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 ABSTRACT 

Solid polymer electrolytes are light-weight, flexible, and non-flammable and 

provide a feasible solution to the safety issues facing lithium-ion batteries through

the replacement of organic liquid electrolytes. Substantial research efforts have 

been devoted to achieving the next generation of solid-state polymer lithium 

batteries. Herein, we provide a review of the development of solid polymer

electrolytes and provide comprehensive insights into emerging developments. 

In particular, we discuss the different molecular structures of the solid polymer

matrices, including polyether, polyester, polyacrylonitrile, and polysiloxane, and

their interfacial compatibility with lithium, as well as the factors that govern the 

properties of the polymer electrolytes. The discussion aims to give perspective

to allow the strategic design of state-of-the-art solid polymer electrolytes, and 

we hope it will provide clear guidance for the exploration of high-performance 

lithium batteries. 

 
 

1 Introduction 

There is increasing demand for safe and energy 

dense batteries for use in consumer electrical devices, 

such as electric vehicles, portable devices, and smart 

grid community systems [1]. However, state-of-the-art 

lithium-ion batteries (LIBs) based on liquid electrolytes 

are inadequate for industrial applications [2–5]. 

Traditional LIBs offer volumetric and gravimetric 

energy densities of up to 770 Wh·L−1 and 260 Wh·kg−1, 

respectively. This bottleneck severely restricts the 

application of LIBs for large-scale energy storage 

equipment [6]. Consequently, it is now widely accepted 

that battery chemistries beyond liquid LIBs must be 

developed. Accordingly, there have been many efforts 

to address and develop alternative energy systems 

with higher energy densities and lower costs; for 

example, Li–S batteries and Li–O2 batteries, which are 

the most promising next-generation energy storage 

systems, have ultrahigh energy densities [7, 8]. In this 

respect, lithium metal, which has the highest theoretical 

capacity (3,860 mAh·g−1 or 2,061 mAh·cm−3), lowest 

electrochemical potential (−3.04 V vs. the standard 

hydrogen electrode), and lowest density (0.59 g·cm−3) 

of studied materials, yields a very high electrochemical 

energy equivalent and represents the best choice of 
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anode material [9, 10]. However, two major challenges 

must be addressed before the practical application of 

metal lithium to commercial batteries: Li dendrite 

growth and the low Coulombic efficiency after long- 

term charging and discharging. Lithium dendrites 

are the main cause of internal short circuits, thermal 

runaway, and sometimes even catastrophic failure. In 

conventional liquid electrolytes, although the growth 

of Li dendrites can be partially suppressed by the intro-

duction of additives, this does not completely solve 

the safety issues facing lithium metal batteries [11, 12]. 

Furthermore, the low Coulombic efficiency leads to 

capacity fading during cycling because it is challenging 

to achieve sufficient passivation between the Li 

electrodes and the liquid electrolyte solution [13]. 

Regarding these issues, the formation of an Li- 

compatible physical barrier to suppress the dendritic 

growth is considered as a good strategy. However, the 

most promising strategy would be the replacement 

of conventional liquid electrolytes with a solid state 

electrolyte (SSE). 

Compared with liquid electrolytes and gel polymer 

electrolytes, SSEs have two main advantages: (1) There 

is no leakage or flammability in an SSE and the 

formation of lithium dendrites in the anode can be 

mitigated, and (2) SSEs have longer cycle lives and 

require less packaging, enabling the operation of 

higher series voltages compared with those of liquid 

electrolytes. However, SSEs still have some drawbacks 

such as their complex manufacturing process, poor 

mechanical strengths, and large interfacial impedance, 

which remain the principal challenges preventing the 

manufacturing and fundamental understanding of SSEs. 

SSEs can be divided into solid polymer electrolytes 

(SPE) and inorganic solid electrolytes (ISE) [6, 14]. 

Recently, a great many inorganic oxide electrolytes 

have been investigated extensively, such as NASICON- 

type phosphates [15], garnet oxides LixLa3M2O12 (M = 

Ta, Nb, Zr) [16], and perovskite-type Li3xLa2/3−x1/3−2xTiO3 

[17]. However, these oxide electrolytes with ionic 

conductivities up to 10−4 S·cm−1 at room temperature 

are still not sufficient to satisfy the requirements    

of real-world applications. The fabrication process  

is also complex. Sulfide electrolytes Li10GeP2S12 and 

70Li2S-30P2S5 glass ceramics with unprecedented 

conductivities of 1.2 × 10−2 and 3.2 × 10−3 S·cm−1, respec-

tively, have been reported [18, 19]. However, these 

sulfides can produce toxic H2S on contact with 

moisture. Worst of all, they have low thermodynamic 

stabilities, being easily reduced by lithium metal and 

oxidized by high-voltage cathode materials.  

Compared with ISEs, SPEs have several advantages: 

They are lightweight and flexible, have interfacial 

compatibility, and are very processable. Most im-

portantly, they are very safe. SPEs are prepared by 

dissolving lithium salts in a high-molecular-weight 

polymer matrix. The polymer acts as the host for the 

transmission of lithium ions through the motion of 

polymer segments. More importantly, solid polymer- 

based electrolytes appear to be attractive as they can 

compensate for the volume changes of electrodes by 

elastic and plastic deformation [14]. SPEs, in general, 

are one of the most promising candidate electrolytes 

for all-solid-state Li metal, Li-ion, Li-sulfur, and Li-O2 

batteries [20, 21]. However, the ionic conductivities  

of SPEs are lower than the required conductivity of 

10−3 S·cm−1, limiting their practical use. The Bolloré 

Company have attempted to commercialize SPE-based 

lithium batteries, and Cui’s group at the Qingdao 

Institute of Bioenergy and Bioprocess Technology have 

proposed a new generation of SPEs in recent years. 

Thus, SPEs have been studied by many groups globally, 

and the number of publications concerning SPEs has 

increased exponentially. Overall, this review discusses 

the advances in all-solid-state Li batteries based on 

SPEs from a unique perspective. It systematically 

describes the types of SPE according to the functional 

groups of the polymer matrix, including polyether, 

polyester, polyacrylonitrile, polysiloxane, and other 

polymers. In addition, factors affecting their com-

patibility with the anodic electrode and the remaining 

challenges for the future are summarized.  

2 Theory of polymers in solid polymer 

electrolytes 

2.1 Ionic conductivity 

In an SPE system, the Li+ cations are dissolved in the 

polymer solvents and are moved by the motion of the 

polymer chains. The number of free Li+ cations and 

the moving ability of the chains significantly affects 
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the Li+-transport ability within the SPE, in turn, 

influencing the performance of the batteries. A good 

understanding of the conducting mechanisms is 

favorable for the design and selection of polymer 

structures for the room temperature operation of solid 

polymer lithium batteries.  

The conductivity, , of a material with multiple 

conducting species is governed by two parameters: 

The number of charge carriers and their mobility. The 

conductivity is given by Eq. (1) 

i i in q                   (1) 

Here, in  represents the number of charge carriers of 

type i; iq  is the charge of the charge carriers, and i  

is the mobility. 

The ionic conductivity of the SPE systems often 

follows two dominant conduction mechanisms: The 

Arrhenius or Vogel-Tammann-Fulcher (VTF) equations, 

or a combination of these [22, 23]. 

The VTF equation can be derived from the quasi- 

thermodynamic models with the free volume and 

configurational entropy, and its behavior can be related 

to the ion motion coupled with the long-range motions 

of the polymer segments. This can be expressed by 

Eq. (2) 

1

2
0

0
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B

T
T T

 
  

   
               (2) 

Here, 0  is the pre-exponential factor, which is related 

to the number of charge carriers in , B is the pseudo- 

activation energy of the conductivity, and T0 is the 

reference temperature, which is normally 10–50 K 

below the experimental glass transition temperature.  

The Arrhenius equation is shown in Eq. (3) 

a
0 exp

E

kT
    
  

 
               (3) 

Here, aE  is the activation energy, which can be 

calculated from the nonlinear least-squares fitting  

of the data from plots of log  vs. 1/T. For polymer 

electrolytes, plots of   vs. 1/T are typically nonlinear, 

indicating that the conductivity mechanism involves 

an ionic hopping motion coupled with the relaxation 

and/or segmental motion of the polymeric chains [24].  

A comprehensive description of lithium ion trans-

portation in SPE is challenging because the systems 

are complicated and there is no simple structure– 

property correlation.  

2.2 Glass transition temperature 

The glass transition temperature (Tg) is one of the 

most important properties of polymers. It is the tem-

perature at which the chain segments start to move 

while the molecular chains do not move. Below their 

Tg, there only exist the vibrations of molecule atoms 

or groups in their respective equilibrium positions. 

Below Tg, the polymers are rigid and brittle, and the 

molecules have very little mobility. At the Tg, a dramatic 

change occurs in the physical properties of the polymer 

host, including the density, specific heat, mechanical 

modulus, mechanical energy absorption, their dielectric 

and acoustical equivalents, and rate of gas or liquid 

diffusion through the polymer. Generally, Tg can be 

determined by differential scanning calorimetry (DSC) 

measurements. The polymer structure, crystallinity, 

molecular weight, thermal history, and pressure are 

considered to influence Tg. 

Generally, lowering the Tg can enhance the 

segmental mobility of the polymer chains, and this is 

the simplest and most efficient way to improve the 

ionic conductivity. Above Tg, the ions can move in the 

space provided by the free volume of the polymer 

host and migrate from one coordination site to a new 

site along the chains. Alternatively, the ions can hop 

from one chain to another under the effect of an 

electric field. Because the Li-ion conductivity in SPE 

at room temperature is low, strategies have been 

developed to lower the Tg and enhance the conductivity. 

In particular, the use of branched chains with lower 

Tg values compared to the host polymer chain and the 

addition of nano-additives are effective approaches 

to improve the ion transport capability of SPE.  

2.3 Degree of crystallinity 

Crystallinity is the extent of long-range order in a 

material and has a significant impact on the material 

properties. The crystallization of polymers is a process 

associated with the partial alignment of their molecular 

chains. Polymers can crystallize upon cooling from 
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the melt or solvent evaporation, corresponding to the 

different filming technologies used to fabricate polymer 

electrolytes. 

The properties of polymers are determined not 

only by the degree of crystallinity but also by the size 

and orientation of the molecular chains. The degree 

of crystallinity can be estimated by different analytical 

methods including density measurements, DSC, X-ray 

diffraction (XRD), infrared spectroscopy, and nuclear 

magnetic resonance (NMR). In addition, the distribution 

of crystalline and amorphous regions can be visualized 

with microscopic techniques, such as polarized light 

microscopy and transmission electron microscopy [25]. 

The crystallization process involves nucleation  

and crystal growth. Nucleation starts with small, 

nanometer-sized areas where some chains or their 

segments align. These nucleation seeds can either 

dissociate or grow further depending on the conditions. 

Apart from the thermal mechanism, nucleation   

is strongly affected by impurities, plasticizers, fillers, 

and other additives in the polymer. For this reason, 

the crystallinity can be reduced by the addition of 

inorganic particles or plasticizers into the polymer 

matrix. The SPE membranes are generally manufactured 

by the solvent casting method or a hot-press filming 

method, and the crystal growth is different between 

the melt and the solution. 

2.3.1 Crystal growth from the melt 

Crystal growth only occurs at temperatures below 

the melting temperature (Tm) and above Tg. Higher 

temperatures destroy the molecular arrangement, 

and, below Tg, the movement of molecular chains   

is frozen. Nevertheless, secondary crystallization can 

proceed even below Tg on the timescale of months 

and years.  

The growth of the crystalline regions preferably 

occurs in the direction of the largest temperature 

gradient and is suppressed at the top and bottom   

of the crystalline lamellae by the amorphous folded 

parts at those surfaces. In the case of a strong tem-

perature gradient, the growth has a unidirectional, 

dendritic character. In the preparation process, the 

working temperature (melt and post-processing 

temperature), retention time, pressure used in the 

hot-press method, material composition, and other 

parameters can be tuned to change the crystallinity 

and, consequently, the ionic conductivity of the polymer 

electrolytes. 

2.3.2 Crystal growth from solution 

Polymers can also be crystallized from a solution or 

upon the evaporation of a solvent. This process depends 

on the degree of dilution; that is, in dilute solutions, 

the molecular chains have no connections with each 

other and exist as separate polymer coils in the solution. 

Increasing the concentration, which can occur via 

solvent evaporation, induces interactions between 

the molecular chains and, possibly, crystallization, as 

in crystallization from a melt. The crystallinity can be 

controlled by several factors such as the concentration, 

solvent, additives, composition, solvent volatilization 

speed, and temperature.  

Above all, the degree of crystallinity determines 

the mechanical and thermal properties, as well as the 

ionic conductivity, of the polymer. High crystallinity, 

which reduces ion transportation, decreases the free 

volume of the crystal because of the more compact 

packing of parallel polymer chains. In conclusion, 

favorable ionic conductivity can be obtained by 

lowering the degree of crystallinity by adding additives 

such as plasticizers, nanofillers, polymer blends, and 

grafted polymers.  

2.4 Generic criteria for polymers 

In rechargeable lithium batteries, the SPE acts as both 

the electrolyte and the separator, being sandwiched 

between the anode and the cathode. A polymer chosen 

for SPE should necessarily possess the following list 

of properties: 

(1) Dissolution ability. There should be sequential 

polar groups such as –O–, C=O, and C≡N to dissolve 

lithium salts and form polymer-salt complexes. 

(2) Electrochemically stability. There should be a 

wide voltage window with a large gap between the 

onset potentials for decomposition by oxidation and 

reduction. 

(3) High ionic conductivities and ion transference 

numbers, as well as electric insulation, to sustain the 

expected performance and to minimize self-discharge 

process for extended storage life.  

(4) Chemical and thermal stability. There should  
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be no chemical reactions during battery operation 

including within itself, with the electrodes, or with 

the current collectors and packaging materials used. 

Excellent thermal stability ensures the safety of the 

SPE-based batteries. 

(5) Good mechanical strength. A high dimensional 

stability guarantees processing feasibility and the 

isolation of the positive and negative electrodes. 

In addition to the above requirements, the SPE must 

meet other practical criteria for large-scale applications. 

(6) Low cost. 

(7) Sustainability: The use of abundant elements 

and a low impact synthesis. 

(8) Low toxicity: Little pollution or few environmental 

hazards. 

3 Polyether-based solid polymer electrolytes 

Polyether, which has a sequential chemical structure 

of –C–O–C– groups, allows lithium salt dissociation 

and complexation, and the macromolecular flexibility 

of the backbone ensures sufficient ion dynamics [26, 

27]. Among the polyether-based SPEs, poly(ethylene 

oxide) (PEO), has been widely used as a host for 

polymer electrolytes over the past few decades. 

Poly(ethylene glycol) (PEG) is chemically synonymous 

with PEO and refers to oligomers and polymers with 

low molecular weights (< 20,000). The shorter polymer 

chains result in good molecular mobility but are 

unfavorable to the mechanical strength of the SPE. 

Therefore, PEG is generally used either as a poly-

merization precursor or to modify inorganic fillers to 

enhance dispersion.  

The study of PEO-based SPEs started after their 

discovery by Wright and coworkers in 1973 [28], and 

many reviews on the progress of these SPEs have been 

published since then. In 2015, Xie et al. presented a 

review of the developments and issues concerning 

PEO-based electrolytes for lithium-ion batteries   

and summarized the different approaches to reduce 

the crystallinity and, hence, to improve the ionic 

conductivity of PEO-based electrolytes, including 

blending, modifying, and making PEO derivatives. 

Herein, this review will discuss the typical results 

that have been reported in the last two years from a 

unique perspective.  

As is well known, PEO easily forms a crystalline 

phase at room temperature. This hinders the lithium 

ion migration, which depends on the movement of 

polymer chains and occurs mostly in amorphous 

phases [29, 30]. Thus, PEO-based batteries usually 

operate at temperatures higher than the melting 

temperature of PEO, which is generally above 80 °C. 

However, the PEO homopolymer is a viscous liquid 

under these conditions and is mechanically too weak to 

mitigate the growth of lithium metal dendrites upon 

cycling [31, 32]. Many approaches have been explored 

to improve both the ionic conductivity and mechanical 

properties of PEO-based SPEs, including the use of 

nano-sized fillers and nanostructured block/grafted 

copolymers to promote the formation of localized 

amorphous regions [33, 34]. As shown in Figs. 1(b) 

and 1(c), the addition of nano-sized inorganic fillers or 

modification with block polymers can interrupt the 

ordered structure of the polymer matrix, enhancing 

the content of amorphous domain, thus facilitating 

the transfer of lithium ions [35–38].  

3.1 Nano inorganic fillers 

Nanofillers provide a higher surface area that allows 

efficient contact with the electrolytes, enhancing the 

cell capacity, shortening the lithium diffusion pathways, 

and facilitating the lithium insertion–extraction reactions 

as compared to their conventional bulk counterparts. 

Nanofillers, including nano particles and two- (2D) 

and three-dimensional (3D) ordered structures, have 

been prepared and investigated with respect to their  

 

Figure 1 Schematic illustration of the lithium ion transfer across 
(a) a crystalline polymer, (b) crystalline polymer with nanofillers, 
and (c) modified polymer with nanofillers. 
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mechanical and electrochemical performance. It is 

believed that nano inorganic fillers can compensate 

for the deterioration in the mechanical properties  

that result from the low crystallinity of SPEs. Most 

importantly, these additives can often form pathways 

in the interphase for ion transportation, leading to 

improved ionic conductivity. 

3.1.1 Nanoparticles 

The addition of nanoparticles (such as SiO2, Al2O3, 

and TiO2) is believed to hinder the local reorganization 

of chains in the polymer and decrease the polymer 

crystallization, which favors high Li-ion transport. 

Meanwhile, many investigations have indicated  

that the Lewis acid-base model of interactions also 

supports the increased ionic conductivity, which   

is an interesting area and approach to improve 

electrochemical performance of composite polymer 

electrolytes [39].  

Instead of simply mixing ceramic particles with 

polymers, Prof. Cui and his group introduced a novel 

synthesis of a SiO2 filler inside the PEO polymer 

electrolyte. The in situ method further reduced the 

degree of polymer crystallinity, agglomeration of the 

nano fillers, and weak matrix–additive interactions, as 

shown in Fig. 2. As a result, high ionic conductivities 

of 4.4 × 10−5 S·cm−1 at 30 °C and 1.2 × 10−3 S·cm−1 at 

60 °C were attained. Furthermore, the electrochemical 

stability window reaches 5.5 V vs. Li+/Li. When used 

in the all-solid-state LiFePO4/Li batteries, capacities 

of 120 and 100 mAh·g−1 were achieved at 90 and 60 °C, 

respectively, and no significant capacity decay was 

observed within 80 cycles [40]. 

Another nanofiller, lithium aluminum germanium 

phosphate (LAGP), has been added to PEO and  

 

Figure 2 Two possible interaction mechanisms are shown, 
including (a) chemical bonding between the ends of PEO chains 
with hydroxyl groups on the modified SiO2 surfaces and (b) 
mechanical wrapping of PEO chains during the growth of modified 
SiO2 spheres. 

synthesized in the form of flexible hybrid SPE film 

[41]. It was found that the optimum composition of 

LAGP is 60 wt.%–80 wt.% in term of electrochemical 

performance, mechanical properties, and flexibility. 

The solid-state LiFePO4/Li battery assembled with 

the as-prepared solid electrolyte (Fig. 3) delivered  

an initial discharge capacity of 137.6 mAh·g−1 and 

exhibited high capacity retention at 55 °C. The com-

posite solid electrolytes also showed good interfacial 

stability with the electrodes.  

Tan et al. reported a new type of organic–inorganic 

hybrid PEO-based SPE, comprising a borane-doped 

PEG oligomer, nanosized Al2O3 particles, PEO, and 

lithium bistrifluoromethane sulfonimide (LiTFSI) [42]. 

This hybrid exhibits a lower Tg (57.2 °C) and melting 

point (41.6 °C), as well as a higher ionic conductivity 

of 1.16 × 10−2 mS·cm−1 at room temperature, three times 

greater than that of the traditional PEO/Al2O3/LiTFSI 

membranes. The perfect properties arise from the dipole 

modification and higher free-volume space, which 

allows for significant Li-ion migration. When used in 

the lithium batteries, this hybrid presents remarkable 

reversible capacities (133 and 165 mAh·g−1 at 0.2C at  

30 and 45 °C, respectively), good rate capability, and 

stable cycle performance (141.9 mAh·g−1 at 0.2C at 

30 °C after 150 cycles). This work shows that these 

novel hybrid electrolytes are promising candidates for 

future SPE-based lithium batteries. In addition, many 

other fillers have also been employed in PEO-based 

electrolytes to improve the SPE performance, such as 

LiAlO2 [43–47], BN [48, 49], and BaTiO3 [50–52]. 

 
Figure 3 Schematic presentation of a solid-state LiFePO4/Li 
battery assembled with hybrid solid electrolyte and the composite 
positive electrode. 
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3.1.2 Nano 2D fillers 

Owing to its unique chemical and physical properties, 

graphene oxide (GO) has also been introduced into 

PEO-based SPEs for lithium battery applications, and 

these composites show nearly two orders of magnitude 

improvement in the ionic conductivity and a 260% 

increase in the tensile strength of the SPE with 1 wt.% 

GO content [53].  

To increase the compatibility of GO with the polymer 

matrix, modification is necessary, and several different 

modification approaches have been used. Prof. Lee’s 

group prepared PEG-grafted GO as the filler in a 

polymer matrix comprising a hybrid branched-graft 

copolymer based on poly(ethylene glycol) methyl 

ether methacrylate (PEGMA) and 3-(3,5,7,9,11,13,15- 

heptaisobutylpentacyclo-[9.5.1.13,9.15,15.17,13] octasiloxane- 

1-yl) propyl methacrylate (known as MA-POSS), as 

shown in Fig. 4. The ionic conductivity, thermal 

stability, and mechanical strength were dramatically 

improved because of the excellent dispersion of the 

functionalized GO in the polymer matrix and its 

ability to solvate the lithium ions. An all-solid-state 

V2O5/SPE/Li battery presented superior cycle per-

formance compared to that of the pristine polymer 

matrix [54]. 

Ye et al. employed polymer-functionalized graphene 

to optimize composite polymer electrolytes (Fig. 5). 

The ionic transfer conditions, including Li salt 

dissociation, amorphous content, and segmental mobi-

lity, were significantly improved by the incorporation 

of 2D fillers. The ionic conductivity was enhanced by 

more than two orders of magnitude and 20-fold at 30 

and 60 °C, respectively. Furthermore, a 300% increase in  

 

Figure 4 Schematic illustration of the composite polymer 
electrolyte containing the PGO filler. 

the tensile strength (compared with the pure SPE) of 

the composite SPE was achieved with only 0.6 wt.% 

copolymer brush content. Furthermore, the SPE- 

containing battery exhibited a high capacity and 

long-term cyclic stability [55]. These results contribute 

to the development of high-performance SPEs for solid- 

state lithium batteries. Moreover, these investigations 

pave the way for gaining a better understanding of the 

role of structural design and tailoring the morphology 

of the SPE polymer matrix. 

3.1.3 Nano 3D fillers 

Halloysite nanotubes (HNT) are an aluminosilicate 

(Al2Si2O5(OH)4) natural nanoclay with a tubular 3D 

ordered structure and is one of numerous 3D nano 

resources. The inner and outer surfaces are oppositely 

charged [56]. A thin-film PEO/LiTFSI/HNT polymer 

electrolyte was reported by Lin et al., as depicted in 

Fig. 6. In this film SPE, lithium salts migrate into the 

ordered 3D channels in the electrolyte [57]. 

The interactions with the HNTs have been shown 

to enhance both the electrochemical and mechanical 

stability of the electrolyte. The ionic conductivity  

for the HNT/PEO-based SPE is 1.11 × 10−4 S·cm−1 at  

25 °C, and 2.14 × 10−3 S·cm−1 at 100 °C. In this system, 

the lithium ion transference number reached 0.40. 

Furthermore, all-solid-state Li-S batteries prepared 

with the as-prepared electrolyte can operate at a wide 

temperature range from 25 to 100 °C. At 25 °C and 

0.1C, the battery presents stable discharge capacities 

with an average value of 745 mAh·g−1 over 100 

discharge/charge cycles, a discharge capacity retention  

 

Figure 5 Illustration of the Li-ion transport mechanism in the 
PEO/Li+/PIL(TFSI)-FG brush composite polymer electrolytes. 
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of 87%, and close to 100% efficiency for each cycle. 

Even at 100 °C at a current rate of 4C, the battery 

delivers the discharge capacity of 809 mAh·g−1. These 

results demonstrate the significant potential for the 

use of natural clay minerals in lithium batteries. 

Prof. Lee from Nanyang Technological University 

presented a new kind of layer-by-layer self-assembly 

multilayer film consisting of PEG, an α-cyclodextrin 

(αCD) complex, and poly(acrylic acid) (PAA). The 

film is constructed via hydrogen bonding and 

supramolecular interactions [58]. The approach is a 

facile and efficient method to prepare SPEs with 

high ionic conductivities for electrochemical devices 

(Fig. 7). PAA limits the formation of a crystalline 

 

Figure 7 Schematic structure of the PEG-αCD complex structure 
and the layer-by-layer deposition process of PEG-αCD/PAA mul-
tilayer films. Reprinted with permission from Ref. [58], © American 
Chemical Society 2016. 

phase in the PEG matrix, and the αCD forms nano-

channels on the PEG backbone for lithium ion 

transportation. The 3D-structured filler αCD results 

in the tortuous chain packing of PEG and PAA because 

of steric effects. The PEG-αCD/PAA films show 

excellent performance, having ionic conductivities of 

2.5 × 10−5 S·cm−1 at room temperature.  

Pan et al. designed and prepared a new class     

of crosslinked SPE with 3D inorganic polyhedral 

oligomeric silsesquioxane (POSS) as the crosslinker 

and PEG as the lithium-ion solvating polymer using 

a simple one-pot reaction, as shown in Fig. 8 [59]. 

With the modification, the ion conductivity of the 

hybrid electrolytes at room temperature improves 

dramatically. In addition, the results demonstrate that 

the prepared SPE can resist lithium dendrite growth 

by tuning the crosslinked structures, even at high 

current densities. When cycled at 90 °C, the battery 

delivered a charge/discharge capacity close to the 

theoretical value of 170 mAh·g−1 for LiFePO4 and 

showed no capacity decay for 50 cycles. The reported 

hybrid SPE is promising for the fabrication of next- 

generation, highly safe lithium batteries.  

Metal-organic frameworks (MOF) are another  

type of 3D nanofiller for SPEs. These materials have 

inorganic-organic hybrid properties, high specific 

surface areas, and ordered microporous structures. 

These attractive characteristics have drawn attention 

for use as fillers to enhance the ionic conductivity 

and interfacial properties of SPEs, especially for the  

 

Figure 6 Preparation of HNT modified flexible electrolyte and mechanism of HNT addition for enhanced ionic conductivity. HNT, 
LiTFSI, and PEO are mixed in the solvent to form a uniform electrolyte solution. The solution is cast in an argon atmosphere to produce
a flexible electrolyte thin film. Reprinted with permission from Ref. [57], © Elsevier Ltd. 2016. 



 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

4147 Nano Res. 2017, 10(12): 4139–4174 

PEO-based electrolytes. Zhang et al. used MOFs to 

modify the PEO/LiTFSI-based SPE in Li-S batteries 

[60]. The results demonstrate that the 3D additive has 

a positive effect on the battery performance by blocking 

polysulfide shuttling and dissolution. Kumar et al. 

incorporated a copper benzene dicarboxylate MOF 

into the PEO/LiTFSI electrolytes [61]. The ionic 

conductivity, compatibility, and thermal stability of 

SPE were improved after the addition of the MOF. In 

addition, the highly safe cell (LiFePO4/SPE/Li) could 

even be cycled at 70 °C. 

3.2 Copolymer electrolytes 

Block/grafted copolymer electrolytes have recently 

been proposed as SPEs because these polymer struc-

tures suppress the crystallization of PEO and improve 

its mechanical properties. Generally, one of the 

copolymers is linear PEO, which acts as the ionic 

conductor, and the other is either the block providing 

the mechanical strength or a low-molecular-weight 

polymer grafted onto the backbone to increase the 

ionic mobility. 

Bouchet and coworkers systematically analyzed 

the physicochemical and electrochemical properties 

of polystyrene–PEO (PS-PEO-PS) block copolymer 

electrolytes [62]. One block is a PEO-based polymer 

with dissolved lithium salts to impart ionic conductivity, 

and the PS block provides a membrane support for 

the electrolyte system. By varying the molecular weight 

and the composition of the copolymer electrolytes, the 

optimized electrolytes, together with a LiFePO4 cathode, 

have been used to assemble lithium metal batteries. 

This battery operates at 40 °C, a temperature lower 

than the PEO melting temperature, where the PEO 

domains are partially crystallized. The batteries using 

such a block SPE architecture show very promising 

performance with good power retention, long cyclability 

at high C rates, excellent faradic efficiency, and good 

resistance to dendrite growth. 

Diblock copolymers of poly(isoprene-b-ethylene 

oxide) and PI-b-PEO (IEO) have also employed   

as nanostructured polymer electrolytes doped with 

1-ethyl-3-methylimidazolium trifluoromethanesulfonate 

(CF3SO3−C6H11N2, EMITf) or lithium triflate (CF3SO3Li, 

LiTf), as shown in Fig. 9. The ionic conductivities in 

the two systems of IEO and PEO are fundamentally 

different. The lithium ionic conductivity of IEO/EMITf 

is much higher than that of the PEO/EMITf system. 

However, in IEO/LiTf, the conductivity is lower by  

a factor of a 100 relative to the PEO/LiTf case. The 

results reflect the critical influence of the lithium salts 

on the electrochemical performance, providing ways 

to manipulate the ionic motion in the polymer 

electrolytes [63]. 

 

Figure 8 Synthesis of the POSS-PEG crosslinked SPEs. The geometry of the LiFePO4/Li battery with POSS-2PEG6K as the electrolyte.
Capacity and Coulombic efficiency vs. cycle number during galvanostatic cycling at C/2 and C/3 rates at 90 °C. Reprinted with permission
from Ref. [59], © Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim 2015. 
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Figure 9 (a) Reaction scheme leading to the preparation of 
the block copolymer electrolytes. (b) D.C. conductivities for the 
polymer electrolytes as a function of temperature. Reprinted with 
permission from Ref. [63], © American Chemical Society 2015. 

Porcarelli et al. designed an innovative polymer 

electrolyte system through a cost-effective and 

solvent-free in situ photopolymerization technique. 

The system comprises PEO as the SPE matrix, bis[2- 

(2-methoxyethoxy)ethyl]ether (tetraglyme, TEGDME) 

as the grafted molecule, LiTFSI as the source of 

lithium ions, and 4-methyl benzophenone (MBP)   

as the UV-induced photoinitiator (Fig. 10). Together 

with the oligomer additives, the SPE possesses robust 

mechanics, high flexibility, homogeneity, and is highly 

amorphous. Furthermore, the ionic conductivity at 

ambient temperature exceeds 0.1 mS·cm−1, and electro-

chemical stability window is extended, reaching 5 V 

vs. Li/Li+ (Fig. 10(b)). The solid polymer batteries show 

capacity retentions approaching 90% and Coulombic 

efficiency close to 100% (Fig. 10(c)). The electrolytes 

exhibit lithium ion transference numbers of 0.61 and 

have good interfacial compatibility with the lithium 

electrode and resistance to dendrite growth. This 

opens a new approach for the next generation of 

all-solid lithium-metal batteries that operate at ambient 

conditions [64]. 

 
Figure 10 (a) Sketched representation of interlinked solid polymer electrolyte (ISPE) preparation along with used materials, and an
illustration (right bottom) of the proposed interconnected PEO chains with hypothesized branched clusters of tetraglyme oligomers. In 
the top right, the real aspect of a freshly prepared ISPE. (b) Electrochemical stability window (anodic and cathodic scan) of the
electrolyte at 25 °C. (c) Graph illustrating the specific capacity vs. the number of cycles along with the Coulombic efficiency. Reprinted 
with permission from Ref. [64], © Nature Publishing Group 2016. 
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3.3 Single ion polymer electrolyte conductors 

In addition to the ionic conductivity, the lithium ion 

transference number is another vital parameter for 

SPEs in lithium batteries. Low lithium ion transference 

numbers may cause the formation of a concentration 

gradient that generates significant osmotic forces, 

limiting the maximum power delivery during the 

charge-discharge process of the battery [65]. Various 

approaches for reducing the mobility of anions can 

significantly increase the Li+ transference number. One 

common method is to anchor anions to the backbone 

of the single-ion conducting polymer electrolytes.  

In a single-ion conductor, Li+ has weak interactions 

with the anionic structure. This enables a high 

dissociation level and increases lithium ion transference 

number. Most single-ion conducting polymer elec-

trolytes are structures of polyanionic, comb-like, 

network polymers and composites [66, 67]. Xue and 

his group have prepared a composite single ion SPE 

by blending lithiated poly(perfluoroalkylsulfonyl)imide 

(PFSILi) ionene with PEO (Fig. 11) [68]. This composite 

presented excellent electrochemical performance with 

a lithium ion transference number of 0.908, an ionic 

conductivity of 1.76 × 10−4 S·cm−1 at 80 °C, and an 

electrochemical window of up to 5.5 V vs. Li+/Li. 

Compared to the traditional small lithium salt LiTFSI 

(a structure comparison is shown in Fig. 11(a)), 

PFSILi has a polyanionic structure, where the anions 

are anchored, preventing migration. On cycling   

the LiFePO4/Li batteries, a reversible capacity of   

140 mAh·g−1 at 80 °C was achieved, and 50 stable cycles 

were maintained for 1,000 h at 70 °C at a rate of 0.1C. 

Ma et al. presented a novel single lithium ion 

conducting electrolyte composed of the lithium salt of 

a polyanion, poly[(4-styrenesulfonyl)(trifluoromethyl(S- 

trifluoromethyl-sulfonylimino)sulfonyl)imide] (PSsTFSI−) 

and PEO, as shown in Fig. 12. The complex presented 

a transference number of 0.91, thermal stability of  

up to 300 °C, and lithium ion conductivity of 1.35 × 

10−4 S·cm−1 at 90 °C [69]. These prepared single 

ion-conducting SPEs with excellent properties   

are considered to have a potential application in 

rechargeable lithium metal batteries. 

3.4 Novel lithium salts 

In addition to the polymer matrix, the properties of 

lithium salts also affect the performance of polymer 

electrolytes. Compared to traditional inorganic lithium 

salts such as LiClO4, LiAsF6, LiBF4, and LiPF6 [70], 

organic lithium salts containing sulfonate anions, such 

as lithium perfluoroethylsulfonate (LiC2F5SO3), lithium 

perfluorobutylsulfonate (LiC4F9SO3), and lithium triflate 

(LiCF3SO3, LiTf), have become the salts of choice 

because they are highly resistant to oxidation, thermally 

stable, non-toxic, and insensitive to ambient moisture 

[71, 72]. However, their ionic conductivity is low. To 

improve the ion pair dissociation effect, the lithium 

imide salts (LiTFSI) and lithium bis(perfluoroethyl-

sulfonyl)imide (LiN(C2F5SO2)2, (LiBETI)) have been 

developed. These salts have larger anionic radii, 

which could result in higher Li+ conductivity [73]. The 

major drawback of these lithium salts is that they 

corrode the current collectors, which makes them 

unsuitable for polymer electrolytes. Therefore, the 

search for more reliable lithium salts has remained a 

focus of investigation. 

 
Figure 11 Structures of (a) PFSILi and (b) LiTFSI. Illustration of the PEO-PFSILi solid electrolyte configuration. Reprinted with 
permission from Ref. [68], © The Royal Society of Chemistry 2014. 
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Figure 12 Synthetic routes of (a) monomer and (b) polymers. 
DMAP = dimethylaminopyridine and AIBN = azodiisobutyronitrile. 
Reprinted with permission from Ref. [69], © Wiley-VCH Verlag 
GmbH & Co. KGaA, Weinheim 2016. 

Prof. Zhou and colleagues reported a novel SPE 

based on a perfluorinated sulfonimide salt. The   

SPE comprises lithium (trifluoromethanesulfonyl) (n- 

nonafluorobutanesulfonyl)imide (Li[(CF3SO2) (n-C4F9SO2)- 

N], LiTNFSI) and PEO, which exhibits a relatively 

high ionic conductivity of 1.04 × 10−4 S·cm−1 at 60 °C 

and good thermal stability up to 350 °C. As shown in 

Fig. 13, the interface layer films between the LiTNFSI- 

based SPE and electrodes are compact and robust 

and significantly different from the loose and rough 

interfacial membranes in the LiTFSI salt. The interfacial 

impedance and morphology of the after-cycled lithium 

electrodes both proved that the LiTNFSI-based SPE 

could deliver excellent interfacial compatibility with 

lithium metal, which could inhibit the side reactions 

between the SPE and lithium. They demonstrated that 

this new lithium salt contributes to the development 

of high-energy all-solid-state lithium batteries [74].  

A new class of dilithium (DL) salts from relatively 

inexpensive starting materials, whose structure is 

strikingly similar to LiTFSI, were developed by 

Chakrabarti et al. The imides are negatively charge 

on the nitrogen atom, and this charge is delocalized 

by two sulfone groups, resulting in highly mobile 

lithium ions, as shown in Fig. 14. In addition, a PEO- 

based film with the DL-1 salt exhibited an excellent 

ionic conductivity of 2.19 × 10−6 S·cm−1 at 30 °C [75].  

 

Figure 13 Schematic illustration of the formed interfacial films on the electrodes. Reprinted with permission from Ref. [74], © American
Chemical Society 2016. 

 

Figure 14 Synthesis of DL-1. Reprinted with permission from Ref. [75], © Elsevier B.V. 2009. 
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4 Polyester-based solid polymer electrolytes 

Polyester-based SPEs have received considerable 

attention because of the strongly polar groups [–O– 

(C=O)–O–]. These polymers include polyethylene 

carbonate (PEC), poly(trimethylene carbonate) (PTMC), 

and poly (propylene carbonate) (PPC) (Table 1). They 

can efficiently dissolve alkali metal salts and reduce 

the tendency for the formation of ion aggregates. The 

sequential polar carbonate groups may enhance the 

dielectric constant and increase the ion conductivity 

in polymer electrolytes. Accordingly, polyester-based 

SPEs are a promising alternative for next-generation 

high-performance solid lithium batteries. 

4.1 PEC 

Jannasch and his group synthesized poly (ethylene 

oxide-co-ethylene carbonate) (PEO-EC) by the anionic 

ring-opening polymerization of ethylene carbonate 

(Fig. 15) [76]. Compared with PEO, PEO-EC, which 

incorporates polar carbonate groups into a polyether 

chain, not only reduces the crystallinity of the polymer 

but also increases the dielectric constant relative    

to polyethers with the same molecular weight. As a 

result, it provides the high flexibility necessary to 

promote ion mobility and is a promising polymer 

ion-conducting matrix for SPEs. A polymer having   

a number-average molecular weight of 2,650 g·mol−1 

and an ethylene carbonate content of 28 mol% was 

selected to prepare a self-supportive SPE together 

with the LiTFSI salt. The ionic conductivity reached 

6.3 × 10−6 S·cm−1 at 20 °C. According to Fourier transform 

infrared spectroscopy (FTIR) measurements, the lithium 

ions are coordinated by oxygen atoms in both the 

ether and carbonate groups, thus increasing the ionic 

dissociation.  

 

Figure 15 Synthesis of methacrylate-functionalized PEO-EC by 
the anionic ring-opening polymerization of EC, followed by the 
methacrylation of the terminal hydroxyl groups. Reprinted with 
permission from Ref. [76], © Wiley InterScience 2006. 

Table 1 Properties of some typical polyester-based solid polymer electrolytes 

Polymer Chemical structure Tg (
oC) Tm Ref. 

PEC 

 

5  Amorphous [76, 81] 

PPC 

 

35  Amorphous [79, 80, 98, 99]

PCL 

 

−60  Amorphous [82, 83] 

PTMC 

 

−16  Amorphous [88–91, 94] 

PTMC-PCL 

 

−28  Amorphous [95, 96] 
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In 2014, Lee’s group demonstrated an approach to 

synthesize a hybrid semi-interpenetrating network 

PEO-EC based SPE. It offers high ionic conductivity 

and sufficient dimensional stability for SPE applications 

through the incorporation of rigid and bulky octa- 

functional POSS acrylate (OA-POSS) and ethoxylated 

trimethylolpropane triacrylate, as shown in Fig. 16. 

The highest ionic conductivities achieved for this SPE 

were 3.74 × 10−5 and 3.26 × 10−4 S·cm−1 at 30 and 60 °C, 

respectively. The stable electrochemical window was 

up to 4.7 V at 60 °C. All-solid-state lithium batteries of 

V2O5/Li were fabricated by using of the prepared SPE, 

and the discharge capacity delivered by the cell was 

retained almost stably over 30 cycles. The composite 

SPE is considered to provide insight for the explora-

tion of the PEO-EC polymer for future solid-state 

electrolytes [77].  

The synthesis of PEC was first developed by Inoue 

and coworkers in 1968, motivated by the concept   

of CO2 utilization [78]. In the case of a PEO based 

polymer electrolyte, the coupling of ether oxygen in 

the polymer framework and lithium ions is strong, so 

ion motion is difficult, and the lithium ion transference 

number is low. PEC, as a low-donor-concentration 

molecule, can reduce the coordinate bonding between 

the polymer chains and lithium ions in the polymer 

framework, thus increasing the ionic conductivity.  

In 2014, Okumura investigated an SPE composed 

of PEC and LiTFSI. The Li+ transference number of 

the PEC-based polymer electrolyte is 0.4, which is 

four times higher than that of a PEO based SPE 

(Fig. 17) [79]. According to the Raman spectra results, 

both the storage elastic modulus and Tg of the PEC- 

based SPE increase with increasing LiTFSI concentration 

up to 0.2 mol per repeating unit, possibly because of 

the coupling between the lithium ions and the polymer. 

 

Figure 16 Preparation of organic/inorganic hybrid semi-IPN (semi-interpenetrating network) polymer electrolytes based on PEO-EC. 
Reprinted with permission from Ref. [77], © Elsevier Ltd. 2014. 

 

Figure 17 (a) Potential-step chronoamperometry and (b) impedance spectra variation before after the potential-step tests using a PEC-based
polymer electrolyte and a PEO-based polymer electrolyte. The LiTFSI concentration is 0.4 per repeat unit of PEC or PEO. Reprinted
with permission from Ref. [79], © Elsevier B.V. 2014. 
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However, because the abundance ratio of undissociated 

salt and the suppressed growth of the pseudo-crosslinks, 

the combination of a lithium salt with PEC at con-

centrations greater than 0.2 mol decreases both the 

storage elastic modulus and Tg of the polymer elec-

trolyte. The highest obtained ionic conductivity of 

the PEC-based SPE was 0.47 mS·cm−1 at 20 °C. 

Tominag et al. have found remarkable ion-conductive 

properties in polymer electrolytes composed of PEC 

and lithium bis(fluorosulfonyl) imide (LiFSI), and 

they investigated the relationship between the ionic 

conductivity and the salt concentration [38, 80]. 

Unlike the PEO system, with increasing lithium salt 

concentration, the ionic conductivity of the PEC/ 

LiFSI electrolytes increases linearly, while the value 

of Tg decreases. In addition, the self-diffusion coefficient 

of Li+ exceeded 10−7 cm2·s−1, and the lithium ion 

transference number was estimated to be more than 

0.8 in composites with only 1 wt.% TiO2 nanoparticles. 

In this system, ionic conductivities of 5.6 × 10−5, 2.2 × 10−4, 

and 4.3 × 10−4 S·cm−1 for the PEO20LiFSI, PEC0.53LiFSI 

(188 mol% of LiFSI), and PEC0.53LiFSI-TiO2 (1 wt.%)- 

based SPEs can be achieved, respectively. Polycarbonate 

is considered to be a superior SPE to polyether as an 

electrolyte matrix for use in flexible lithium batteries. 

Tominag et al. prepared a hybrid SPE membrane 

comprising PEC with 80 wt.% LiFSI in a 3D-ordered 

macroporous polyimide substrate with an average 

pore diameter of 0.3 μm and a thickness of 30 μm  

to assure the mechanical strength of the SPE. The 

acquired SPE had a conductivity of 1.6 × 10−5 S·cm−1 at 

30 °C, a Li+ transference number of over 0.5, and was 

electrochemically stable at more than 5 V vs. Li+/Li. 

The reversible capacity of a LiFePO4/Li coin cell 

containing this SPE reached close to 120–130 mAh·g−1 

at C/20 rate at 30 °C, and delivered a reasonable 

capacity of 110 mAh·g−1 at a higher rate (C/10), as 

shown in Fig. 18. The cycle performance demonstrates 

that the prepared SPE could inhibit short circuit failures 

arising from lithium dendrites and mechanical 

instability. The use of a “pore-filling” technique, where 

functional PEC materials are added to the porous 

polyimide matrix, makes battery operation at ambient 

temperature possible in present all-solid-state batteries 

system. Thus, this work contributes to the develo-

pment of flexible and safe energy device in future [81].  

 
Figure 18 Delivered charge/discharge capacity and Coulombic 
efficiency of the Li/PEC-LiFSI/LiFePO4 cell at 30 °C as a function 
of cycle number. Reprinted with permission from Ref. [81], 
© Elsevier B.V. 2016. 

4.2 PCL 

Polycaprolactone (PCL) is an environmental friendly 

polymer because it can be easily degraded in aqueous 

media and by microorganisms. In 2006, Fonseca et al. 

[82] provided the first report of a PCL-based SPE 

with different weight contents of LiClO4. A maximum 

lithium ionic conductivity of 1.2 × 10−6 S·cm−1 was 

obtained at room temperature with 10 wt.% LiClO4. 

In the composite system, complete biodegradation 

occurred after 110 days, which was attributed to   

the ester groups in the host polymer. The composite    

is electrochemically stable at approximately 5 V, 

demonstrating promise for the production of solid- 

state lithium batteries with low environmental impact. 

When a PCL-based SPE was applied to a rechargeable 

LiNiCoO2/Li battery, specific discharge capacities of 

182 mAh·g−1 in the first cycle and 120 mAh·g−1 after 

50 cycles were obtained [83].  

4.3 PTMC 

PTMC is composed of repeated monomeric cation- 

coordinating units –(O=COCH2CH2CH2O)–. It has 

been confirmed that PTMC can dissolve lithium salts 

and maintain ionic conductivity at a suitable level. In 

addition, it provides good thermal, mechanical, and 

electrochemical stability [84–87]. The lithium salts, 

including LiBF4 [88], LiTFSI [89], and LiPF6 [90], 

together with the amorphous host matrix PTMC, have 

received significant attention from many research 
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groups. The PTMC-based electrolytes have motivated 

the further development of this system for all-solid- 

state lithium batteries. 

In 2014, Brandell’s group synthesized high- 

molecular-weight PTMC to serve as a base polymer 

material for an SPE (Fig. 19) [91]. The thermal properties 

and ionic conductivity of polymer electrolytes with 

different salt ratios were measured by thermo-

gravimetric analysis (TGA)/DSC and electrochemical 

impedance spectroscopy (EIS), respectively. The highest 

ionic conductivities, on the order of 10−7 S·cm−1 at 

60 °C, were found in systems at [Li+]:[carbonate] ratios 

of 1:13 and 1:8. The electrochemically stable window 

is up to 5.0 V vs. Li+/Li. The LiFePO4/Li half-cells with 

the electrolytes exhibited a plateau in the specific 

discharge capacity of 153 mAh·g−1 after long-term 

cycling, and the interfacial contact between the 

electrodes and the electrolyte films improved during 

cycling because of the softening of the electrolyte, in 

particular on the cathode side. In addition, unlike the 

aging principle in cycled Li-batteries with commercial 

liquid electrolytes at high temperatures, there was no 

capacity fading in the PTMC-based batteries during 

long-term storage and cycling for over 120 days at 

60 °C [92, 93]. However, the PTMC SPE displayed a 

low initial discharge capacity, followed by a slow 

increase during storage/cycling, finally achieving the 

full capacity of the positive electrode after 70 days. To 

overcome this unexpected behavior, a highly viscous 

acetate-terminated PTMC oligomer was proposed as 

an interfacial mediator at the SPE/electrode interface 

[94]. This strategy not only helps to wet the interface 

between the electrode and the SPE without com-

promising the interfacial stability but also maintains 

the mechanical strength of the PTMC-based SPE. After 

this modification, the initial capacity of the battery 

was obviously improved. In addition, the cycling 

performances of batteries based on the SPE with 

different lithium salts were compared at elevated 

 

Figure 19 Synthesis of PTMC through the ring-opening poly-
merization of trimethylene carbonate catalyzed by tin(II) octoate. 
Reprinted with permission from Ref. [91], © Elsevier B.V. 2013. 

temperatures, and the long-term charge and discharge 

properties were demonstrated at different C-rates. 

Compared with polyethylene glycol dimethyl ether 

(PEGDME), batteries with the PTMC oligomer as an 

alternative interfacial mediator, display better capacity 

retentions and rate capabilities (Fig. 20). These results 

demonstrate that PTMC-based polymer electrolyte 

show promise for application in polycarbonate-based 

high-performance lithium batteries.  

To increase the flexibility of the polymer chains 

and lower the Tg, thereby further increasing the ionic 

conductivity of PTMC-based SPE, Mindemark et al. 

substituted some of the TMC repeating units for CL 

because the Tg of the high-molecular-weight PCL is 

60 °C, significantly lower than that of PTMC (16 °C)  

 

Figure 20 Cycling performance of Li/LiFePO4 cells using 
(a) self-standing PTMC8LiTFSI or PTMC5LiBF4 compared to 
PTMC8LiTFSI directly cast onto the composite electrode (inset 
illustrating the cycling profile of PTMC8LiTFSI at C/20 during 
the 1st cycle). (b) Comparison of PTMC8LiTFSI using different 
oligomers (oPTMC or oPEGDME) at C/20 and 60 °C (solid dots 
for discharge capacity and stars for Coulombic efficiency). The 
inset shows the cycling profile during initial cycles. Reprinted 
with permission from Ref. [94], © Elsevier B.V. 2015. 
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(Fig. 21) [95, 96]. This permits their use in rechargeable 

solid lithium polymer batteries operating at ambient 

temperature. The best ionic conductivity achieved 

was 4.1 × 10−5 S·cm−1 at 25 °C and 1.1 × 10−4 S·cm−1 at 

40 °C with 20 mol% carbonate repeating units. When 

cycled in Li/SPE/LiFePO4 cells at room temperature, 

the specific capacity reached > 80% of the full capacity 

at C/50 and maintained about 60 mAh·g−1 even at 

C/10. The capacity was found to be excellent with no 

identifiable loss over 70 cycles (Fig. 22). 

 

Figure 21 Synthesis of copolymers of trimethylene carbonate 
and ε-caprolactone. Reprinted with permission from Ref. [96], 
© Elsevier Ltd 2015. 

 

Figure 22 Geometry of the LiFePO4/Li battery with PTMC- 
PCL as the electrolyte; Charge/discharge capacities and Coulombic 
efficiencies for a Li/SPE/LiFePO4 cell with the electrolyte cycled 
at room temperature. Reprinted with permission from Ref. [95], 
© Elsevier B.V. 2015. 

4.4 PPC 

Poly(propylene carbonate) (PPC) is a biodegradable 

and regular alternating polyester, produced from 

propylene oxide and carbon dioxide in a heterogeneous 

catalyst system. PPC has attracted increasing interests 

as a promising host polymer for lithium batteries 

because of its amorphous nature, low cost, and green 

characteristics. PPC is believed to have an excellent 

ability to dissolve lithium salts and a good interfacial 

compatibility with electrodes, which arises from   

its similar chemical structure to the conventional 

carbonate-based liquid electrolytes [97, 98].  

The 1-butyl-3-methylimidazolium tetrafluoroborate 

(BMIM+BF4
−) ionic liquid was added to the PPC/LiClO4 

SPE to improve the ionic conductivity, thermal and 

electrochemical properties, and safety [98]. As shown 

in Fig. 23, the composite polymer electrolyte forms  

a transparent, flexible, and self-standing membrane. 

The ionic conductivity of the electrolyte at room 

temperature is 1.5 mS·cm−1 with PPC/LiClO4/BMIM+BF4
− 

in a weight ratio of 1/0.2/3. 

Cui and his colleagues, inspired by the traditional 

Chinese Taichi, exploited a rigid yet soft SPE combining 

nonwoven cellulose as the backbone and PPC as a 

polymer matrix for ionic transport [99]. The researchers, 

for the first time, produced an ambient-temperature 

all-solid-state lithium battery with increased safety  

at high-voltages using PPC as the solid polymer 

electrolyte. The study reveals a new perspective; that 

is, the high ionic conductivity of SPE is the result of 

low crystallinity and the appropriate glass transition 

temperature of the polymer electrolyte system. The 

cellulose PPC SPE had an ionic conductivity at 20 °C 

of 3.0 × 10−4 mS·cm−1, one or two orders of magnitude 

higher than that of PEO-based SPEs over the tem-

perature range from 20 to 120 °C. At a high temperature 

of 120 °C, the PPC-based SPE show an ionic conductivity 

of around 1.4 × 10−3 mS·cm−1  and perfect dimensional 

thermostability that could significantly improve the 

safety characteristics without the risk of internal 

short circuit. The wide electrochemical window of  

up to 4.6 V vs. Li+/Li, demonstrates its potential for 

use in high-voltage lithium batteries. In addition, the 

electrolytes show excellent compatibility with lithium 

metal at room and elevated temperature. The specific  

 

Figure 23 Photographs of PPC/LiClO4/BMIM+BF4
− electrolytes: 

(a) Transparent, flexible, and self-standing solid films. (b) Soft, sticky, 
and nonfluidic gel at the ratio of 1/0.2/3 (wt.%). Reprinted with 
permission from Ref. [98], © American Chemical Society 2013. 
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discharge capacity of the SPE-based LiFePO4/Li battery 

at 20 °C was 142 mAh·g−1 at 0.1C and 52 mAh·g−1 at 

3C, respectively. Even on cycling at 120 °C, the cells 

showed improved safety characteristics and delivered 

a discharge capacity of 138.7 mAh·g−1 at 1C rate.  

The capacity retention was 95% after 500 cycles. 

Furthermore, when the SPE was used in a high-voltage 

LiFe0.2Mn0.8PO4/Li cell, the charge and discharge 

curves exhibited flat profiles for the cathode and 96% 

capacity retention after 100 cycles. More importantly, 

the all-solid-state soft package assembled with the 

prepared SPE could power a red light-emitting diode 

lamp without internal short-circuit failures even after 

cutting away one part of the battery, as shown in  

Fig. 24. The study is a milestone in the research of 

room-temperature SPEs and motivates the develop-

ment of all-solid-state lithium batteries for practical 

applications.  

To further improve the unsatisfying ionic con-

ductivity at ambient temperature to obtain a more 

reliable SPE, a free-standing and ambient temperature 

Li6.75La3Zr1.75Ta0.25O12 (LLZTO)/PPC composite electrolyte 

was studied [100]. This composite has a high lithium 

ionic conductivity of 5.2 × 10−4 S·cm−1 at 20 °C, a wide 

window of electrochemical stability of up to 4.6 V, a 

transference number of 0.75, and good mechanical  

 

Figure 24 Illustration of the solid-state soft-package lithium 
cells (a) running well and (b) after cutting while powering a red 
LED lamp. (c) Voltage monitoring of obtained incomplete battery. 
(d) The obtained corner of the cell for lighting a LED lamp. 
Reprinted with permission from Ref. [99], © WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim 2015. 

strength of 6.8 MPa. The LiFePO4 /Li batteries using 

the electrolytes have excellent rate performance (5C) 

and superior cycling stability (95%) at 20 °C (Fig. 25). 

Moreover, the PPC/LLZTO-based flexible LiFePO4/ 

Li4Ti5O12 battery delivered the excellent electrochemical 

performance. 

With respect to PEO, Yu et al. for the first time 

incorporated PPC into a PEO-based electrolyte to 

decrease the glass transition temperature and cry-

stallinity of PEO and to increase the lithium ionic 

conductivity [97]. The PEO/50%PPC/10%LiClO4 SPE 

had a conductivity of 6.83 × 10−5 S·cm−1 at room tem-

perature and showed no obvious decomposition up 

to 4.5 V vs. Li+/Li. 

To minimize the polarization caused by low lithium 

ion transference number, single-ion-conducting SPEs 

with anions anchored to the polymer backbone have 

been used to improve the transference number, as 

shown in Fig. 26. PPC-based single-ion-conducting 

polymer electrolytes with long flexible pendant groups 

of allyl glycidyl ether units were synthesized. The SPE 

has ionic conductivity of 1.61 × 10−4 S·cm−1 at 80 °C, a 

high transference number of 0.86, and an electrochemical 

window up to 4.3 V [101].  

5 Nitrile-based solid polymer electrolytes 

Nitriles, which contain the polar and electron with-

drawing group N≡C, have high dielectric constants of 

about 30. They also have a wide electrochemical window, 

probably because of the low lowest unoccupied 

molecular orbital (LUMO) energy. Recently, nitrile- 

based SPEs have received considerable attention 

because of their strong coordination ability and good 

electrochemical properties.  

5.1 SN-based solid polymer electrolytes 

Succinonitrile (N≡C–CH2–CH2–C≡N, SN) has a single 

plastic phase that extends from 35 °C to its melting 

point at 62 °C and a boiling point of 265 °C. The 

dielectric constant of SN is 55 at 25 °C, demonstrating 

that it has a strong ability to dissolve a wide variety 

of lithium salts. SN molecules can accept electrons 

and, thus, possess a high oxidation potential because 

of the lower LUMO [102], as shown in Fig. 27. 
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Figure 26 Illustration of synthesis process of PPC based single- 
ion-conducting polymer electrolyte. Reprinted with permission 
from Ref. [101], © American Chemical Society 2016. 

 

Figure 27 Frontier molecular orbitals of EC, DEC, and SN and 
the energies of the occupied (HOMO) and unoccupied (LUMO) 
orbitals (in Hartree). Reprinted with permission from Ref. [102], 
© Elsevier B.V. 2015. 

SN is a plastic crystal with a low molecular weight. 

In addition, it shows trans-gauche isomerism involving 

the rotation of molecules about the central C–C bonds. 

In 2004, Armand et al. found that the ionic conductivity 

reached 3 S·cm−1 for SN with a 5 mol% LiTFSI [103]. 

The plasticity of SN is similar to that of polymer 

electrolytes, indicating that the SN-based electrolyte 

can accommodate the volume changes that occur 

during the intercalation/deintercalation process of a 

lithium battery over long cycling periods. Unfortunately, 

the mechanical strength of the SN/lithium salt-based 

plastic phase electrolytes (PCE) is not sufficient for 

large-scale applications of lithium batteries. Therefore, 

SN is often combined with a polymer matrix to 

improve the mechanical properties of the composite, 

the so-called SN-based polymer electrolytes.  

Lee’s group discovered that, in contrast to a 

conventional plastic crystal composite electrolyte 

(F-PCCE) comprising polyvinylidenefluoride-co- 

hexafluoropropylene (PVdF-HFP) and PCE [104], the 

self-standing UV-cured ethoxylated trimethylolpropane 

triacrylate (ETPTA) polymer network films show 

strong mechanical strength and significant improvement 

in electrochemical stability and interfacial resistance 

toward lithium anode electrodes, as shown in Fig. 28. 

 

Figure 25 (a) Schematic of the flexible solid state LiFePO4/Li4Ti5O12 lithium-ion full cell. (b) Typical charge/discharge curves and (c) 
cycle performance of the solid state LiFePO4/Li4Ti5O12 lithium ion full cell. The inset is the impedance spectrum for the cell using 
PPCL-SPE after the first cycle and after 800 cycles. (d) Illustration of the flexible solid state LiFePO4/Li4Ti5O12 lithium ion full cell powering
an LED lamp in a bent state. Temperature: 20 °C. Reprinted with permission from Ref. [100], © The Royal Society of Chemistry 2017.
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Figure 28 A schematic representation of the UV curing process 
and photographs of PCE, X-PCCE (ETPTA), and F-PCCE at 
room temperature. Chemical structures of ETPTA (UV-curable 
monomer), 2-hydroxy-2-methylpropiophenone (HMPP) (photo- 
initiator), and PVDF-HFP are also illustrated. Reprinted with 
permission from Ref. [104], © Elsevier Ltd. 2011. 

In their subsequent work, the researchers proposed 

a bendable plastic crystal polymer electrolyte (B-PCPE) 

composed of SN, LiTFSI, and an ultraviolet-cured 

polymer network bearing trimethylolpropane pro-

poxylate triacrylate (TPPTA) [105]. In comparison 

with the ETPTA polymer network (R-PCPE), the 

mechanical bendability of B-PCPE was significantly 

enhanced (Fig. 29), and the interfacial resistance 

between the B-PCPE and lithium metal electrodes 

was mitigated. In addition, B-PCPE presented a good 

cycling performance that is comparable to that of 

R-PCPE, presumably owing to its intimate interfacial 

contact with the electrodes during cycling. 

In continuing efforts to develop advanced solid-state 

electrolytes for use in flexible lithium ion batteries, 

Prof. Lee et al. coated the UV-cured ETPTA on a porous, 

nonwoven polyethyleneterephthalate (PET) skeleton 

to obtain a 3D reticulated plastic crystal polymer 

electrolyte matrix, as shown in Fig. 30 [106]. They 

found that the ionic conductivity at 30 °C reached 

5.7 × 10−4 S·cm−1. A remarkable finding of this study 

was that the flexible Li4Ti5O12/LiCoO2 cell incorporating 

a PET-supporting SN electrolyte provided stable 

electrochemical performance without suffering from 

internal short-circuit problems in severely deformed 

states, even in a wrinkled state. The results facilitate 

the development of high-performance flexible energy 

storage system assemblies with advanced solid-state 

electrolyte alternatives to conventional liquid electrolytes. 

 

Figure 29 A schematic representation illustrating the UV-curing process and chemical structures of B-PCPE (UV-cured TPPTA 
polymer network/PCE) and R-PCPE (UV-cured ETPTA polymer network/PCE), along with their physical appearance. Reprinted with
permission from Ref. [105], © The Royal Society of Chemistry 2013. 
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With the incorporation of Al2O3 nanoparticles,    

a satisfactory ionic conductivity of 1.02 × 10−3 S·cm−1 

at room temperature was achieved because of the 

well-interconnected ion-conductive channels in the 

electrolyte systems [107]. Even after exposure to 

thermal shock, the self-standing composite film (plastic 

crystal composite polymer electrolyte, denoted as 

PC-CPE) remains dimensionally stable, with negligibly 

small areas suffering dimensional shrinkage (Fig. 31(a)).  

 

Figure 31 (a) Comparison of thermal shrinkage between the 
PC-CPE and PE separator after exposure to the thermal shock. 
(b) The variation in discharge capacity and charge voltage (inset) 
of cells before/after the thermal shock. Reprinted with permission 
from Ref. [107], © The Royal Society of Chemistry 2014. 

Furthermore, the cell assembled with the membrane 

maintains stable charge/discharge performance   

(Fig. 31(b)). 

In 2016, Liu et al. prepared vinyl-functionalized 

SiO2 particles by the sol-gel method using triethoxy-

vinylsilane in an aqueous system (Fig. 32(a)) and 

investigated the effects of crosslinking the SN-based 

composite polymer electrolytes on the electrolyte 

properties [108]. Using Al2O3 additives effectively 

improves the thermal stability and interfacial com-

patibility between the electrolytes and electrodes 

(Figs. 32(b) and 32(c)) [109]. The composite electrolytes 

exhibit excellent performance in terms of their thermal 

stability above 230 °C, ionic conductivities, which 

reach 7.02 × 10−4 S·cm−1 at 25 °C, and electrochemical 

stability (up to 4.6 V vs. Li+/Li). The LiFePO4/Li cell 

presented superior cycle performance and rate 

capability, delivering a high discharge capacity of 

154.4 mAh·g−1 at 0.1C after 100 charge–discharge cycles. 

Furthermore, the battery displayed a high discharge 

capacity of 112.7 mAh·g−1 at 2C rate, obviously higher 

than that of the cells assembled with previously 

reported polymer SN-based electrolytes. 

5.2 Poly(acrylonitrile)-based solid electrolytes 

Poly(acrylonitrile) (PAN)-based solid polymeric 

electrolytes have also been developed by many groups.  

Rahman et al. discussed the influence of the TiO2 

filler concentration on the conductivity of the PAN/ 

TiO2/LiClO4 electrolyte [110]. The addition of nano-

particles influences the ion motion in the polymer  

 

Figure 30 A schematic illustration of the UV polymerization-assisted fabrication process and chemical structure of N-PCPE (a new class
of plastic crystal polymer electrolyte matrix combined with compliant PET nonwoven skeleton), along with a photograph showing the
mechanical flexibility of N-PCPE. Reprinted with permission from Ref. [106], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2013.
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matrix and lowers the segmental polymer dynamics. 

As the filler concentration decreases, the ionic con-

ductivity increases and the glass transition temperature 

decreases significantly. The optimum conductivity of 

1.8 × 10−4 S·cm−1 was obtained with 7.5 wt.% TiO2. 

The effects of the Al2O3 nanoparticles [111] on the 

ionic conductivity and transference number of a 

PAN/LiClO4 electrolyte have also been investigated 

based on Lewis acid-base theory, as shown in Fig. 33. 

When the acidic Al2O3 ceramic is added (Fig. 33(a)), 

the polarizable nature of the lithium salts leads to the 

disassociation of the Li+ ClO4
− ion pairs, resulting in 

free Li+ ions. At the same time, the stronger force of 

the H+ on the acidic group than the Li+ ions towards 

the nitrile group of PAN also free the nitrile-associated 

lithium ions. This increases the concentration of free 

Li+ ions in the composite electrolyte, thereby enhancing 

the ionic conductivity. For basic Al2O3 (Fig. 33(b)), the 

interaction between the polar O atoms on the surface 

of Al2O3 and the Li+ ions helps to reduce the interaction 

of both Li+ClO4
− ion pairs and R–C≡N/Li+ bonds, which 

free more ClO4
− anions. The Li+ ions interacting with 

polar O atoms can migrate near the filler grains. When 

neutral nanoscale Al2O3 is added (Fig. 33(c)), both 

interactions described above occur, and the anions 

can re-associate with the lithium ion cations to form 

new associates, lowering the concentration of charge 

carriers. These results indicate that the ceramic filler 

could also act as a source of charge carriers after 

suitable surface modification. 

Chen-Yang et al. prepared a novel solid-state 

α-Al2O3-containing a PAN-based composite polymer 

electrolyte [112]. The researchers thought that the 

presence of nanofillers would reduce the free volume  

 

Figure 33 Schematic demonstration of the dissociation effects 
of (a) Lewis acidic, (b) basic, and (c) neutral surface groups on 
nano-Al2O3 particles. Reprinted with permission from Ref. [111], 
© Elsevier B.V. 2005. 

 

Figure 32 (a) The UV-curing process of SN-based polymer electrolyte. SEM images of lithium electrodes before/after 100 charge–discharge
cycles. (b) Before charge–discharge cycling. (c) After 100 charge–discharge cycles. Reprinted with permission from Ref. [108], © American
Chemical Society 2016. 
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of the material and the additive would act as a solid 

solvent to the salt in the composite rather than as a 

plasticizer. The highest conductivity of this composite 

was 5.7 × 10−4 S·cm−1 at room temperature, containing 

7.5 wt.% α-Al2O3 and 0.6 LiClO4 per PAN repeat 

unit. The stress-strain tests demonstrate that the as- 

prepared electrolyte films possess a high yield stress 

of 73 kg·cm−2, indicating that the film is suitable for 

use as a separator in a solid-state battery. In addition, 

the high yield elongation of 225% indicates that the 

film is suitable for the formation of an excellent 

interface with the electrodes. Then, they prepared a 

series of nanocomposite polymer electrolytes based 

on PAN, LiClO4, and a small amount of silica aerogel 

powder (SAP) prepared via the sol-gel method with 

an ionic liquid as the template [113]. The highest 

ambient ionic conductivity of the composite electrolyte 

is about 12.5 times higher than that without the 

addition of SAP, and a possible conduction mechanism 

is shown in Fig. 34. The electrolytes show excellent 

electrochemical stabilities and cyclabilities. At a rate 

of 0.5C, the discharge capacity was 120 mAh·g–1, and 

the retained capacity ratio is 94.1% after 20 cycles. 

To obtain free standing PAN-based thin films, 

poly(vinyl chloride) (PVC) was blended with PAN  

by a solution casting technique to improve the 

mechanical properties [114]. The polymer electrolyte 

with 30 wt.% LiTFSI has the highest ionic conductivity 

of 4.39 × 10−4 S·cm−1 at room temperature, and the 

thermal stability is up to 315 °C. The study expands 

the application of PAN-based SPEs in energy storage 

systems. 

However, nitrile-based electrolytes undergo severe 

passivation upon contact with lithium metal anodes 

or lithiated graphite, and poor cathodic stability, which 

limits their further application. Modification strategies 

are expected to improve the properties of these com-

posites, for example, the tailored structural design of 

polymer matrix and the addition of film-forming fillers 

embedded into the matrix framework. 

Kang’s group reported a novel polymerization of 

cyanoethyl polyvinyl alcohol (PVA-CN) materials 

through a greatly simplified approach, as shown in 

Fig. 35 [115]. The unique all-solid-state electrolyte is 

fabricated by the in situ polymerization of PVA-CN 

in the SN-based solid electrolyte that is filled with a 

network of PAN-based electrospun fiber membranes, 

which can greatly improve the mechanical strength 

of the as-prepared solid electrolyte and maintain it in 

a quasi-solid state without leakage even at temperatures 

greater than the melting point. Among these, LiTFSI 

was used as the lithium-ion provider because of its 

 

Figure 34 The proposed conduction mechanism of the lithium ion in PAN/SAP/LiClO4 polymer electrolytes. Reprinted with permission 
from Ref. [113], © Elsevier B.V. 2010. 
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large anionic radius and low dissociation energy, thus 

improving the ionic conductivity. The initiator for 

polymerization of PVA-CN is PF5, which is produced 

by the thermal decomposition of the lithium salt LiPF6. 

The prepared film exhibits a high ionic conductivity 

of 4.49 × 10−4 S·cm−1. Furthermore, the transference 

number is 0.57, and the film has a favorable mechanical 

strength of 15.31 MPa, excellent safety, and good 

flexibility. In addition, the film presents a satisfactory 

stability with aging and a superior compatibility with 

lithium metal electrodes. The LiFePO4/Li cells, fabricated 

by in situ method, shows an initial discharge capacity 

of 154.6 mAh·g−1 at 0.1C, a Coulombic efficiency of 

99.9%, and a capacity retention ratio approaching 

96.7% after 100 cycles. During the rate performance 

tests, acceptable discharge capacities of 97.7 and  

58.1 mAh·g−1 were achieved at 1.0C and 5C, res-

pectively. Because of the superior performance and 

the simple fabrication process of the all-solid-state 

batteries, this is one of the most promising electrolyte 

materials for the next generation of lithium batteries. 

6 Polysiloxane-based solid polymer 

electrolytes 

Research into polysiloxane-based solid electrolyte 

started in the 1980s [116, 117]. These solid electrolytes 

have attracted considerable attention because of 

their exceptional thermal stabilities. Recently, most 

investigations have focused on the modification of 

the polysiloxane backbone by different methods. Li 

et al. tuned polysiloxane thin-film SPEs for all-solid- 

state batteries by the hydrosilylation of polymethylhy-

drosiloxane with cyclic [(allyloxy) methyl]ethylene ester 

carbonic acid and vinyl tris(2-methoxyethoxy)silane, 

as shown in Fig. 36. The as-prepared electrolyte had 

ionic conductivities of 1.55 × 10−4 and 1.50 × 10−3 S·cm−1  

 

Figure 36 Synthesis of bifunctional polysiloxane. Reprinted with 
permission from Ref. [118], © WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim 2014. 

 

Figure 35 Schematic illustration for the in situ synthesis of the solid-state lithium battery. Reprinted with permission from Ref. [115], 
© WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2015. 
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at 25 and 100 °C, respectively. The LiFePO4/Li batteries 

assembled with the electrolyte showed excellent 

cycling performance at 25 °C. The results demonstrate 

that the structural modification of the polysiloxane- 

based electrolyte could markedly improve the per-

formance of solid-state batteries [118]. 

Through a solvent casting method, three-dimensional 

hybrid inorganic-organic polymer electrolyte networks 

based on siloxane were prepared through a simple 

route (Fig. 37). High conductivities of up to 0.08 S·cm−1 

were obtained at 30 °C. The thermomechanical and 

electrochemical stabilities are also very promising. 

The LiFePO4/SPE/Li batteries deliver 85–90 mAh·g−1 

at 60 °C and 0.1C without any capacity fading over  

20 cycles [119]. 

In addition, a solvent-free hot-pressing method was 

also used to fabricate the crosslinked polysiloxane- 

based electrolyte through the reaction of –OCH3 groups 

in 3-glycidoxypropyltrimethoxysilane and –OH groups 

in polyethylene glycol (PEG), as depicted in Fig. 38 

[120]. The preparation process is low-cost and 

environmentally friendly. The prepared electrolyte 

demonstrated an ionic conductivity of 1.34 × 10−3 S·cm−1, 

a decomposition window of 4.87 V at 120 °C, and 

thermal stability of up to 230 °C. The all-solid-state 

LiFePO4/SPE/Li battery can work stably at tem-

peratures of 80–140 °C, with an initial discharge 

capacity of 156.7 mAh·g−1 at 1C and 120 °C. 

Natural food-grade starch [121], with –C–O–C– 

functional groups similar to the PEO structure, was 

crosslinked with γ-(2,3-epoxypropoxy) propyltrime-

thoxysilane to obtain a starch host SPE, as shown   

in Fig. 39. Thus, a novel SPE film using food grade 

starch as a host was fabricated. This electrolyte had  

 

Figure 37 Schematic illustration of the preparation of the SPE. 
Reprinted with permission from Ref. [119], © American Chemical 
Society 2014. 

 
Figure 38 The preparation of KP-LiTFSI (KP, KH560-PEG 
powder) crosslinked SPE and photos of KP-LiTFSI powder and 
the SPE membrane made by a solvent-free hot-pressing method. 
Reprinted with permission from Ref. [120], © Elsevier B.V. 2015. 

 

Figure 39 Scheme of the starch host synthesis. Reprinted with 
permission from Ref. [121], © The Royal Society of Chemistry 
2016. 

an exceptional ionic conductivity of 3.39 × 10−4 S·cm−1 

and high transference number of 0.80 at 25 °C. The 

all-solid-state Li-S battery containing this low cost 

and highly sustainable electrolyte has an initial 

capacity of 1,442 mAh·g−1 and an average discharge 

capacity of 864 mAh·g−1 at 0.1C for 100 cycles at room 

temperature. 

7 Others 

The introduction of other polymer matrix-based SPEs 

means there is significant potential to enhance the 

performance of solid-state lithium battery. Besides the 

above-mentioned polymer electrolytes, a PVA-based 

SPE has also been explored for Li–air batteries, and this 

SPE has ionic conductivities extending from 10−4 S·cm−1 

at room temperature to 10−3 S·cm−1 at 100 °C [122]. 
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Poly[bis(methoxy-ethoxy-ethoxy)phosphazene]  

(MEEP), which has a low Tg, has also been investigated 

[123, 124]. This polymer remains completely amorphous 

at ambient temperature. MEEP can be crosslinked by 

gamma irradiation, and an MEEP-LiCF3SO3 electrolyte 

exhibited a room-temperature conductivity 2.5 orders 

of magnitude higher than that of PEO-based electrolytes 

[124]. Developing other new polymers with different 

functional groups is believed to be a reasonable 

strategy to obtain SPEs with sufficient performance 

to satisfy the criteria for the practical application of 

these devices.  

8 Inorganic–organic hybrid polymer 

electrolytes 

SPEs show high flexibility and have low fabrication 

costs, although they have some drawbacks including 

slightly inferior ionic conductivity (< 10−5 S·cm−1    

at room temperature), low Li+ transfer numbers 

(≈ 0.3–0.6), and poor electrochemical stability at high 

voltages. For instance, the oxidative decomposition 

of PEO-based polymer electrolyte starts around 4.5 V 

vs. Li+/Li [41]. ISEs have high ionic conductivities,  

are non-flammable, and have high Li+-ion transfer 

numbers. However, they are brittle and have high 

interface resistance with the electrodes. Thus, hybrid 

solid-state electrolytes using polymer and inorganic 

solid electrolyte are expected to overcome the distinct 

disadvantages of ISEs and SPEs. Recently, Zhou’s 

group prepared a hybrid solid electrolyte composed of 

poly(methyl methacrylate-styrene) (P(MMA-St)) and 

an amorphous ceramic, LiNbO3, for an Li-O2 battery 

(Fig. 40). These results provide an appealing strategy 

for the development of solid-state electrolytes. The 

prepared electrolytes offer excellent interfacial com-

patibility between the electrolyte and electrodes and 

can suppress the lithium dendrite growth to a certain 

extent. Furthermore, the solid-state Li-O2 battery 

was shown to be stable after cycling for more than 

100 cycles [125]. 

Cui and colleagues first incorporated ceramic 

nanowire fillers Li0.33La0.557TiO3 (LLTO) into a PAN- 

LiClO4-based solid electrolyte. The composite elec-

trolytes exhibit an unprecedented ionic conductivity  

 

Figure 40 Schematic of the proposed hybrid solid electrolyte- 
based solid-state Li-O2 battery. Reprinted with permission from 
Ref. [125], © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 
2016. 

of 2.4 × 10−4 S·cm−1 at room temperature (Fig. 41(a)), 

which is attributed to the fast ion motion on the 

surfaces of ceramic nanowires and the formation of 

an ionic conductive network in the polymer matrix. 

The possible lithium ion conduction pathways in the 

nanowire-filled and nanoparticle-filled composite 

polymer electrolytes are also illustrated in Fig. 41(b). 

Furthermore, the composite SPE show an enhanced 

electrochemical stability window in comparison to 

the electrolyte without ceramic-nanowire fillers [126].  

Composite solid electrolytes composed of Li10GeP2S12 

(LGPS) and PEO matrix have also been reported. The 

maximum ionic conductivity was 1.21 × 10−3 S·cm−1 at 

80 °C, and the electrochemically stable window is up 

to 5.7 V. The novel SPE demonstrates excellent com-

patibility with different electrodes (LiFeO4/Li and 

LiCoO2/Li). In addition, the LiFePO4/SPE/Li battery 

shows attractive electrochemical performance with 

capacity retention of 92.5% after 50 cycles at 60 °C 

and capacities of 158 and 99 mAh·g−1 at current rates 

of 0.1C and 1C at 60 °C, respectively. The results 

indicate the composite SPE is a promising candidate 

for solid state lithium batteries [127]. 

9 The interface between the SPE and anode 

The SPE acts as both a separator and an ion conduction 

medium and possesses better chemical stability and 



 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

4165 Nano Res. 2017, 10(12): 4139–4174 

enhanced safety compared to that of conventional 

liquid electrolytes. However, during battery charging, 

electron transfer from the anode electrode surface 

results in the decomposition of the electrochemically 

unstable components and salts near the electrode 

surface. As a result, a passive film on the electrode 

side is expected to form when the electrolyte contacts 

the lithium metal anode, as in liquid electrolytes.  

An effective interphase layer should allow lithium 

ions to pass through and passivate the electrode surface 

to reduce undesirable and sustained side reactions 

drastically. The interphase layer has a decisive effect 

on the capacity retention, power capability, Coulombic 

efficiency, safety, and life span of the battery. Because 

of the rapidly growing interest in using intrinsically 

safe SPEs for large-scale lithium battery applications, 

a better understanding of the interface chemistry   

is urgently needed to improve the performance of 

all-solid-state lithium batteries. The importance of 

the interface layers between the electrolyte and the 

lithium electrode has been well recognized in academia 

and industry. In this section, the interphase layer 

characterization and its influence factors in SPE-based 

batteries will be reviewed in detail. 

9.1 Solid electrolyte interphase characterization 

The interface stability can be evaluated by several 

parameters, including the Li/polymer electrolyte 

interfacial resistance, the time evolution of the overall 

resistance of a symmetric Li/electrolyte/Li cell, as well 

as the electrochemical window, and the polymer 

electrolyte behavior during cycling. 

Peled et al. detected the formation of a solid 

electrolyte interphase (SEI) layer on the lithium surface 

in PEO-based composite polymer electrolytes using 

EIS measurements (Fig. 42). They believed that the 

SEI resistance in battery electrolytes is typically in the 

range 10 to 1,000 Ω·cm2. The results showed that the 

resistance at the grain boundaries for solid electrolytes 

is larger than the bulk ionic resistance near room 

temperature. The group proposed a model accounting  

 

Figure 42 Schematic presentation of the Li/polymer electrolyte 
(PE) interphase: (a) Native oxide film, (b) freshly formed SEI, 
(c) void, and (d) polymer electrolyte (or CPE, composite polymer 
electrolyte). Lv = void height. Reprinted with permission from 
Ref. [128], © Elsevier Science Ltd. 1995. 

 

Figure 41 (a) Arrhenius plots of the composite electrolytes with and without LLTO nanowire, together with that of LLTO nanoparticle-
filled electrolyte. (b) A comparison of possible lithium-ion conduction pathways in the nanowire-filled and nanoparticle-filled composite 
electrolytes. Reprinted with permission from Ref. [126], © American Chemical Society 2015. 
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for different types of Nyquist plots in the polymer 

electrolytes, but the technique did not allow for analysis 

of their compositions [128, 129]. 

Granvalet-Mancini et al. studied the SEI on lithium 

metal in contact with a PEO-triflate SPE through atomic 

force microscopy (AFM), attenuated total reflection 

FTIR spectroscopy, and A.C. impedance spectroscopy. 

The results indicate that one of the first reactions in 

the passivation process is the formation of CF3 radicals, 

which abstract hydrogen atoms from the polymer 

backbone. Self-assembled molecular layers on the 

electrolyte surface are confirmed to help prevent the 

passivation reactions [130]. X-ray photoelectron spec-

troscopy (XPS) was also used to detect the surface 

layer and composition of lithium metal electrode after 

contact with an SPE containing LiTFSI or LiBF4. The 

different lithium salts influence the film thickness, 

porosity, and resistance [131]. The formed layer consists 

of the decomposition product (LiF), salts, and the 

native film compounds Li2CO3/LiOH and Li2O. Brandell 

et al. made a direct estimation of the composition of 

the interface layers by XPS [132]. There are obvious 

compositional differences in the interfaces formed by 

the PEO-LiTFSI systems and those of a liquid electrolyte 

(EC:DEC = 2:1, 1 M LiTFSI), as shown in Figs. 43(a) 

and 43(b). The moisture content in the polymer matrix 

is correlated with the formation of LiOH and, thus, 

played a critical role in the SEI composition. LiOH is 

considered to contribute to the increased interfacial 

resistance and the formation of protective layers on 

the active anode material.  

 

Figure 43 Schematic representation of the compositions of the 
SEI layers formed in (a) SPE-based and (b) conventional liquid 
electrolyte-based graphite half-cells. Reprinted with permission 
from Ref. [132], © The Royal Society of Chemistry 2014. 

In the PTMC-LiTFSI systems [133], the SEI film 

close to the graphite surface is comparable to those 

observed in the water-absorbed PEO system. In contrast, 

the decomposition of the PTMC polymer host was 

observed at the interface of anode/SPE, and a proposed 

degradation mechanisms at low potentials is depicted 

in Fig. 44. The high content of LiOH found in hydrated 

PEO-based systems is not present in hydrophobic 

PTMC. At the LiFePO4/SPE interface, good stability is 

believed to be irrelevant to the polymer host materials, 

with negligible amounts of LiF and salt decomposition 

products. Above all, the stabilization of the anode/SPE 

interface is crucial for the practical application of 

future all-solid-state lithium batteries.  

9.2 Influencing factors 

The resistance of the electrolyte/electrode interface is 

more than one order greater than that of the polymer 

electrolyte. Thus, it is necessary to control the interface 

performance to obtain high-performance SPE-based 

lithium secondary batteries.  

Some factors influence the stability of the interface 

formed by PEO-based SPEs in contact with lithium 

metal electrodes. Passerini and his group investigated 

how the electrolyte preparation procedure, the filler 

additives, and the cell assembly process influence the 

interfacial properties of PEO-LiCF3SO3/Li cells [45]. 

First, the use of a completely dry host polymer of 

high-purity and a dry handling environment drama-

tically improve the performance of the Li/polymer 

electrolyte interface. Secondly, the addition of fillers 

in the composite SPE has a moderate effect on the 

interfacial compatibility of the electrolytes with the 

lithium electrode, when the preparation procedure 

and overall operating environment are optimized and 

controlled. The additives could suppress the reaction 

between lithium metal and salts. Finally, the battery 

assembly procedure is another critical factor for the 

establishment of an extremely stable interface film.  

In addition, it was found that the species of lithium 

salts, LiX, also affects the interfacial stability of the 

Li/PEO-LiX system. The PEO electrolyte containing 

LiClO4 exhibited a high interfacial resistance of  

1,000 Ω·cm2 at 70 °C for 25 days. In contrast, the 

resistance of interface between Li and SPE with 
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Li(CF3SO2)2N was as low as 67 Ω·cm2 after storage at 

80 °C for 30 days. After the addition of BaTiO3 to the 

PEO-based electrolytes, the resistance was maintained 

at less than 50 Ω·cm2 (Table 2) [134]. 

Bouchet et al. discovered that the evolution of the 

impedance spectra of symmetric lithium cells based 

on PEO-LiTFSI as a function of the aging time, tem-

perature, and geometry of the electrolyte (of thickness 

 

Figure 44 Schematic illustration of possible chemical and electrochemical degradation pathways of high-molecular-weight PTMC 
during electrochemical cycling. Reprinted with permission from Ref. [133], © The Royal Society of Chemistry 2015. 

Table 2 Interfacial resistance of Li/PEO-LiX-filler/Li (Rint) and lithium ion resistance of polymer electrolyte films of 30-mm thickness 
(RLi). Reprinted with permission from Ref. [134], © Elsevier Science B.V. 2001. 

Electrolyte Temperature (°C) Rint (Ω·cm2) RLi (Ω·cm2) 

PEO8-LiClO4 70 1,020 (25 days) 150 

PEO8-LiClO4 5 wt.% BaTiO3 (1.8 μm) 70 380 (25 days) 17 

PEO8-LiClO4 1.4 wt.% BaTiO3 (0.6–1.2 μm)  70 580 (25 days) 7 

PEO12-Li(CF3SO3) 85 140a (20 days) 64 

PEO20-Li(CF3SO3) 85 48a (20 days)  51 

PEO20-Li(CF3SO3) 10 wt.% LiNbO3 (1–5 μm)  85 47a (20 days) 30 

PEO20-Li(CF3SO3) 20 wt.% PbTiO3 (0.1 μm) 85 48a (20 days) 37 

PEO20-LiBF4 85 348a (20 days) 17 

PEO20-LiBF4 5 wt.% BaTiO3 (0.5 μm)  85 188a (20 days)  11 

PEO19-LiPF6 10 wt.% BaTiO3 (0.5 μm) 80 120a (10 days) 150 

PEO20-Li(CF3SO2)2N 80 67a (30 days) 52 

PEO20-Li(CF3SO2)2N 10 wt.% BaTiO3 (0.5 μm) 80 36a (30 days)  30 

PEO20-Li(CF3SO2)2N 1.5 wt.% BaTiO3 (0.5 μm)  80  50a (10 days)  25 

PEO20-Li(CF3SO2)2N 10 wt.% BTiO3 (0.1 μm) 80 54a (30 days) 25 
a These cells were exposed to several cyclic voltammetry runs. 
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L and surface S) through EIS measurements [135]. By 

proposing an equivalent electrical circuit, the researchers 

gave a good explanation of the whole spectra, as shown 

in Fig. 45. The high-frequency domain (f ＞ 105 Hz) 

corresponds to the bulk of the electrolyte, and the 

bulk resistance (Rb) does not depend on the aging 

time. The arc in the middle high-frequency domain 

(105–102 Hz) is generally due to the formation of a 

surface layer or/and the electronic charge transfer. The 

interphase capacitance (Ri) stabilizes after an aging 

period of 4 to 5 days. Finally, at low frequencies,   

the Warburg arc, which does not depend on aging, 

represents the transport of charged particles.  

The molecular weight of PEO has an influence on 

the interface contact between the lithium anode and 

solid electrolyte [136]. PEO with different molecular 

weights (MW = 6,000, 100,000, 500,000, and 900,000) 

and LiTFSI have been coated on the anode to guarantee 

the contact between the electrolyte and electrode 

surface. The results demonstrate that the crystallinity 

of PEO (LiTFSI) decreases with increasing PEO 

molecular weight. The PEO-500000-(LiTFSI) film 

modified on the anode possessed good mechanical pro-

perties and interfacial contact between the lithium 

anode and solid electrolyte. In addition, the materials 

provide a satisfactory cycling performance in a 

LiMn0.8Fe0.2PO4/Li battery, delivering a high initial 

discharge capacity of 160.8 mAh·g−1 and good rate 

performance at 50 °C. It is believed that lithium dendrites 

are effectively suppressed by the surface modification  

 

Figure 45 Experimental data and data corrected for the inductive 
effect at high frequencies are superimposed. Reprinted with per-
mission from Ref. [135], © The Electrochemical Society 2003. 

of the lithium anode and the use of the LAGP/PEO 

composite solid electrolyte for all-solid-state Li 

batteries. 

In all, it is believed that the electrolyte preparation 

procedure, type of filler additives, the cell assembly 

process, species of lithium salts, the molecular weight 

of polymer matrix, aging time, and other factors have 

an impact on the properties of interface between 

lithium and SPE. To obtain high-performance polymer 

electrolytes, the influence factors on the interface 

require attention, besides the structural design of the 

polymer matrix. 

10 Conclusions and outlook 

The implementation of lithium-ion batteries has 

been slow because of safety concerns about the use 

of volatile and flammable organic liquid electrolytes. 

Solid polymer electrolytes are promising alternatives 

to liquid electrolytes and have attracted tremendous 

attention in energy storage system research in both 

academia and industry. Furthermore, some companies 

have made efforts toward commercialization to promote 

the practical application of SPE-based lithium batteries. 

Although substantial progress has been obtained, it 

is necessary to bear in mind that some fundamental 

issues concerning SPEs must be addressed before they 

meet the requirements for practical applications. The 

optimization of the ionic conductivity and interfacial 

compatibility, for example. In addition, fundamental 

knowledge, as well as new design technologies, are 

urgently needed to accelerate the industrialization 

process. Battery architectures and technological appli-

cations are still at an early stage and require better 

evaluation procedures. Thus, significant investigation 

is required for further development of SPE-based 

energy storage technologies. Consequently, this review 

has focused on recent developments of SPEs, including 

the various kinds of polymer matrix, the corresponding 

modifications, the detection of the interface, and factors 

influencing the interface between the solid polymer 

electrolytes and anode. We hope that this review 

provides an efficient way to forecast important 

breakthroughs in the development of new polymers 

and the incorporation of new functional polymers or 

the use of additives in the near future. 
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