spherical particles, carbon materi-
als like carbon nanotubes and graphene have a very high 
specific surface area, which keeps PEO-based polymers in a 
disordered state for a long time and inhibits crystallization. 
When lithium salts are doped into the carbonaceous material 
system, Li/Li+ will adsorb on the carbon nanotubes or gra-
phene, facilitating the migration of Li+ and increasing elec-
trical conductivity. Chemical modifications are commonly 
required for carbon materials because carbonaceous materi-
als are highly metallic and cannot be used directly as fillers. 
Carbon nanotubes modified with a clay layer can effectively 
reduce the risk of short circuits in LIBs. At the same time, 
the conductivity of electrolytes can be improved by almost 
two orders of magnitude [121]. Xu et al. [110] studied the 
PEO-LiClO4

– nitrogen and sulfur co-doped carbon dots (NS-
CD) and found that the maximum conductivity can reach 
2.1 × 10–4 S cm–1 at 25 °C when the concentration of the 
filler is about 3 wt%. It is a result of the interaction between 
the marginal nitrogen/sulfur and Li+ in NS-CD. Solid-state 
NMR shows that more freely mobile Li+ ions are gener-
ated in the electrolyte. Metal–organic frameworks (MOFs) 
are materials with organic–inorganic hybrid properties, 

high specific surface area and ordered microporous struc-
ture [122]. Liu’s group [123] first reported the addition of 
MOF-5 (Zn4O (BDC)3) as a filler in PEO-based SPEs, which 
resulted in an increase in IC to 3.16 × 10–5 S cm–1 at 25 °C. 
The reasons for the increase in IC are speculated as follows: 
(1) The Lewis acid sites on the surface of MOF-5 and the 
EO groups on PEO interacted with the lithium salts; (2) 
The reduced crystallinity of PEO increases the movement 
of chain segments in the polymer and the dissociation of 
lithium salts; and (3) The pores of MOF-5 adsorb impuri-
ties in the polymer electrolyte and reduce interface reac-
tions. Later, the addition of MIL-53(Al) [124], Cu-BDC 
MOF [125], Mg-TPA MOF [126], HKUST-1 MOF [127] 
and EACe2 MOF [128] as fillers into PEO-based electro-
lytes has been reported. However, the research on MOFs is 
still booming and the ion migration mechanism needs to be 
further clarified.

Some ideas for the simple mixing of nanoparticles into 
polymer electrolytes have been proposed in recent years, 
including electrostatic spinning, in situ synthesis, in situ 
hydrolysis, and other synthetic methods. Cui’s group [95] 
reported a new method for preparing ceramic polymer 

Fig.4   a Schematic diagram showing the process of in situ hydrolysis 
and the mechanism of interaction between PEO chains and MUSiO2. 
b Arrhenius curves for different electrolytes at different temperatures. 

c Electrochemical windows for different electrolytes. Reprinted with 
permission from Ref. [95].  Copyright © 2016, American Chemical 
Society
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electrolytes by in situ synthesis of ceramic particles in pol-
ymer electrolytes (Fig. 4a). The incorporation of monodis-
perse ultrafine silica (MUSiO2) not only reduces the crystal-
linity of PEO, but also increases the dissociation of LiClO4, 
which increased the IC of the electrolyte to 1.2 × 10–3 S cm–1 
at 60 °C as shown in Fig. 4b and expanded the EW to 5.5 V 
in Fig. 4c. Moreover, Bao et al. [91] demonstrated that ZnO 
quantum dots can be chemically doped into PEO substrates 
by a special variant of atomic layer deposition (ALD) and 
vapor phase infiltration (VPI). ZnO quantum dots have a 
strong chemical interaction with PEO polymer chains, thus 
inhibiting PEO crystallization and enhancing the transpor-
tation of Li+. The strong interaction also contributes to the 
uniform distribution of ZnO quantum dots in the PEO-based 
solid electrolyte matrix as well as at the surface, which leads 
to a significant reduction of the interface resistance to the 
transportation of Li+. The PEO-LiTFSI-VPI ZnO compos-
ite polymer electrolyte can be compatible with the high-
voltage NCM811 cathodes and exhibits excellent cycling 
performance.

3.4 � Active Fillers

In recent years, polymer electrolytes have been intensively 
studied and more inorganic solid electrolytes have been fab-
ricated. However, their fabrication processes are complex, 
costly and result in various side reactions at the interface 
between the positive/negative electrodes and electrolytes 
and further cause fractures. The addition of active fillers 
increases the IC by providing new pathways for the transpor-
tation of Li+ [97, 129, 130]. When PEO and electrodes come 
into contact, the presence of O and OH in PEO reacts chemi-
cally with the lithium metal to produce an unstable layer of 
lithium oxide [42]. The addition of active filler can reduce 
the physical contact between PEO and Li+ and the interfacial 
resistance to improve the electrochemical stability [56, 131, 
132]. The active fillers include Li10GeP2S12 (LGPS) [63, 
96], Li1.5Al0.5Ge1.5(PO4)3 (LAGP) [133], LLZO [134, 135], 
Li1.3Al0.3Ti1.7P(O4)3 (LATP) [56, 136–139], Li0.3La0.557TiO3 
(LLTO) [103, 106, 140], Li6.4La3Zr1.4Ta0.6012 (LLZTO) 
[105], LiZr2(PO4)3 (LZP) [129], Li2OHBr [141], 
Li6.25La3Zr2Al0.25O12 (LLZAO) [142], etc.

The size (nano and micron) and morphology of inor-
ganic fillers and their homogeneity significantly affect the 
crystallization kinetics of ion pathways in polymers [143]. 
Huo et al. [144] suggested that the particle size of LLZTO 
is a key factor, with smaller LLZTO particles improving 
IC and larger LLZTO particles improving the mechanical 
strength. The reason is that small active filler particles 
have a large specific surface area and are more prone to 
agglomeration, resulting in rapid migration of ions in the 
vicinity of the active filler particles. Large active filler 
particles have a small specific surface area, which might 

reduce the contact area between the activated filler parti-
cles and the polymer, leading to a decrease in the migra-
tion pathway of Li+ [56]. Skaarup et al. [47] first added 
the active Li3N to the PEO-LiCF3SO3 system in 1988 and 
it significantly enhanced the IC by a factor of 1 000. How-
ever, Li3N is extremely unstable and sensitive to heat and 
moisture. Additionally, Li3N has a narrow electrochemical 
stability window (2.5 V compared to Li+/Li).

The electrolytes can be prepared by solvent casting or dry 
mixing of PEO-LiTFSI substrates with LATP nanofiller par-
ticles. The solvent-free mixing improves the conductivity of 
the electrolyte [145]. The maximum of the PEO-LiTFSI-10 
vol% (vol% means the volumetric percentage) LATP electro-
lyte is 2.5 × 10–3 S cm–1 at 80 °C, which is almost two times 
more compared to the electrolyte containing SiO2 filler [65]. 
Because of the absence of solvents and the fact that contact 
between the sample and air is greatly avoided during the 
production process, the mechanical strength and thermal sta-
bility of the films produced by the dry-blending process are 
higher [146]. Prof. Goodenough [42] investigated a new idea 
for composite electrolytes from “ceramic-in-polymer” to 
“polymer-in-ceramic”. LLZTO particles increase the propor-
tion of amorphous phases in the PEO matrix and decrease 
the crystallinity, which not only improve the chain segment 
motion but also provide more Li+ pathways to enhance the 
IC of PEO. When the amount of LLZTO is less than the 
percolation threshold, the conductivity of the composite 
electrolyte is mainly determined by the movement of PEO 
polymer chains. In the case of percolation, the conductivity 
is determined by both PEO and LLZTO. When the parti-
cle concentration is higher than the percolation threshold, 
LLZTO provides new pathways for Li+ transport. Therefore, 
the conductivity of LLZTO ceramic dominates the property 
of polymer-ceramic composites. The electrolyte has good 
electrochemical properties with IC above 10–4 S cm–1 at 
55 °C and a 5.0 V vs. the Li/Li+ electrochemical stability 
window. PEO-LLZTO composite electrolytes prepared by 
hot pressing have excellent cycle stability and a high dis-
charge capacity of 139.1 mAh g–1 in Li || LiFePO4 cells with 
a capacity retention rate of 93.6% after 100 cycles.

The population of lithium ions in the composite electro-
lyte determines the Li salt concentration and the amount 
of active fillers [129]. Previous studies have shown that 
IC usually has a peak value when the volume fraction of 
active fillers is less than 15%. Good mechanical properties 
can be achieved when the volume fraction is greater than 
40% [42, 147–149]. There is a percolation flow threshold 
for the amount of active fillers added. Both the polymer 
and active particles can provide the lithium-ion transfer 
pathway below the threshold. Once it is greater than this 
value, the primary lithium-ion conduction pathway is pro-
vided by the active filler [42].
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LLZTO was used in the PEO polymer matrix to produce 
flexible self-supporting composite electrolyte membranes 
in which no additional lithium salts were added, but rather 
the lithium ions on the surface of LLZTO were leached 
out and conducted by using the percolation effect [149]. In 
all composite polymers, there are two different Li+ sites. 
The distribution of Li+ in the composites depends on the 
active filler and the concentration of lithium salts. Wu et al. 
[129] proposed to investigate the Li+ distribution and Li+ 
conduction mechanism of composite polymer electrolytes 
by using 7Li relaxation time and 6Li → 7Li trace exchange 
nuclear magnetic resonance (NMR) measurements to test 
three different PEO-LiTFSI composite electrolytes: PEO-
LiTFSI, PEO-LiTFSI-Al2O3 and PEO-LiTFSI-NASICON-
LiZr2(PO4)3 (LZP) electrolytes. The reaction product of 
LZP and lithium metal is Li3P, which increases the contact 
between the solid electrolyte and lithium metal anode, thus 
decreasing the interfacial resistance between lithium metal 
anodes and polymer electrolytes and improving the cycle 
stability of symmetric Li || Li batteries at low temperature. 
PEO-LiTFSI-25 wt% LZP has the highest conductivity of 
1.2 × 10−4 S cm–1 at 30 °C. Zhang et al. [150] proposed 
a new synthetic route to prepare a composite electrolyte 
(CE, LAGP || SPE) for all-solid-state LiFePO4 || Li cells 
by coating a PEO-based solid polymer electrolyte (SPE) of 
PEO-1%-75% Li2S-24%-P2S5-1% P2O5 (LPOS) onto LAGP 
particles. The all-solid-state lithium batteries (ASSLBs) of 
LiFePO4 || Li with this advanced structural strategy have 
good interface compatibility, an extremely long cycle life, a 
high capacity, and a reversible discharge capacity retention 
of 127.8 mAh g–1 at 1 C for the 1 000th cycle with a reten-
tion rate of 96.6%. However, nanoparticles tend to agglomer-
ate easily due to their high surface energy [28, 129, 151]. As 
a result, they are not homogeneously mixed with PEO poly-
mers [152, 153]. Several improvements are used to make 
the filler uniformly dispersed into the polymer as follows.

(1)	 Modify the active particles with other substances to 
increase their contact area with PEO [105, 151, 154].

(2)	 Improve the compatibility of the filler and the polymer 
by adding cross-linking agents to chemically bond the 
filler and the polymer [96, 148, 155].

(3)	 Prepare fillers with different dimensions like one-
dimension (1-D), two-dimension (2-D), and three-
dimension (3-D) fillers, which not only reduce the 
agglomeration of the filler, but also provide continuous 
channels for the transportation of Li+ [103, 106, 142, 
156].

Wenwen Li et  al. [105] proposed grafting molecular 
brushes (MB) onto the LLZTO surface to increase the wet-
tability between PEO and LLZTO, so MB-LLZTO nano-
particles can be uniformly distributed in organic matter. The 

irregular structure of MB-LLZTO particles reduces the crys-
tallinity of PEO and provides fast transfer channels for lith-
ium ions, thus increasing the IC of the polymer electrolyte. 
The PEO-based SPEs of PEO-LiTFSI-15 wt% MB-LLZTO 
have an IC of 3.11 × 10–4 S cm–1 at 45 °C. A high-resolution 
solid-state lithium NMR indicates the transport mechanism 
of Li+ in the composite electrolyte, i.e., Li+ favors conduc-
tion in the region introduced by brushes on the surface of 
MB-LLZTO. To make LLZTO uniformly dispersed in PEO, 
a 4–5 nm dopamine (PDA) coating with good wettability 
was applied to the LLZTO surface. The IC of the composite 
electrolyte increased from 6.3 × 10–5 S cm–1 to 1.1 × 10–4 S 
cm–1 at 30 °C by dopamine modification and the interfacial 
resistance from 308 to 65 Ω cm2 between the composite 
electrolyte and the lithium metal anode at 50 °C. [151]. 
This PDA coating improves the binding between PEO and 
LLZTO and reduces their interface resistance. The thermal 
and electrochemical stability of the composite electrolyte 
was enhanced. A PEO-PEG-LGPS flexible composite elec-
trolyte was prepared by an in situ coupling reaction. The 
LGPS was chemically bonded to PEO, and the LGPS was 
highly dispersed in PEO at RT. PEO-PEG-3LGPS has a con-
ductivity of up to 9.83 × 10–4 S cm–1 and the lowest activa-
tion energy (0.26 eV) and a high tLi+ (0.68). Additives were 
introduced to inhibit the growth of lithium dendrites, and 
the symmetrical lithium battery was reported by Kecheng 
Pan et al. [96].

The introduction of a composite electrolyte with more 
than zero-dimension active fillers can improve IC to 10–4 S 
cm–1 at RT [103, 106, 137, 140, 156, 157]. The 1-D LLTO 
increases the Li+ conductivity of the polymer electrolyte to 
2.4 × 10–4 S cm–1 at RT by increasing the concentration and 
disorder of more mobile Li+ ions [103]. After adding LLZO 
nanowires to PEO-LiTFSI, the electrical conductivity is an 
order of magnitude higher than that of adding nanoparticles 
[156]. The active fillers are randomly distributed in the poly-
mer, and the lithium ions are not evenly distributed at the 
interface between the cathode and the electrolyte. This leads 
to the growth of lithium dendrites, potentially rapid battery 
degradation, and even short-circuiting [158, 159]. Cui’s 
group [160] investigated the effect of directionally aligned 
LLTO nanowires on the conductivity of the composite elec-
trolyte. These nanowires without cross-parallel structures 
are able to provide a fast ionic conduction pathway, and the 
IC of composite electrolytes is ten times higher than that of 
the randomly dispersed LLTO nanowire composite electro-
lytes. The development of composite polymer electrolytes 
with aligned nanowires provides a good way to improve the 
IC of solid electrolytes through new nanostructure designs. 
Then, Zhai et al. [139] fabricated vertically aligned struc-
tured LATP fillers by using an ice template method. Its 
conductivity approaches 5.2 × 10–5 S cm–1, which is 3.6 
times higher than that of the composite electrolyte with 
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randomly dispersed LATP NPs. The composite electrolyte 
has improved geometric stability at 180 °C and enhanced 
electrochemical stability of the PEO polymer electrolyte.

The configuration of the active filler was further improved 
by preparing a vertically aligned porous framework. A bi-
layer composite electrolyte with an asymmetric bi-layer 
LATP vertically arranged porous layer framework was 
reported by Yanke Lin et al. [137]. PEO-LLTO framework 
solid electrolytes with a vertical bi-continuous phase have a 
higher ionic conductivity than PEO-LiTFSI (PL) electrolytes 
and PEO-LiTFSI-LLTO nanoparticles (PLLN) electrolytes 

at the same salt concentration, as shown in Fig. 5g. Scanning 
electron microscopy images revealed that PLLF electrolytes 
effectively suppressed lithium dendrites (Fig. 5a–f). This 
PLLN electrolyte can have an IC of up to 12.04 × 10–4 S 
cm–1 at RT, which is 72 times higher than that of the PL 
electrolyte (Fig. 5h). It has excellent cycling stability and 
interfacial compatibility, and the LiFePO4 || Li cell, after 150 
cycles at 1 C, has a discharge capacity of 154.7 mAh g–1. In 
short, this vertical bi-continuous structure greatly improves 
the ion transport capacity of the active filler, LATP, and the 
stability of the polymer, and provides an effective way to 

Fig. 5   Surface morphology of lithium anodes after cycling with dif-
ferent electrolytes: a Li || PL || Li cell and b Li || PLLM || Li cell with 
stable cycling of about 750 h. c Li || PLLN || Li cell with the cycling 
of about 1 075  h. d Surface morphology of lithium anodes of the 
LiFePO4 || PL || Li cell. e LiFePO4 || PLLM || Li cells and f LiFePO4 

|| PLLN || Li battery surface morphology of lithium anodes after 70 
cycles at 0.5 C and 60 °C. g The schematic representation of an all-
solid-state LiFePO4 || PLLN || Li cell. h Conductivity of different 
electrolytes. Reprinted with permission from Ref. [156].  Copyright 
© 2018, John Wiley & Sons, Inc



	 Electrochemical Energy Reviews             (2024) 7:2     2   Page 12 of 38

improve the IC at low temperatures for all-solid-state batter-
ies and interfacial stability at low temperatures [140].

Vertically aligned electrolytes have good IC and electro-
chemical properties, and the alignment of the filler in the 
polymer is especially important. For example, Guo et al. 
[134] prepared homogeneous and anisotropic CPEs by the 
coaxial electrostatic spinning of LLZO particles highly dis-
persed in PEO. This electrospun composite solid electrolyte 
(ES-CSE) has a unique vertically and horizontally oriented 
structure that improves the IC and inhibits the formation 
of lithium dendrites (Fig. 6a–c). LLZO particles were uni-
formly distributed in the PEO-LiTFSI system, enhancing the 
interaction between PEO and LLZO to form a continuous 
channel of lithium-ions transport. This continuous transport 
path enabled the vertical/horizontal anisotropic transport 
of lithium ions in CSEs, delayed the side reactions at the 
interface, inhibited the formation of lithium dendrites, and 
strengthened the resistance to deformation. It shows a con-
ductivity of 1.5 × 10–4 S cm–1 (Fig. 6a) and a tensile strength 
of 7.46 MPa at 35 °C (Fig. 6c). In Li || ES-CSE || Li sym-
metric cells it can suppress lithium dendrites at 0.1 mA cm–2 
for more than 1 570 h (Fig. 6e). Research on 2-D fillers is 
limited compared to the fillers of other dimensions due to 
the difficulty of methods for physical problems such as strip-
ping [142]. Some 2-D fillers, such as vermiculite nanosheets 
and LLZAO nanosheets, have been successfully prepared 

in recent years, but more in-depth exploration is needed in 
the future.

3.5 � Organic Additives

The addition of organic substances with excellent thermal 
stability can enhance the IC of the composite polymer elec-
trolyte [33]. In 1983, Tsuchida et al. [161] first incorporated 
PMMA to improve the IC of PEO-based SPEs. The IC of the 
PEO-PMMA composite electrolyte at 60 °C was 1.3 × 10–5 
S cm–1. Jinisha et al. [162] reported that the IC of the mix-
ture (PEO, PVP and LiNO3) was 1.13 × 10–3 S cm–1 at RT. 
Subsequently, a large number of organics have been added 
to the PEO-based polymers, of which the main polymers 
incorporated include polyimide (PI) [163], poly-(propylene 
oxide) (PPO) [164], poly(vinylpyrrolidone) (PVP) [162], 
waterborne polyurethane (WPU) [165], etc.

Adding small organic molecules to the polymer elec-
trolyte not only reduces the crystallinity of the polymer 
but also promotes the decomposition of the lithium salt in 
the polymer electrolyte [166]. Generally, there are three 
types of organics. The first group is small non-conductive 
molecules, such as low molecular weight polyethylene 
oxide (PEO), ethylene carbonate (EC), propylene carbon-
ate (PC) and succinyl cyanide (SN). The second group 
is small molecules with conductive ionic liquids, such as 

Fig. 6   ES-CSE schematic in a solid-state battery b Cast-CSE diagram 
of the lithium-ion transfer pathway. c ES-CSE diagram of the lithium-
ion transfer pathway. d The IC at different temperatures. e Schematic 

diagram of the long cycle. Reprinted with permission Ref. [134].  
Copyright © 2021, John Wiley & Sons, Inc
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hydroxypropyl trimethylammonium bis(trifluoromethane) 
sulfonimide chitosan salt (HACC-TFSI) [167] and 
N-methyl-N-propylpyrrolidinium bis(trifluoromethane)-
sulfonimide (PYR13TFSI) [168]. The third category is 
non-conductive polymers like polypropylene (PAN) [54, 
169], polyvinylidene fluoride (PVDF) [169], etc. Different 
organics bind to PEO in different ways as shown in Fig. 7.

3.5.1 � Small Molecule Organics

Adding small molecules of organic matter increases the pro-
portion of the amorphous phase of PEO and improves the 
IC of the electrolyte. PEG and PEO have the same molecu-
lar structure, but PEG has no phase separation issue and 
can provide more hydroxyl (-OH) groups and yield a faster 
lithium-ion transport rate over a range of molecules [96]. 

Fig.7   a Li+ transport mechanism in PEO32. b Li+ transport mecha-
nism in Homo-SPE. c Diagram of ionic conductivity of different elec-
trolytes. Reprinted with permission from Ref. [111].  Copyright © 
2020, John Wiley & Sons, Inc. d Synthesis method of HACC-TFSI 
SPEs. Reprinted with permission from Ref. [90]. Copyright © 2020, 

Elsevier Ltd. e Schematic diagram of lithium-ion conduction paths 
in all-solid-state batteries assembled with PEO and T-PVDF-PEO 
electrolytes, respectively. Reprinted with permission from Ref. [75]. 
Copyright © 2020, Elsevier Ltd
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The introduction of PEG into PEO systems can reduce the 
crystallinity of PEO and increase the lithium-ion transport 
rate. Dioctyl phthalate (DOP) can also inhibit PEO crystal-
lization and increase the proportion of amorphous phases. 
Klongkan et al. [170] analyzed the effect of three different 
materials on the performance of the PEO-LiCF3SO3 elec-
trolyte. PEG and DOP improved the lithium-ion conduc-
tivity of the electrolyte by one order of magnitude with 15 
wt% PEG additive and by two orders of magnitude with 20 
wt% of DOP additives. However, the –OH end of PEG will 
chemically react with lithium metal, which limits its use 
[38]. Organic solvents, such as EC and PC, can not only 
inhibit PEO crystallization but also promote the dissocia-
tion of lithium salts. Wang et al. [171] investigated the effect 
of EC and PC additives on the conductivity of the PEO-
LiClO4-LATP electrolyte system. It was found that Tg was 
decreased with increasing EC and PC content in polymeric 
electrolyte films.

Although the addition of liquid small molecule organ-
ics can improve the electrical conductivity, the mechanical 
properties of the electrolyte will also be comprised, which 
can cause serious problems in terms of the cycle and safety 
performance of the battery [38]. SN, a solid small molecule 
non-ionic organic compound, is widely used as an additive 
to promote the disassociation of lithium salts [172–174]. The 
organic filler and PEO-based electrolyte are generally mixed 
by a simple solvent casting method. PEO, LiTFSI, and SN 
were mixed by solvent casting to produce a hybrid electro-
lyte with a 100 times increase in maximum IC (Fig. 7c) and 
an EW of up to 4.7 V (Li/Li+). PEO-based SPEs with the 
addition of SN have good cycling performance at RT or even 
0 °C [111]. Figure 7a shows the lithium-ion transport path 
for PEO32 and Fig. 10b shows the Li+ transport path with 
the addition of SN. The results confirm that SN weakens the 
forces between EO and Li+, resulting in a continuous and 
fast transportation pathway of Li+ in the PEO-based SPEs. 
It is important to note that SN molecules are toxic. Thus, 
serious protective gear is required during operation.

3.5.2 � Large Molecule Organics

Polymer electrolytes prepared by adding macromolecular 
organic substances have the advantage of simple preparation 
and easy control of physical properties through composi-
tional changes. Yang et al. [175] reported a PEO-LiAsF6-
α-cyclodextrin (α-CD) polymer electrolyte by the supramo-
lecular self-assembly method. The IC of this electrolyte at 
RT is 30 times higher than that of an electrolyte with relative 
PEO-LiTFSI. The nanochannels formed by α-CDs provide 
channels for the directional movement of Li+ ions. It pre-
vents the entry of anions through size exclusion as well. 
Thus, it can achieve a good separation of Li+ and anions. 
Organic molecules (β-CD) present at the nanoscale can also 

increase the IC of the composite electrolyte. The β-CD mol-
ecule not only forms hydrogen bonds with the EO unit of 
PEO to form uniform and continuous lithium-ion conduction 
channels and networks but also increases its Lewis basicity 
and promotes the dissociation of lithium salts, thus improv-
ing the conductivity of the electrolyte [104].

Organic molecules with a nanofibrous structure will pro-
vide the transport channels of Li+ [76, 175, 176]. The align-
ment of the polymer chains facilitates the diffusion of ions in 
the direction of alignment [177]. The nanochannels formed 
by α-CDs provide chances for the directional movement of 
Li+ ions while preventing the entry of anions through size 
repulsion, thus achieving a good separation of Li+ ions and 
anions [175]. Additives made of large organic molecules 
containing the elements of N, O, and F were introduced into 
PEO. The polar groups containing the above elements not 
only form hydrogen bonds with a large number of terminal 
hydroxyl-OH in PEO (Fig. 7e) but also bond with TFSI– by 
electrostatic interaction to promote the dissociation of lith-
ium salts. Under their synergistic effect, the additive can be 
uniformly dispersed in the electrolyte to enhance the migra-
tion and diffusion of lithium ions [75, 78, 177, 178]. For 
example, Lehao Liu et al. [179] developed ANFs as nano-
additives in PEO-based solid polymer electrolytes by using 
a casting method. The IC of the hybrid electrolyte containing 
PEO-LiTFSI-5 wt% ANFs is 6 times higher than that of the 
PEO-LiTFSI system at 30 °C. Furthermore, the PI mem-
brane of porous nanoporous polyimide provided a vertical 
transport channel for lithium ions. SPEs with PEO-LiTFSI-
PI containing vertical ion channels have an IC four times 
higher at 30 °C than the PEO-LiTFSI system. Furthermore, 
Li || PEO-LiTFSI-5 wt% ANFs || LiFeO4 batteries exhibited 
good rate performance and cycle stability [176].

Cellulose, a natural polymer widely found in nature, can 
be extracted in large quantities from plants and is non-toxic 
and environmentally friendly. The addition of cellulose to 
PEO-based polymer electrolytes deliberately improves their 
mechanical properties while promoting lithium salt disso-
ciation. For example, Ali Asghar et al. [178] reported the 
addition of NC to the PEG-LiClO4 system. It has high ther-
mal stability at 150 °C and an EW of 4.7 V. Furthermore, 
Zhangqin Shi et al. [180] reported a kind of 3-D tubular 
structure of the loofah sponge anion exchange fiber (LS-
AEF) as an additive for PEO-based SPEs. LS-AEF forms 
hydrogen bonds with PEO to build an interconnected mesh 
structure. Its surface charge can also interact electrostati-
cally with TFSI– to promote the dissociation of PEO. The 
SPEs have high IC and good mechanical properties, excel-
lent thermal stability, and a wide EW. The LiFePO4 || 5% 
(weight percentage ratio) LS-AEF SPEs || Li full cell showed 
a capacity retention rate of 96.7% after 150 cycles. The cell 
still exhibited excellent cycling performance at an ultra-
high rate of 10 C. The soft pack battery assembled with the 
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5% (weight percent ratio) LS-AEF SPE achieved capacity 
retention of 98.9% after 1 000 cycles at a current density of 
0.2 mA g–1.

3.5.3 � Ionic Liquids

Ionic liquids (ILs) are composed entirely of ions, usually 
large anions and smaller cations, which have high IC, and 
good thermal and electrochemical stability [25, 181]. Ionic 
liquids are often used as an excellent additive to improve 
the IC of PEO-based polymer electrolytes. The IC of the 
polymer electrolyte is enhanced by the addition of sub-
stances that can bind to the TFSI– anion and facilitate the 
decomposition of the lithium salt [168, 180, 182]. Diddo 
Diddens et al. [168] proposed to introduce PYR13TFSI 
into PEO-LiTFSI electrolytes to study the effect of differ-
ent concentration series by lithium volume concentration. 
LiTFSI-xPYR13TFSI can enhance the segmental mobility 
of PEO chains, and improve the lithium diffusion rate and 
the IC. The fast movement of PEO improves the lithium 
ions coordinating with PEO chains. It is concluded that the 
transport mechanisms of lithium ions are different at various 
salt concentrations. Lithium-ion transportation is on specific 
PEO chains with progressive coordination of TFSI– ions at 
high salt concentrations. In contrast, it is mainly on PEO 
chains at low salt concentrations, being consistent with the 
transport mechanism of the PEO-LiTFSI system. However, 
this ionic liquid additive hinders Li+ transport and leads to 
the lower mobility of lithium ions.

Atik et al. [183] proposed the preparation of different 
ionic liquid additives using oligomeric (ethylene oxide) sub-
stituents with seven repeating units to prepare pyrrolizidine 
cations. Despite the similar physical properties, the IC of 
the improved PEO-based polymeric membranes performs 3 
times higher than that in Pyr14TFSI analogs. Moreover, Li 
et al. [184] have designed a poly(ionic liquid)-poly(ethylene 
oxide) semi-interpenetrating polymer network CSE for use 
in safe lithium-ion batteries. Differential scanning calorim-
etry data indicate the crystallinity of the composite solid 
electrolyte is 15.5 wt% lower than that of the ILs solid elec-
trolyte due to the limitations of the ILs interpenetrating net-
work. The conductivity is 6.12 × 10–4 S cm–1 at 55 °C. The 
excellent electrochemical performance of this electrolyte is 
147 mAh g–1 at a 0.2 C rate at 55 °C in LiFePO4 || Li of 
LIBs.

4 � Improve Mechanical Properties 
of PEO‑Based SPEs

The mechanical properties of the material are determined 
by the strength of chemical bonds as well as the crystal 
structure. Therefore, there are two ways to improve the 

mechanical strength of PEO-based electrolytes. One is to 
change the chemical bonds of PEO itself to polymerize with 
other organic substances. The other is to introduce sub-
stances with high mechanical strength, such as high-strength 
polymers and hard ceramic fillers.

4.1 � Superior Mechanical Strength Organics

The introduction of other units in the main chain of PEO 
through co-polymerization, cross-linking, and different types 
of bonding can not only reduce the crystallinity of PEO, 
but also improve the mechanical strength of the electrolyte. 
Generally, crosslinking refers to the use of UV [185], ther-
mal radiation [186], photo-polymerization [187], and elec-
tron beam radiation polymerization [188] to crosslink two 
or more linear polymers. Moderate cross-linking of linear 
polymers can enhance mechanical strength, elasticity and 
dimensional stability. Cross-linked PEO polymers, such 
as polyacrylonitrile-polyoxyethylene (PAN-PEO) [189], 
poly(ethylene oxide)-g-poly(ethylene glycol) (PEO-g-PEG) 
[190], poly(ethylene oxide-co-propylene oxide) (PEO-co-
PPO) [191] and PPG-PEG-PPG [192], have already been 
studied. A multi-technical study of the structural and trans-
port properties of novel 3-D interconnected networks doped 
by UV-induced PEO and tetra(ethylene glycol) dimethyl 
ether (g4) with bis(trifluoromethyl) was reported by Marisa 
Falco et al. [185]. The crosslinking reaction can signifi-
cantly reduce PEO crystallinity and thus enhance its IC at 
RT. Guang Yang et al. [193] reported a very simple single-
step synthetic strategy based on the in situ cross-linking of 
poly (ethylene oxide) (xPEO) in the presence of woven glass 
fibers (GF). This simple method can produce CPEs with 
an exceptionally high elastic modulus being up to 2.5 GPa 
over a wide temperature range (20–245 °C), which has never 
been documented before. Rigorous constant current cycling 
tests show that this CPE can be cycled stably for > 3 000 h 
at moderate temperatures (near 1 500 C cm–2 Li equiva-
lent) in lithium metal symmetric cells. Layer-by-layer (LbL) 
self-assembly can form polymer nanocomposites with good 
mechanical strength and excellent ion mobility through the 
formation of ordered structures, which cannot be achieved 
by simple polymer blending. For instance, Zhen Wang et al. 
[73] prepared PEO-PAA composite thin films via LbL self-
assembly in an aqueous solution (Fig. 8a). LbL technology 
can achieve self-assembly with nanoscale precision. A PEO-
based composite polymer electrolyte with excellent homoge-
neity was obtained by the above method (Fig. 8b–f). The IC 
of PEO-PAA 240 K at 30 °C is as high as (2.3 ± 0.8) × 10–4 S 
cm–1, and the mechanical strength can be enhanced in terms 
of a tensile strength of (3.7 ± 0.2) MPa. This confers good 
stability to PEO-PAA240k films in cyclic plating/peeling 
tests at a constant current of 0.05 mA cm–2 for at least 1 
000 cycles.



	 Electrochemical Energy Reviews             (2024) 7:2     2   Page 16 of 38

4.2 � Improvement of Mechanical Properties of PEO 
Polymers by Introducing Fillers

PEO polymer electrolytes have low mechanical strength 
and good ductility, while high-hardness ceramic electro-
lytes have high mechanical strength and poor ductility. A 
composite polymer electrolyte with suitable mechanical 
strength and ductility can be prepared by combining the 
advantages of both materials. The addition of active fillers 

increases mechanical strength through its strong mechan-
ical robustness [42, 63, 134]. The introduced filler can 
range from 0 to 1, 2, and 3-D structure of small particles, 
which increases the contact area with polymer PEO and 
strengthens the interaction between PEO and filler. There-
fore, it improves the mechanical strength of the composite 
electrolyte, inhibits the formation of lithium dendrites and 
boosts the electrochemical performance of LIBs.

Fig. 8   a Schematic illustration of the process of LbL self-assembly 
and heat-induced crosslinking. b Mass growth calculated from the 
QCM data of the first five bilayers of PEO and PAA with various 
molecular weights. c The thickness of the PEO/PAA films assembled 
with PAA of different molecular weights. d Transmittance spectrum 
of the (PEO/PAA240k)100. The inset is a photo of the corresponding 

sample with the shape indicated by the red dashed line. Representa-
tive e top-view SEM image, f cross-sectional SEM images, g height 
image from AFM, h peak force error image from AFM of the (PEO/
PAA240)30 composite thin film. Reprinted with permission from 
Ref. [73].  Copyright © 2021, John Wiley & Sons, Inc
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For example, Tan et al. [90] proposed chitosan ionic 
liquid HACC-TFSI as a filler. 10 wt% HACC-TFSI-SPEs 
showed a tensile strength of 1.01 MPa, which was 3.6 times 
higher than that of blank SPEs. The combination of PEO 
chains and HACC-TFS increased the interaction between 
PEO polymers and improved the mechanical properties 
of the complex electrolytes (Fig. 7d). In addition, g-C3N4 
nanosheets with 2-D structure were introduced into the PEO-
based electrolyte, due to the large area of interaction between 
the g-C3N4 nanosheets and the polymer. The polymer chains 
are less prone to relative sliding under external forces due to 
the large area of interaction between the g-C3N4 nanosheets 
and the polymer. Thus, it improves the mechanical proper-
ties of the electrolyte. The tensile strength of PEO-LiTFSI-5 
wt% g-C3N4 reached 1.8 MPa, which is much higher than 
that without g-C3N4 (0.86 MPa). The tensile modulus of 
this composite electrolyte is as high as 65.7 MPa at EO/
Li = 30 and effectively inhibits lithium dendrite nucleation. 
The LLTO network of 3-D as a nano-skeleton in the PEO 
matrix showed significantly enhanced mechanical properties 
with a tensile strength of 16.18 MPa and Young’s modulus 
of 0.98 GPa [106]. It could inhibit the formation of lithium 
dendrites and thus improve the electrochemical stability in 
Li-Li symmetric cells at 0.1 mA cm–2 for 800-h Li+ strip-
ping and plating.

Gel polymer electrolytes based on polyvinylidene fluoride 
(PVDF, –[CH2–CF2]–) has been introduced into GPEs as 
a matrix material due to its excellent mechanical strength. 
PVDF has a high dielectric constant, high mechanical 
strength and a multilayered structure that could overlap 
each other, which can help reduce the crystallinity of PEO, 
enhance the mechanical strength and inhibit the formation 
of lithium dendrites. Raghavan Prasanth et al. [78] prepared 
fibrous membranes with good mechanical strength and 
porosity from a blend of PEO and PVDF by using electro-
static weaving. This composite electrolyte has a conductivity 
of 4.9 × 10–3 S cm–1 at RT. PVDF nanofibers membranes 
with different diameters were prepared by the electrostatic 
spinning method and blended with PEO [75] (Fig. 10e). 
Generally, the polymer is infiltrated into the 3-D skeleton by 
filtration, which prevents the polymer from being uniformly 
dispersed in the framework due to the capillary tension of 
the nanopores [76].

The high crystallinity of PVDF makes it unsuitable for 
use as an electrolyte alone [38]. In most cases, PVDF is 
copolymerized with HFP, which decreases the crystallinity 
of PVDF, maintains good mechanical strength and plays an 
important role in the structure of the composite polymer 
[194, 195]. For instance, Gao et al. [196] proposed to intro-
duce gadolinium-doped CeO2 (GDC) ceramic nanowires 
with oxygen vacancies into PVDF-PEO composite nanofiber 
membrane polymer electrolytes with core-shell structure and 
lower cost via a casting method. The mechanical strength 

of the composite electrolyte is 10.8 MPa. The core layer of 
PVDF can improve the mechanical strength, and the shell 
layer of PEO in the composite nanofibers can provide 3-D 
ordered transport channels for lithium ions. Polyvinylidene 
fluoride-hexafluoropropylene (PVDF-HFP) copolymer was 
added to the PEO-based polymer, and then, plasticizers 
[197], LLZTO [198] and LLZO [68] were added to the PEO-
PVDF-HFP system. Yu et al. [68] reported a free LLZO 
nanoparticle consisting of a Li2CO3 CSSE with a vertically 
aligned structure (labeled PLLZOV) in a PVDF-HFP-PEO-
LiTFSI (PPL) matrix by plasma treatment. In most stud-
ies, the filler was randomly dispersed and connected in a 
solid composite electrolyte. The removal of the Li2CO3 layer 
significantly improved the IC of the LLZO, which gives 
PLLZOV/PPL fast Li+ transport capability together with a 
vertically aligned array. The NCM622 || PPL || Li cell has 
a high capacity of 102.1 mAh g–1 at 1 C compared to 60.0 
mAh g–1 for the blank cell without filler. After 200 cycles at 
0.5 C, as much as 77.4% capacity retention was achieved for 
the NCM622 || PPL || Li cell, much higher than the 52.0% 
capacity retention of the blank control.

Liying Tian et al. [76] reported a novel hot-pressing 
method to load PEO onto organic nanofiber membranes 
and form a homogeneous structure. This work combines the 
advantages of a superior 3-D structure for lithium IC and 
the good mechanical properties of the nanofiber-reinforced 
network. The addition of lithiated organic nanofiber mem-
brane (LOF) not only reduces the crystallinity of PEO and 
accelerates the segmental motion of PEO, but also constructs 
a high-speed conduction channel of Li+. As a result, the pre-
pared LOF-CPE has an excellent IC of 7.41 × 10–5 S cm–1 at 
30 °C. The good bonding between PEO and LOF results in 
a homogeneous structure of the composite electrolyte and 
enhanced mechanical properties, i.e., the tensile strength 
increases to 8.9 MPa. The LiFePO4 || Li cell exhibits good 
cycling performance and capacity after 500 cycles at 0.5 
C with a retention rate of 82%. This work provides a very 
promising approach for solid polymer electrolytes to achieve 
high IC and superior mechanical properties at the same time.

5 � Improve the Electrochemical Window

LIBs with PEO-based SPEs usually use cathodes with a 
low charge/discharge plateau, such as LiFePO4, because 
the electrolytes do not have a wide enough EW to be used 
for high-voltage cathode materials and may have some side 
reactions at the cathode. To broaden the EW, lithium salts, 
polymers and fillers have been introduced into PEO-based 
SPEs. The addition of some lithium salts has been identi-
fied to be effective in improving the EW of PEO-based 
electrolytes. A dry ball milling process was developed for 
the preparation of polymer electrolytes based on LiTFSI 
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and PEO systems without the use of any solvents [62]. Not 
only does it increase the IC, but it also improves the oxi-
dative stability of PEO-based polymer electrolytes above 
4 V. Guo et al. [74] created an elastic polymer network 
through in situ synthesis of PEO and lithium salts. For 
another instance, the resultant ternary salt polymer elec-
trolytes prepared from three salts, LiNO3, LiTFSI, and 
LiBOB, exhibited oxidative stability up to 4.6 V [69].

Some organic can improve the EW of PEO-based SPEs 
to be higher than 5 V. For example, Rolland et al. [71] also 
designed a mechanically clamped liquid PEO electrolyte 
that combines the high IC of low molecular weight PEO 
through block copolymer engineering. Oligo (ethylene 
glycol) with 9 units (OEG9) exhibited a high IC of 10–3 
S cm–1. PS-bPOEG9MA side chain length was designed 
to allow an IC of more than 10–5 S cm–1 and an electro-
chemically stable window higher than 5 V. Furthermore, 
Jiewen Tan et al. [90] reported the use of HACC-TFSI as 
an additive in PEO-based SPEs (Fig. 10d). The electro-
chemical stability, mechanical strength, and thermal stabil-
ity of PEO-LiTFSI-10 wt% HACC-TFSI SPEs are superior 
to that of PEO-LiTFSI electrolytes. The stable EW is as 
high as 5.26 V vs. Li/Li+. The LiFePO4 || 10 wt% HACC-
TFSI-SPEs || Li battery can run when the temperature is 
above 150 °C.

Inorganic fillers can also broaden the EW and improve 
the electrochemical stability of LIBs. A simple solvo-
thermal method has been developed for the synthesis of 
Nacikon-structured LATP nanomaterials, which are then 
embedded in PEO polymers to form PEO polymer electro-
lytes [56]. Due to the potentially wide EW of the LGPS, 
the PEO-LiTFSI-LGPS composite electrolyte has EW sta-
bility of 5.7 V vs. Li/Li+ [96]. In the PEO-LiTFSI-1 wt% 
Graphene Oxide (GO) system, the IC is 7 times better 
compared with the electrolyte without GO, and the EW 
is 5 V vs. Li/Li+. GO not only reduces the crystallinity 
of PEO but also improves the ability of PEO chain seg-
ments to transfer ions [100]. For example, Li et al. [109] 
proposed the addition of hexagonal boron nitride (h-BN) 
to the PEO-LiTFSI system. h-BN additives can improve 
the chain-segment mobility and mechanical properties of 
PEO polymers and further increase the EW of PEO SPEs. 
The electrochemical stability window of PEO-LiTFSI-6 
wt% h-BN SPEs is 5.16 V as compared to 4.43 V of PEO-
LiTFSI. PEO-based SPEs have good cycling performance, 
with a long cycle time of 430 h at 0.2 mA  cm–2 in Li 
|| Li symmetric batteries. 140 cycles for LiFeO4 || PEO-
LiTFSI-h-BN || Li full cells are in stark contrast to merely 
39 cycles for LiFeO4 || PEO-LiTFSI || Li full cells. Due to 
the reaction of BN with the SO2 group in TFSI–, the move-
ment of the TFSI– anion was inhibited, and the decom-
position of LiTFSI was promoted, thereby synergistically 
promoting the dissociation of lithium ions.

6 � Improve the Overall Performance

The application of PEO-based SPEs in ASSLBs is lim-
ited due to the low IC and poor electrochemical stability 
of PEO-based SPEs, especially at high voltages. In order 
to produce high-performance ASSLBs, PEO-based SPEs 
need to be prepared for use at both low temperatures and 
high voltage. For example, Tan et al. [199] demonstrated 
a cryogenic engineering technique that improves the PEO-
based SPE of ASSLBs operating at RT. At 0.5 C, the cryo-
genic PEO electrolyte could achieve an initial discharge 
capacity of 88 mAh g–1, which is quite higher than that 
of 4.4 mAh g–1 in the blank PEO LIBs. The rapid in situ 
cooling process can lead to the formation of homogene-
ous PEO nuclei, which will limit the growth of large PEO 
crystals in the SPE. The new crystalline structure further 
improves the IC of SPEs as evidenced by an excellent IC 
of 2.17 × 10–5 S cm–1, which is 6 times higher than that 
in blank PEO (3.53 × 10–6 S cm–1). In addition, the PEO 
polymer electrolyte prepared by cryogenic engineering has 
high electrochemical stability and can match the NCM622 
high-voltage cathode.

Considering the complex system of batteries, compos-
ite fillers are generally used to improve the overall per-
formance with higher IC at low temperatures, wider EW 
to match the high-voltage cathode, and more excellent 
mechanical strength to inhibit the formation of lithium 
dendrites. A mixture of organic or inorganic substances 
is added to PEO-based SPEs. For example, Fang et al. 
[200] evaluated Li2S6 as an additive to PEO-TiO2-LiTFSI 
CPEs by a conventional casting method. The introduc-
tion of Li2S6 additive can not only combine with PEO and 
reduce the crystallinity of PEO to improve the overall IC 
of the electrolyte but also form a thin layer of Li2S/Li2S2 
to enhance the ion transport at the interface and inhibit the 
growth of lithium dendrites, thus improving the stability 
of the lithium metal and electrolyte interface (Fig. 9a). 
CPEs-3 wt% Li2S6 films showed the highest Li+ conductiv-
ity of 1.7 × 10–4 S cm–1 at 40 °C (Fig. 9b). The Li || CPEs-
1% Li2S6 || LiFePO4 battery achieved a capacity retention 
of 89.2% after 700 cycles at 50 °C (Fig. 9c). Zhang et al. 
[201] suggested the introduction of short-chain organic 
tetramethylene glycol dimethacrylate (TEGDMA), and 
tetramethylene glycol dimethyl ether (TEGDME) to simul-
taneously increase IC and mechanical strength. The IC 
is as high as 2.7 × 10–4 S cm–1 at 24 °C and the electro-
chemical window is increased to 5.38 V. As the SPEs were 
prepared in situ on the electrode surface, the reduction of 
the interface resistance resulted in excellent long-cycling 
performance. The enhanced mechanical strength of PEO-
based SPEs effectively inhibits the formation of lithium 
dendrites. The capacity of the LiFePO4 || SPEs || Li cell 
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is ∼ 160 mAh g–1 at 0.05 C at RT after 100 stable cycles. 
The capacity can reach 60 mAh g–1 at a 1 C rate after 100 
cycles or more. SEM analysis of SPE-based cells shows 
that there is no dendrite on the surface of the lithium metal 
anode after 100 charge/discharge cycles at 0.1 C.

Organic or inorganic substances are added to the lithium 
salt system of PEO either by simple physical mixing [56, 80, 
100, 104] or chemical bonding [72, 74, 102]. One filler can 
only improve electrical conductivity, mechanical properties, 
or electrochemical stability. However, the overall perfor-
mance of PEO polymer composite electrolytes is normally 
improved by the synergistic effect between fillers and PEO-
lithium salts [173, 197, 202].

Copolymerization is a reaction in which two or more 
compounds are polymerized under certain conditions to 
form a single substance. PEO copolymers are classified as 
dimer (such as polystyrene-block-poly(ethylene oxide) (PS-
PEO) [203], poly(ethylene oxide)-poly(propylene oxide) 
(PEO-PPO) [204], poly(ethylene oxide carbonates) (PEO-
PCs) [205]) and trimer (poly(isoprene-b-ethylene oxide) (PI-
B-PEO) [206]) in terms of the type of monomer. The copo-
lymerization of PEO and monomers or short-chain organics 
with functional groups (these monomers and short chains 
are functional units) can improve the comprehensive prop-
erties of PEO-based SPEs. Thus, they can also be divided 
into block copolymerization and graft copolymerization. 

Gomez et al. [203] proposed utilizing a mixture of a lithium 
bis(trifluoromethane) sulfonyl imide salt and a symmetrical 
PS-PEO as the electrolyte. In contrast to the current solid 
and liquid electrolytes, the conductivity of the PS-PEO/
salt mixture is improved with an increase in the molecular 
weight of the copolymer. Furthermore, Leire Meabe et al. 
[205] proposed PEO-PCs consisting of PEO and PCs func-
tional units. By adjusting the ratio of PEO and PCs, the IC 
was increased up to 3.7 × 10–5 S cm–1 at 25 °C. In addition, 
Zhang et al. [207] designed a new ultra-thin polymer electro-
lyte (UTPE) made of a single helix structured agarose (AG) 
with PEO. This unique single-helix structure can provide 
high mechanical strength and fast ion transport channels 
(Fig. 10a–b). Therefore, the PEO-AG-30 wt% LiTFSI sys-
tem exhibited excellent performance with an IC of 1.2 × 10–4 
S cm–1 (Fig. 10c) and a tensile strength of 5.5 MPa at RT. 
The specific capacity of the LiFePO4 || SPE || Li full cell 
reached 131 mAh g–1 at 1 C for 600 stable cycles at RT with 
a capacity retention of 92.9% (Fig. 10d).

PAN has good mechanical and electrochemical prop-
erties. The presence of electron-rich polar nitrile (C≡N) 
groups helps to form hydrogen bonds between PAN and 
PEO. For example, Cui’s group [202] prepared a composite 
electrolyte consisting of LLTO-PAN-LiClO4 by electrostatic 
spinning (Fig. 11a), and the IC of the composite electrolyte 
was increased by three orders of magnitude to 2.4 × 10–4 S 

Fig. 9   Is a Schematic diagram 
of the role of the introduction 
of Li2S6 additive. b The IC of 
PEO-based SPEs with different 
quantities of Li2S6 additives 
introduced at different tempera-
tures. c Long cycling perfor-
mance at 50 °C. Reprinted with 
permission from Ref. [200].  
Copyright © 2021, John Wiley 
& Sons, Inc
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cm–1 at a 15 wt% of PAN doping level (Fig. 11d–e). Due 
to the introduction of fillers as nanowires rather than nano-
particles, the transport pathway for lithium ions is provided 
as shown in Fig. 11b, which in turn leads to an increase in 
IC. Subsequently, electrochemical AC impedance tests were 
conducted with different fillers and various ratios of electro-
lytes to compare the differences in performance (Fig. 11c).

For example, Peng et al. [98] reported the addition of 
LAGP and SN fillers to a PEO system. The crystallinity of 
PEO decreased significantly with the addition of LAGP and 
SN. The PEO18-LiTFSI-14 wt% LAGP-15 wt% SN solid-
state electrolyte has the highest IC with 1.26 × 10–4 S cm–1 at 
30 °C. Li || SPE || LiFePO4 in ASSLBs was cycled 200 times 
at 40 °C with a capacity retention of 91.2%. Wang et al. [59] 
proposed that the addition of SN and TEOS can undergo 
hydrolysis to form SiO2 in the PEO-LiTFSI. The combina-
tion of SiO2 with hydroxyl groups on the surface or PEO, 

SN and LiTFSI through hydrogen bonding can improve the 
mechanical strength. The synergistic effect of both fillers can 
reduce PEO crystallinity and enhance the IC. The LiFePO4 
|| Li cell delivered a high discharge capacity of 161.2 mAh 
g–1 at 0.5 C with a capacity retention of 88% after 400 cycles 
at 30 °C.

In addition to the above additives, many other types 
of fillers were employed to modify the electrolytes. The 
PMA-PEG-LiClO4-3 wt% SiO2 CPE exhibited an optimum 
IC of 2.6 × 10–4 S cm–1 at RT [208]. Siyal et al. [138] pre-
pared a composite gel polymer electrolyte PEO-Bp-LATP 
film by ultraviolet (UV) irradiation with benzophenone 
(Bp) as the photoinitiator. PEO-Bp-15 wt% LATP has the 
highest IC of 3.3 × 10–3 S cm–1 at 30 °C. Pan et al. [96] 
used LGPS as a filler for CSEs by the in situ coupling 
reaction method. PEO-PEG-LiTFSI-3 wt% LGPS has the 
highest conductivity of 9.8 × 10–4 S cm–1 at RT and a high 

Fig. 10   a Schematic diagram of lithium-ion transport by double helix 
agarose. b Schematic diagram of lithium-ion transport by single helix 
agarose and PEO side chain. c The IC of ultra-thin polymer electro-

lytes at different temperatures. Reprinted with permission from Ref. 
[207].  Copyright © 2021, The Royal Society of Chemistry
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Li+ transfer rate of 0.68. The CSEs have a stable EW of 
5.0 vs. Li/Li+ and high-capacity retention compared to 
PEO polymer electrolytes without the addition of PEG 
and LGPS fillers. Furthermore, Zhang et al. [97] reported 
a PEO-PAN-LLZTO composite electrolyte consisting of 
a 3-D fibrous network formed by PAN-LLZTO homoge-
neously dispersed in a PEO polymer (PPL) matrix. The 
3-D structure of PAN-LLZO is uniformly distributed in 
PEO to form continuous ion transfer channels, which not 
only facilitates the rapid transfer and uniform deposition of 
lithium ions, but also improves the mechanical strength of 
PEO polymer and effectively inhibits the growth of lithium 
dendrites. The PPL electrolyte has superior electrochemi-
cal properties, with IC up to 1.76 × 10–4 S cm–1 at 30 °C 
and a wide electrochemical stability window of 5.2 V. 
The Li || PPL || Li symmetric cell can operate stably for 
more than 4 000 h. In the LiFePO4 || PPL || Li battery, the 
reversible capacity is 120.7 mAh g–1 after 1 000 cycles at 
1 C. In addition, the PPL electrolyte exhibited superior 
cycling performance at high-voltage cathodes. This study 

suggests that this 3-D fiber network reinforced polymer 
electrolyte is the key to achieving solid-state high-energy 
density batteries.

7 � Improvement in Interface Stability 
and Compatibility between Electrolyte 
and Electrode

As shown in Fig. 1, PEO-based SPEs, cathodes, and lith-
ium metal anodes are the basic components of all-solid-
state lithium metal batteries, in which PEO-based SPEs 
serve as the lithium-ion transport path. Figure 1a shows 
the problems of PEO-based SPEs all-solid-state lithium 
metal batteries, and Fig. 1b shows a series of improve-
ment measures for the interface between the electrolyte 
and the electrode, including optimizing the composition 
of the PEO-based electrolyte and providing an efficient 
method to enhance the stability of interfaces.

Fig. 11   a Schematic diagram of PEO-based SPE synthesis. b Illus-
tration of the ion transport paths of different forms of fillers. c Elec-
trode configuration diagram for AC impedance spectrometer meas-
urements. d Arrhenius with different electrolytes. e Conductivity of 

the packed electrolyte with different mass fractions is introduced. 
Reprinted with permission from Ref. [202].  Copyright © 2015, 
American Chemical Society
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7.1 � Approaches to Improve the Interfacial Stability 
of PEO‑Based SPEs and Lithium Metal Anodes

The use of lithium metal as the anode to enhance the energy 
density of the battery also brings about some solid–solid 
interface problems. This is related to the high interface 
impedance [22, 25], the non-uniform deposition behavior 
of lithium ions [23, 209], and the volume change of lithium 
anodes after cycling [25, 31, 210, 211]. These problems can 
cause the generation of lithium dendrites that could poten-
tially poke through the solid electrolytes, resulting in short 
circuits in the battery. The root cause of lithium dendrite 
formation is the exposed crystalline surface, inhomoge-
neous surface composition, and roughness of the anode, 
which results in the inhomogeneous migration of lithium 
ions and inhomogeneous lithium plating and stripping rates. 
The deposition of Li+ becomes inhomogeneous with sig-
nificant increasing in local current density. The construction 
of an artificial solid electrolyte intermediate phase SEI has 
recently been proposed to protect lithium metal electrodes 
[212–215]. The uniform deposition of lithium ions by add-
ing additives is a common strategy to suppress the growth 
of lithium dendrite [98, 216–218].

7.1.1 � Formation of Solid Electrolyte Interface Layer 
Enhances Electrochemical Stability

The limited contact among the lithium anode and PEO-based 
SPEs and the poor wettability of the solid electrolyte com-
pared to the liquid electrolyte [23] leads to a high interfacial 
impedance, which inhibits the transport of lithium ions at the 
interface between the SCE and the lithium anode. Increasing 
the interface contact between the solid electrolyte and the 
anode can reduce the interface impedance and local current 
density, which can help to slow down the dendrite growth. 
The addition of different substances to the PEO matrix can 
facilitate the formation of a stable inorganic or organic solid 
electrolyte phase interface (SEI) between the lithium anode 
and the electrolyte.

To gain a better understanding of the electrolyte–elec-
trode interface chemistry in SPEs-based lithium metal bat-
teries, more efforts have been devoted to SEI characteri-
zation in SPE batteries. Peled et al. [219] first proposed a 
model for the growth of SEIs at the polymer and lithium 
interface; although this technique was not sufficient to ana-
lyze its composition, the authors concluded that the growth 
of SEIs was related to the effective contact area between 
lithium metal and polymer. Ismail et al. [220] used X-ray 
photoelectron spectroscopy (XPS) to study the surface layer 
formed after the contact of lithium metal with lithium salt-
doped SPEs. The formed layer was found to be composed of 
the salt decomposition product LiF and the natural thin film 
compounds Li2CO3, LiOH, and Li2O present on the pristine 

lithium metal. Introducing an intermediate interface layer 
between the solid electrolyte and the lithium cathode is a 
common method. The ion-conductive and electron-insulat-
ing SEI layer slows down the growth of lithium dendrites 
and avoids the reaction between lithium metal and electro-
lytes, such as LiF, Li3N and Li2S [210].

PAN [221], LiNO3 [222], PVDF-HFP [99], Li2S6 [200], 
PAM [223], and other additives can be introduced, which 
contain polar groups of N, F, S, and other elements to form 
LiF and Li3N at the SEI. On the one hand, Li3N promotes 
ion transport and inhibits undesirable interfacial reactions. 
On the other hand, LiF enables homogeneous deposition of 
Li+ [210]. Li3N and LiF synergize to improve interfacial sta-
bility. For example, Cui’s group [167] prepared an SPE film 
composed of PAN-PEO-LiTFSI. The interface contact area 
between the electrolyte and lithium electrode was increased. 
The PAN fibers constructed an SPE and Li interface rich in 
Li3N and LiF, which promoted the stable cycling of lithium 
batteries. The excellent thermal stability of PAN makes 
SPEs safer to use at high temperatures and can increase the 
battery operating temperature up to 150 °C. Zhao Zhang 
et al. [222] presented that the PEO-LiTFSI-LLZTO (PLLE) 
polymer electrolyte with LiNO3 can induce the formation 
of a stable Li3N-LiF enriched interface between the PEO-
based solid electrolyte and the lithium anode in situ. The 
ICs of PLLE and 2 wt% LiNO3 at 60 °C were 1.1 × 10–3 
and 8.4 × 10–4 S cm–1, respectively. The Li || PEO || NCM 
battery keeps 91.4% of the capacity retention at 0.2 C after 
200 cycles. The formation of LiF SEIs is based on the slow 
decomposition of LiTFSI (Fig. 12d-e). The lithium salt in 
the PEO-LiTFSI-LLZTO composite electrolyte (PLLE), 
on the surface of Li, and the C–S or C–F bonds show a 
gradual increase from 0 to 20 ps as shown in Fig. 12a-b. 
PLLE and PLLE containing 2, 5, 8 wt% LiNO3 have IC 
of 1.1 × 10–3, 8.4 × 10–4, 6.7 × 10–4 and 8.8 × 10–5 S cm–1 at 
60 °C (Fig. 12c).

7.1.2 � Fillers Suppresses Growth of Lithium Dendrites

In the process of lithium metal stripping, if the rate of lith-
ium replenishment is slower than the rate of lithium strip-
ping from the interface, holes will be created at the interface, 
even causing the solid electrolyte and lithium metal cathode 
from surface contact to point contact, resulting in a sharp 
increase in interface impedance [224]. The ideal lithium 
deposition is a planar homogeneous deposition; however, 
due to the properties of lithium itself and the inhomogene-
ity of the interface, the lithium-positive property is prone to 
inhomogeneous deposition [225].

Adding large amounts of Li+ with ceramic to the PEO-
based SPEs could increase its mechanical strength, and 
further inhibit the formation and the growth of lithium den-
drites [22]. For example, Mg(ClO4)2 has been employed as 



Electrochemical Energy Reviews             (2024) 7:2 	 Page 23 of 38      2 

an additive to increase the IC of PEO electrolytes and assist 
in the construction of lithium-ion conducting SEI layers 
at the lithium and polymer interfaces. The combination of 
cation Mg2+ and anion TFSI– promotes the dissociation of 
lithium salts (LiTFSI) and increases the concentration of 
freely movable Li+ in the electrolyte. The in situ forma-
tion of an interface layer with Li2MgCl4 and LiF between 
the lithium metal and electrolytes could reduce the inter-
face resistance during Li+ transport and inhibit the forma-
tion of lithium dendrites [226]. Wan et al. [156] prepared a 
composite electrolyte (PLLN) by adding LLZO nanowires 
synthesized by electrostatic spinning to PEO-LiTFSI and 
adding PEO-LiTFSI as a binder to the cathode. The cath-
odes and the PEO in the PLLN were fused at high tem-
peratures to form an integrated structure of ASSLBs, which 
effectively enhances the interface compatibility and stabil-
ity between the cathodes and PLLN. It ensures efficient ion 
transportation over long-term cycles. The solid electrolyte 
interface layer formed by the reaction of LiZr2(PO4)3 with 
the lithium metal cathode in situ stabilizes the Li/compos-
ite electrolyte interface and reduces the interfacial resist-
ance, thus providing symmetrical Li || Li cells and ASSLBs 
[129]. NASICON-type ionic conductors are covered with 
PEO-based polymers. The LiFePO4 || PEO-1%-LPOS || Li 
full cell table maintained a reversible discharge capacity of 
127.8 mAh g–1 after the 1 000th cycle at 1 C with a capacity 
retention rate of 96.6%, and an initially discharged capacity 
of 153.4 mAh g–1 after 200 cycles at 0.1 C with a capacity 
retention rate of 99.9%. The combination of inorganic and 
organic electrolytes exhibits superior electrochemical stabil-
ity and good compatibility with lithium metal anodes, which 

is an advanced strategy for building high-density solid-state 
batteries [150].

7.1.3 � Modification of Lithium Anode Surface Structure 
to Homogenize Lithium Deposition

Atsutaka Kato et al. [227] reported the intercalation of Au 
thin films at the electrode and electrolyte interface to better 
the cycling performance of lithium dissolution and deposi-
tion. The dissolution of the film into lithium metal is a pos-
sible reason for the enhanced electrochemical performance. 
Interface modification and optimized operating temperature 
are among the ways to achieve high energy density ASSBs. 
Yang et al. [228] prepared a self-healing electrostatic shield 
for the uniform deposition of lithium by introducing 0.05 M 
(1 M = 1 mol L−1) Cs+. In comparison with the reduction 
potential of Li+, the reduction potential of Cs+ is lower 
so that during lithium deposition, Cs+ forms a positively 
charged electrostatic shield around the initial Li tip, which 
causes lithium to be deposited into the adjacent region of the 
anode and inhibits the formation of lithium dendrites. Li || Li 
symmetric cells can operate for longer periods of time, up to 
10 times longer than Cs+ free PEO electrolytes. Li || LiFeO4 
cells with Cs+ maintain a capacity of around 90% after 100 
cycles at 0.5 C. Furthermore, Han et al. [229] proposed the 
preparation of nanoscale lithium-aluminum alloys by lithium 
thermal reduction to promote uniform lithium deposition and 
suppress side reactions. With good chemical properties, the 
capacity retention was 72% after 490 cycles at 30 °C when 
combined with the NCM622 cathode.

Fig. 12   a PLLE and b PLLE-5 wt% LiNO3 solid electrolyte contigu-
ous to the metal Li surface at 0, 10 and 20 ps. c Schematics of ionic 
conductivity of different electrolytes. d PLLE and e PLLE-5 wt% 

LiNO3 as solid electrolytes. Reprinted with permission from Ref. 
[222].  Copyright © 2021, Elsevier Ltd
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To prepare the uniform deposition of lithium, the fol-
lowing measures can be taken to construct 3-D solid elec-
trolytes [97, 196, 230] and 3-D lithium metal anodes [141, 
212]. For example, Yang et al. [231] proposed a stencil 
printing method to divide the lithium anode into multi-
ple recesses approximately 100 µm deep. The lithium in 
the grooves on the surface was deposited first, inhibit-
ing the formation of lithium dendrites during the coat-
ing/exfoliation process. The construction of 3-D Li-Cu 
metal compound anodes in PEO-LiTFSI-Li2OHBr SPEs 
was proposed by Ye et al. It has good cycling stability and 
excellent mechanical properties [141]. Lithium metal can 
be dissolved in PEO [232], and lithium dendrites make it 
unavoidable in the battery cycle [233]. Furthermore, Li 
et al. [234] incorporated gas–liquid Ga-Sn metal anodes. 
The fluidity of the liquid metal allows the self-healing 
of cracks formed by volume expansion. Gas–liquid 
metal anodes showed a better ability to maintain their 
mechanical integrity and were more capable of engaging 
with solid electrolytes. A potential strategy, liquid metal 
alloys containing polymeric solid electrolytes, was used 
to address the challenges in rechargeable LIBs.

7.2 � Interface Problems of PEO‑Based SPEs, 
Cathodes and Solutions

The interface between the cathode and the electrolyte is 
mainly caused by chemical instability and poor interface 
compatibility since the PEO-based electrolyte is suscep-
tible to the oxidative decomposition under high voltages. 
Meanwhile, the electrochemistry and structure properties 
change as well. The interface problems would become 
more terrible over time, eventually leading to mechani-
cal and structural instability of the electrode [10, 23, 25, 
209]. The interface problem between the cathode and the 
polymer electrolyte can be improved from the following 
aspects. PEO-LiX can be used in the cathode to form 
a continuous transport channel of Li+ with PEO-based 
SPEs to promote contact and compatibility between elec-
trolytes and cathodes. Filler particles can be added to 
PEO-based SPEs to increase the oxidative stability of 
PEO-based SPEs [10, 95, 96] and facilitate the adsorp-
tion due to the high specific surface area of the filler and 
removal of impurities, such as H2O from the electrolyte, 
to reduce the occurrence of side reactions [106, 149]. 
At the same time, the cathode surface can be coated and 
protected, so the battery can operate at higher voltages 
[159, 235–237]. Multi-salt additives simultaneously sta-
bilize the cathode and anode interface. PEO and lithium 
salts can also be introduced into the cathode to maintain 
the stable transport of lithium ions [133, 150, 238, 239].

7.2.1 � Composite Cathodes Improve Contact 
and Compatibility between PEO‑Based SPEs 
and Cathodes

The cathode is a continuum of low ion–electron conduc-
tion, and it is difficult for SPEs to penetrate into the pores 
of cathodes. As a result, the interface between the electro-
lyte and the electrode is low, which influences a continuous 
pathway of Li+. The addition of a corresponding polymer 
electrolyte to the cathode can form a composite cathode to 
improve interface contact and compatibility. For example, 
Wan et al. [156] suggested preparing a composite electrolyte 
(PLLN) by adding LLZO nanowires synthesized by elec-
trostatic spinning to PEO-LiTFSI and adding PEO-LiTFSI 
as a binder to the cathode. The cathodes and the PEO in 
the PLLN were fused at high temperatures to form an inte-
grated ASSLBs, which effectively enhanced the interface 
compatibility and stability between the cathodes and PLLN 
and ensured efficient ion transport over long cycles. The 
conductivity of Li+ at the cathode layer was also optimized 
by adding PEO-LiClO4 to the LiFePO4 to prepare a com-
posite cathode with a three-dimensional continuous ion and 
electron conducting network (PEO-LiFePO4-LiClO4) [150].

Recently, some new research programmes have emerged 
where other types of lithium salts and nanofibers with high 
IC are added to mitigate interface problems. For example, 
Li et al. [240] proposed the addition of PEO-LiTFSI and 
lithium borate (LiBOB) salts to the NCM811 cathode to 
improve interfacial stability, respectively. Firstly, PEO-
LiBOB electrolytes have higher electrochemical stability 
than PEO-LiTFSI. Secondly, LiBOB can form a stable CEI 
film on the surface of the NCM811 cathode, which can 
prohibit the continuous oxidative decomposition of PEO-
based SPEs. Thirdly, LiBOB can inhibit the corrosion of alu-
minum foil by TFSI– anions. Combining these advantages, 
the PEO-LiBOB electrolyte as a binder and ionic conductor 
in the NCM811 composite cathode greatly improved the 
electrochemical performance of the all-solid-state battery. 
Moreover, Ma et al. [238] constructed efficient “solid-pol-
ymer-solid” elastic lithium-ion transport channels with the 
cathode by using La2Zr2O7 nanofibres (LZONs) and PEO 
at the cathode. Even with a low IC of 4.56 × 10–6 S cm–1 
for PEO-based SPEs, LiFePO4 || Li ASSLBs can be stable 
after 1 500 cycles under trial. In addition, PEO-LZONs-
NCM811 || Polyvinylidene fluoride SPEs-Li cells can be 
stably cycled for 2 880 cycles. The abundant oxygen vacan-
cies in the LZONs can significantly elevate the lithium-ion 
transport efficiency and achieve high ASSLB performance 
at RT with different cathodes and electrolytes because they 
not only provide an efficient lithium-ions transport path, but 
also immobilize the TFSI– anion to facilitate lithium salt 
dissociation and generate sufficient free lithium ions in the 
PEO binder. This work revealed that building an efficient ion 
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transport network inside the cathode can fully activate the 
RT performance of ASSLBs. This work provides a strong 
guide for the development of advanced ASSLBs.

7.2.2 � Cathodes Coating Broadens the Electrochemical 
Window of PEO‑Based ASSLB

The cathode material contains transition metals that are sus-
ceptible to catalytic decomposition. Adding a coating layer 
to the surface of the cathode could enhance the electrochemi-
cal stability of the electrode, and it allows stable operation of 
ASSLBs when the voltages is higher than 4 V [10, 23, 25]. 
Conventionally, a coating is added to the LiCoO2 particles to 
reduce the interface reaction between the electrolyte and the 
cathode. The coating materials include Al2O3 [241], Li3PO4 
[242], poly(ethyl cyanoacrylate) (PECA) [243], LATP [235], 
LAGP [244], etc. For example, Kaihui Nie et al. [235] pro-
posed to apply LATP coating on LiCoO2 particles. Due to 
the oxidative dehydration of PEO, HTFSI was generated on 
the cathode side and hydrogen H2 is released on the lithium 
anode side. The introduction of stable LATP can mitigate 
this surface catalysis, thus extending the stable operating 
voltage to a voltage extension of > 4.5 V. For example, Zey-
uan Li et al. [240] proposed synergies between the addi-
tion of LAGP coating on the surface of the cathode and the 
addition of LiBOB salt to the electrolyte, aiming to boost 
interface stability. Multiple characterization data showed 
that the active surface of LiCoO2 caused rapid oxidation of 
PEO, which induced defects and destroyed the crystallin-
ity of the cathode, which is the mechanism for the reduced 
ion diffusion rate. Coating a layer of LAGP on the cathode 
surface can inhibit the oxidation of PEO and maintain the 
crystallinity of LiCoO2 to allow normal Li+ transport and 
improve the interface stability of the electrolyte and cath-
ode. With Li || PEO || LiCoO2 charged to 4.25 V in a pure 
polyether electrolyte, the battery was stable after 400 cycles 
with a capacity retention of 81.9% at 60 °C and stable over 
100 cycles in Li || PEO || NCM523 batteries with a capacity 
retention of 93.8% at RT.

The physical or chemical method does not guarantee a 
uniform distribution of the coating layer on the cathode. 
ALD is a unique method of protecting the cathode-SPEs 
interface by coating the electrode with particles of active 
material. This method of atomic deposition results not only 
in a more uniform coating thickness but also in a deposition 
process that takes place at low temperatures. For instance, 
Liang et al. [237] proposed to use lithium-niobium oxide 
(LNO) as a coating on NCM811 to stabilize the PEO-based 
electrolyte-cathode interface by ALD. The LNO coating 
on the NMC811 cathode can stabilize the cycling at high 
temperatures and high pressures. It can reduce the decom-
position of PEO-based SPEs as well. Further research by 
these individuals reported a unique approach to improving 

the interface of the electrolyte and electrode by introducing 
lithium tantalate thin-coated sexual material particles on top 
of LiCoO2 active material particles and conductive carbon 
using the ALD method, as shown in Fig. 14c. Under high 
voltage, PEO-based SPEs are severely degraded by oxida-
tion, increasing the interface resistance (Fig. 13a). Although 
the LiCoO2 coating protects the LiCoO2/SPEs interface, the 
conductive carbon is still in direct contact with the SPEs 
(Fig. 13b). Conductive carbon can accelerate the oxidation 
of SPEs under high voltage; therefore, the protection of the 
carbon/SPEs interface is important to stabilizing high-volt-
age ASSLBs. The performance of ASSLBs with LiCoO2 and 
carbon coatings is greatly enhanced compared to ASSLBs 
without coatings or with only LCoO2 coatings (Fig. 13d-f) 
[236].

7.2.3 � Fillers Increase Electrochemical Stability 
of Electrolytes

PEO has poor IC and lower oxidation potential. It is sus-
ceptible to oxidative decomposition from 3.6 V [22, 38]. In 
order to adapt PEO-based SPEs for high voltages, stable fill-
ers are added to increase their electrochemical stability. The 
addition of different fillers, such as h-BN [109], GO [100], 
SiO2 [95], LGPS [96], SN [111] and HACC-TFSI [90], can 
increase the electrochemical window of PEO-based SPEs to 
above 4.6 V and the cycling stability of the electrolyte [69]. 
For example, Alogen-free diethyl aluminum hypophosphite 
(ADP) flame retardant was proposed to be introduced into 
PEO-based polymer electrolytes by Han Longfei et al. [244]. 
It inhibited the crystallinity of PEO polymer and improved 
the IC of SPEs. The results also showed the enhancement 
of the electrochemical stability in SPEs. The electrochemi-
cal window of PEO-LiTFSI-15 wt% ADP SPEs is about 
4.7 V compared with that of 3.9 V in PEO-LiTFSI SPEs. 
Achieving the stable operation of PEO-based SPEs all-solid-
state batteries below 45 °C has been the goal in the world. 
A low molecular weight polymer, hydrolyzed polymaleic 
anhydride (HPMA), seems to be a promising organic filler 
since it can significantly reduce the crystallinity of PEO 
polymers. Gulian Wang et al. [102] used HPMA as a filler 
in LiFeO4 with PEO-1%-HPMA, whose IC was improved 
to 1.13 × 10–4 S cm–1 at 35 °C. It can withstand deforma-
tion of up to 20%, improving the interface contact between 
the electrolyte and electrode. It also had a wide EW with a 
stable operating voltage of 5.1 V at 35 °C, which is much 
higher than that of pure PEO electrolytes (3.6 V). The sig-
nificantly enhanced decomposition potential again indicates 
that a strong interaction between HPMA and PEO, which 
effectively modifies the internal microstructure of the PEO 
electrolyte and greatly improves the stability of the PEO at 
high voltage. Li || PEO-HPMA || LiFeO4 batteries exhibit 
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a superior cycling ability at 35 °C with a long lifetime of 1 
250 cycles.

7.2.4 � Multi‑Salt Additives

A single lithium salt as an electrolyte-modifying additive 
can improve the interface stability of electrodes and PEO-
based SPEs. However, it is difficult to rely on a single 
lithium salt to improve both the IC and electrochemical 
performance at the same time. Li et al. [68] suggested the 
addition of LiF and LiNO3 as synergistic additives to PEO-
PVDF-LLZTO for the development of composite solid-
state electrolytes. The additive LiF improves the electro-
chemical stability of CSEs at high voltage and boosts the 

stability of the cathode and CSE interface. The addition 
of LiNO3 increases Li+ mobility and improves the IC of 
CSEs and the stability of the Li interface by forming an 
SEI on the surface of the anode and inhibiting the forma-
tion of lithium dendrites. Zhao et al. [69] proposed a sta-
bler SPE in PEO-based electrolytes by redesigning the salt 
so that the SPE reaches the right balance between lithium-
ion transport and stability properties. The PEO-HNC elec-
trolyte was prepared by adding the tri-salt mixture LiNO3 
as an SEI-forming agent, LiTFSI as an easily dissociable 
charge carrier for bulk ion transport, and LiBOB as an 
effective CEI-forming agent to the composite electrolyte, 
which exhibited impressive electrochemical stability. The 
prepared ternary salt SPE exhibited sustained oxidative 

Fig. 13    a-c Diagram of an ALD coating used to stabilize interface 
contact. d Cycling performance. e Rate performance and f long-term 
cycling performance after rate performance testing for ASSLBs with 

different LiCoO2 electrodes at 60 °C. Reprinted with permission from 
Ref. [236].  Copyright © 2020, The Royal Society of Chemistry
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stability over 4.6 V in long-term electrochemical tests. 
This work provides a simple way to improving the elec-
trochemical properties of SPEs. The salts species can not 
only change the Tg and crystallinity of PEO polymers, but 
also influence the IC and the mechanical properties of the 
polymers. Alexander Santiago et al. [245] also added the 
fluorine-free salt LiTCM and the fluorinated salt LiFSI 
into polymer electrolytes, aiming to extend the cycle life 
of solid-state lithium metal batteries. Accession of LiFSI 
salt will first reduce decomposition and form a stable solid 
electrolyte phase interface (SEI) layer on the surface of the 
lithium metal electrode. Therefore, the cycling stability of 
Li || Li stacked cells and Li || LiFePO4 full cell batteries 
was improved after the addition of LiFSI.

7.3 � Stabilizing Electrode and PEO‑Based Electrolyte 
Interface Through Better Cell Design

The strategies described above for improving the cathode or 
anode are only for individual electrodes. For better ASSBL 
cycling performance, the whole cell should be designed with 
multi-layer electrolytes. Multilayer SPEs can protect both 
the anode and cathode at high and low voltages [23, 25, 
209]. It can be divided into symmetrical sandwich structures 
[128, 246] and asymmetrical multilayer structures [66, 67].

7.3.1 � Symmetrical Sandwich Structures

High IC interlayers are generally introduced into polymer 
electrolytes to increase IC and improve interface compat-
ibility. Dan Cai et al. [128] designed a sandwich structure 
of PEO-PVDF-HFP-PEO solid electrolytes. The experi-
mental results demonstrated that the ionic-liquid-containing 
poly(vinylidene fluoride-hexafluoropropylene) (IPL) inter-
layer can effectively suppress interfacial side reactions and 
improve interface stability between the PEO-based solid 
electrolyte and the LiCoO2 cathode at high voltage. The 
researchers used density functional theory (DFT) to inves-
tigate the highest occupied molecular orbital (HOMO) and 
lowest unoccupied molecular orbital (LUMO) energy levels 
of PEO, LiTFSI, PVDF-HFP and PYR13TFSI. The HOMO 
energies reflect the antioxidant properties of the electrolyte 
and can be used to assess the stability of the electrolyte 
in the cathode. All HOMOs of the IPL intercalation were 
lower than that of the PEO-LLZTO (PLL) electrolyte, sug-
gesting that the IPL is well stabilized against the cathode 
at high voltages. In addition, XPS were performed to gain 
insight into the reasons for the stabilization of anodes by IPL 
intercalation and confirm the composition of the lithium/
electrolyte interface. It was observed from the F 1 s spectra 
that the surface of anodes cycled with the IPI electrolyte 
typically showed stronger LiF strength compared to anodes 

Fig. 14    a Diagram of sandwich structure multilayer solid polymer electrolyte preparation. b The IC of PEO-based SPEs at different tempera-
tures. c Long cycling performance at 0.2 C. Reprinted with permission from Ref. [247].  Copyright © 2022, Elsevier Ltd
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cycled with PLL electrolytes, which is good for the reversi-
ble lithium stripping/plating process. The LiF-rich interface, 
which may originate from the decomposition of the high-
concentration TFSI– in the IPL intercalation, is the main 
reason for the stabilization of the electrolyte/lithium inter-
face during cycling. SEM images of anodes after 100 cycles 
reveal that the surface of anodes cycled with the IPI elec-
trolyte at 4.3 and 4.5 V is flat, and that there are no lithium 
dendrites observed, which indicates that lithium deposition 
is uniform. The excellent electrochemical performance can 
be attributed to the stable electrolyte–electrode interface, 
as verified by DFT, SEM, and XPS. This multi-layer strat-
egy can be applied to all PEO electrolytes, providing a new 
approach for the construction of high-voltage ASSBs using 
PEO-based SPEs.

Zr-based MOF, UiO-66-NH2 fillers with stable struc-
tures and ultra-high porosity, can be introduced into PEO 
polymers to improve the overall performance of PEO-based 
SPEs. However, MOF and PEO composite polymers are 
easy to agglomerate after physically mixing. Thus, the spin-
ning process of MOF nanoparticles with a polymer matrix 
can effectively solve this issue and achieve a uniform distri-
bution of MOF particles. For example, Congyuan Li et al. 
[247] also reported the design of SPEs with a MOF-2-amino 
terephthalic acid (UiO-66-NH2) sandwich structure accom-
panied by the design of operable heat-assisted processes 
(Fig. 14a) and multi-phase composites to reduce the crys-
tallinity of PEO. The interlayer not only reduced the crys-
tallinity of PEO, but also boosted the mechanical strength, 
the EW, and electrochemical stability (Fig. 14c). The IC 
of SPEs is up to 4.9 × 10–4 S cm–1 at 25 °C (Fig. 14b) with 
an EW of 5 V. The overall electrochemical performance of 
the PEO-based SPEs has been improved, and the prepared 
Li || CSPEs || LiFeO4 batteries showed excellent and stable 
cycling performance with a specific capacity being up to 160 
mAh g–1 at 0.2 C. Meanwhile, the plating and stripping time 
is more than 1 800 h.

7.3.2 � Asymmetrical Multilayer Structures

Asymmetric multilayer electrolytes are constructed that: 
(1) The rigid electrolyte inhibits the formation of lithium 
dendrites and is therefore placed on the anode, and (2) The 
flexible electrolyte is placed on the cathode side for bet-
ter contact [144, 239]. For example, Li et al. [67] reported 
a rational design of an inhomogeneous bilayer composite 
solid electrolyte through a synergistic strategy of an asym-
metric polymer matrix and a functional additive. The com-
posite solid electrolyte (CSE) consisting of a hybrid poly-
mer matrix (PEO + PVDF) was used as the cathode-side 
CSE (CSC) due to its high electrochemical stability, while 
lithium peroxide hydrated fluorophosphate (LiBODFP) 
was added to the CSC due to its ability to be oxidized to 

form a layer of LiPxOyFz-rich cathodic electrolyte inter-
face (CEI) film to stabilize the cathode electrolyte inter-
face. LiFe0.5Mn0.5PO4-CSE(CSC/ASC)-Li batteries had an 
excellent capacity retention of 90.6% at 1 C. Wang et al. 
[66] presented a design consisting of differential salts and 
multi-layer PEO-based solid polymer electrolytes (DSM-
SPE) to improve the stability of the electrolyte and cathode 
interface (Fig. 15a-g). The electrolyte on the anode side is 
PEO-LiTFSI-5 wt% LiTFPFB, and the electrolyte on the 
LiCoO2 cathode side is PEO-SN-LiTFPFB. The LiTFPFB 
on the electrode side significantly improved the interfacial 
contact, and the PEO-SN-LiTFSI electrolyte in the middle 
layer maintained the overall high IC of the electrolyte. The 
addition of different lithium salts in different layers aims to 
increase the IC as well as the interfacial stability (Fig. 15h).

8 � Summary and Outlook

This review article summarizes different solution strategies 
based on the challenges of PEO polymer electrolytes. The 
IC, EW, and mechanical properties of PEO-based SPEs can 
be improved by adding different types and ratios of lithium 
salts and fillers. In addition, the overall performance of 
LIBs is also determined by the interface stability between 
electrodes and electrolytes interfaces at both cathodes and 
anodes. To solve the interface problem between the lithium 
anode and SPEs, the following strategies have been utilized 
such as building a stable SEI, changing the shape and size 
of the lithium anode, and improving the composition of the 
SPEs. The interface between the active cathode and elec-
trolyte can be improved by coating the cathode with inert 
materials and varying the composition of the SPEs. Inter-
face problems can be significantly relieved by combining 
multiple strategies, e.g., introducing multiple lithium salts 
and multi-layer electrolytes simultaneously. Although recent 
research initiatives have led to notable scientific achieve-
ments, PEO-based polymeric electrolytes for LIBs are still 
in their burgeoning state, which is worth more extensive and 
in-depth investigation in the future. For instance, the IC of 
modified PEO at RT is still much lower than the required 
value for practical applications in most electrochemical 
energy storage devices since IC is critically important for 
the normal charging and discharging of LIBs. So far, the IC 
of PEO electrolytes at RT has been increased from 10–6 to 
10–4 S cm–1 but is still way below that of liquid electrolytes. 
It is believed that the presence of amorphous regions in pol-
ymers hinders the transport of lithium ions. Additionally, 
the electrochemical performance of solid polymer batteries 
can be significantly improved by increasing the IC and the 
compatibility and stability of the electrolyte and electrodes.

We believe the following three aspects require special 
emphasis, including (1) Improving IC without reducing 
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mechanical strength, (2) Improving the thermodynamic 
and kinetic stability of PEO-based SPEs under high-voltage 
use, and (3) Slowing down the growth rate of lithium den-
drites. The conductivity of Li+ is dependent on the motion 
of the PEO polymer segments in the SPEs, and mechanical 
strength shows a negative correlation with the ability of the 
PEO chain segments to move. To address this challenge, the 
interactions between polymers and other substances in PEO-
based SPEs need to be enhanced, especially by introducing 
both organic molecules and inorganic particles, which can 
increase the dissociation of Li+, inhibit the crystallinity of 
PEO polymers and form new ion transport channels at the 
electrolyte–electrode interface. Furthermore, the introduc-
tion of inorganic particles can also improve the mechanical 

strength and high-voltage compatibility of PEO-based SPEs. 
Notably, the IC of SPEs at RT can be increased to 10–4 S 
cm–1, and the EW can be increased to 4.5–5.5 V to match 
the high-voltage cathode under this strategy. A large amount 
of inorganic fillers can improve the mechanical strength of 
PEO, and further inhibit the formation and growth of lithium 
dendrites.

The commercialization of PEO-based SPEs is just around 
the corner, but there is still a long way to go for the com-
mercialization of room-temperature PEO solid polymer 
electrolytes for high-voltage LIBs, especially in solid-state 
batteries. There are certainly many challenges and opportu-
nities to successfully utilize solid polymer-based electrolytes 
in the next generation of lithium batteries.

Fig. 15    a Schematic diagram of a differentiated salt-based multi-
layer solid polymer electrolyte (DSM-SPE). b Schematic repre-
sentation of the interface stability of the cathode made possible by 
DSM-SPEs and the lower CEI of HOMO. c CV plots of the Li metal/
stainless-steel batteries of PEO-SN-LiTFSI and the DSM-SPE at 
a scan rate of 0.5 mV  s–1, using stainless steel as the working elec-
trode, and Li as the counter and reference electrode. d Stability and 

reversibility of Li stripping and plating of DSM-SPE. e LSV of PEO-
LiTFSI and the DSM-SPE, the inset shows the magnification part. f 
DSC profiles of SN, PEO-LiTFSI, and PEO-SN-LiTFSI. g TGA ther-
mogram of PEO-SN-LiTFSI. h Temperature-dependent IC of PEO-
SN-LiTFSI, PEO-SN-LiTFPFB, and DSM-SPE. Reprinted with per-
mission from Ref. [66].  Copyright © 2019, John Wiley & Sons, Inc
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8.1 � Studying Lithium‑Ion Migration Mechanism 
in PEO

Lithium-ion migration mechanisms in a single PEO phase, 
a single filler phase, and a composite phase of the PEO and 
filler were explored. However, the ion migration mechanism 
of PEO-based SPEs should transfer from a single-phase 
polymer ionic conduction to a two-phase or a three-phase 
mechanism that includes phase-interface conduction to assist 
in the design and development of PEO-based SPEs verified 
by more theoretical calculation and in situ characterizations.

8.2 � Developing High Ion Conductivity of PEO‑Based 
SPEs

Although the ion conductivity at room temperature can reach 
about 10–4 S cm–1, it is still much lower than that of liquid 
electrolytes (10–2 S cm–1), which is unable to meet the prac-
tical application of ASSBs at room temperature. Therefore, 
this paper looks forward to developing a new type of com-
posite polymer electrolytes that is applicable to the long-
term cycling, such as in situ coupling reaction combining 
PEO and inorganic fillers, block copolymer engineering 
combining organics or the addition of ionic liquids.

8.3 � Optimizing the Interface Between Electrodes 
and Electrolytes

In situ polymerization can reduce the interface resistance 
between SPEs and electrodes. Constructing a fast pathway 
for Li+ transportation from the cathode to the PEO-based 
SPEs might also be a feasible way. Overall, there is still a 
long way to go for research and industrialization of PEO-
based SPEs. Therefore, it is urgent to study the mechanisms 
on the degradation of PEO-based SPEs and the evolution of 
the electrode/electrolyte interface. The multiple improve-
ments, such as building stable SEIs, changing the shape and 
size of anodes and improving the composition of SPEs, are 
expected. The interface can be improved by coating the cath-
ode with inert materials and changing the composition of the 
solid phase inert polyethylene. A combination of strategies, 
such as simultaneously introducing multiple lithium salts 
and constructing multi-layer electrolytes, is expected and 
can greatly alleviate interface problems.

8.4 � Advanced Characterization Techniques

A variety of in situ and ex situ testing methods (XPS, AFM, 
Raman, cryo-electron microscopy, etc.) are essential to 
understanding the chemical composition of the electro-
lyte–electrode interface in LIBs with PEO-based SPEs, 
study the interface reaction mechanism and better construct 
SEIs. However, the in-depth investigation of the mechanism 

on the ionic conductivity and the stabilization at the inter-
face are necessary for the future study.

In general, there is still a long way to go for research 
and industrialization of PEO-based SPEs. There is a press-
ing need to study the intrinsic mechanisms of degradation 
and electrode/electrolyte interface evolution of PEO-based 
SPEs, which cannot be achieved without the help of compre-
hensive and novel characterization techniques. The multiple 
improvements summarized in detail in this review and the 
outlook for future research and development are expected to 
provide broad avenues for the current battery technology of 
PEO-based SPEs and to enhance the energy density of solid-
state polymer batteries at RT and high voltage.
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