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Abstract A macromolecular electrolyte is designed with

different chemical moieties to perform different functions,

and it is extremely suitable to be applied in solid high-

temperature lithium ion batteries. The preparation of the

electrolyte involves synthesis of a comb-like macro-

molecule and immobilization of lithium ions. The comb-

like macromolecule is synthesized via a ring-opening

metathesis copolymerization of norbornene derivatives

anchored with phosphate and polyethylene glycol mono-

methyl ether (–O(CH2CH2O)nCH3) and is partially cross-

linked through polyethylene glycol (–(CH2CH2O)n–)

bridge. The immobilization of lithium ions is carried out by

lithium bis(trifluoromethyl-sulfonyl)imide. The as-pre-

pared electrolyte membrane has a bicontinuous morphol-

ogy consisting of a cross-linked mechanical scaffold

intertwined with continuous Li? ions conducting channels.

Apart from lithium ion transference number close to unity

and remarkable ionic conductivity, the electrolyte also

displays strong strength, high flexibility, good thermal

stability and outstanding flame retardancy. At 80 �C,

LiFePO4/macromolecular electrolyte/Li coin cells, with the

discharge capacity of 134.1 mAh g-1 at a current density

of 0.2 C, are able to maintain a value of 120.7 mAh g-1

after 100 cycles of charge and discharge.

Graphical Abstract Monodisperse and multifunctional

copolymer is prepared via ring-opening metathesis

copolymerization and modified to be used as a single-ion

electrolyte for lithium ion batteries. The as-synthesized

electrolyte involves a bicontinuous morphology consist-

ing of a cross-linked mechanical scaffold intertwined

with continuous Li? ions conducting channels, resulting

in outstanding high-temperature electrochemical

performance.
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1 Introduction

For commercially available lithium ion batteries (LIBs),

organic solvents are generally incorporated into electrolytes,

which results in leakage, flammability and even explosion.

Therefore, solid-state polymer electrolytes (SPEs) appear to

be a promising candidate to alleviate safety issues related to

liquid electrolytes, due to their intrinsic properties of design

flexibility, no liquid leakage and mechanical properties

[1, 2]. Li? ions in these SPEs are primarily conducted with

the swing of polymer chains through inter- and intra-chain

hopping mechanism in amorphous regions [3, 4].

By now, PEO-based SPEs are most studied because of

strong Li? solvating ability and chain flexibility [5, 6].

However, semicrystalline morphology of PEO hinders its

practical application in SPEs [7]. To enhance the ionic

conductivity, various approaches including addition of

plasticizers [8–11], blending of polymers [12–16] and

designing of copolymers (CP) [17–19] have been put
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forward to suppress the crystallinity of PEO-based elec-

trolytes. In the long-term operation, successive charge–

discharge cycles, temperature changes, pressure varieties

and chemical reactions usually trigger macrophase sepa-

ration of solid-state polymer electrolytes resulting in poor

cycling performance of LIBs [20–22]. In order to avoid the

multicomponent mixtures and complicated phase behavior,

CP is considered to be the most effective way to offer both

high ionic conductivity and dimensional stability [23–25].

In dual-ion conductor electrolytes, Li? ions are incor-

porated into electrolytes by doping inorganic lithium salts

into copolymers. But the concentration polarization is the

typical feature observed in such systems [4, 26, 27]. Thus,

an improved system defined as single-ion polymer elec-

trolyte (SIPE) has become an intriguing domain of recent

researches, in which anions are chemically attached onto

polymer chains [28–31]. Furthermore, the perfect design of

SIPE should contain three different functional domains: the

source providing Li? ions, the pathway facilitating Li?

ions conduction and self-supporting area.

Among various polymerization methods, a ring-opening

metathesis polymerization can generate diverse macro-

molecules tailored by the functional groups substituted at the

backbone. Therefore, multifunctional copolymers can be

prepared to afford solid electrolytes through a ring-opening

metathesis copolymerization (ROMCP) of norbornene

derivatives. Herein, a copolymer anchored with phosphate

and polyethylene glycol monomethyl ether (–O(CH2CH2-

O)nCH3) was first prepared and cross-linked through poly-

ethylene glycol (–(CH2CH2O)n–) bridges via ring-opening

metathesis copolymerization. Subsequently, the copolymer

was immobilized with Li? ions to achieve a single-ion

macromolecular electrolyte (SIME). In SIME, phosphate

lithium with flame-retardant superiority can provide Li? ions

and the segment –O(CH2CH2O)nCH3 of high chain flexibility

can promote Li? ions transportation. Through cross-linking

of –(CH2CH2O)n– bridges, SIME can obtain mechanical

support and suppress the crystallization of PEO. The mor-

phology, electrochemical properties and other properties of

SIME including thermal stability, mechanical property and

flame-retarding property were studied in this paper. What is

more, coin cell with LiFePO4 as the cathode and Li metal as

the counter electrode was assembled with SIME and its per-

formance especially at 80 �C was demonstrated.

2 Experimental

2.1 Materials

The second-generation Grubbs catalyst (Sigma-Aldrich),

ethyl vinyl ether (98%, TCI), bromotrimethylsilane (98%,

J&K), lithium bis(trifluoromethyl-sulfonyl)imide (LiTFSI,

99.0%, Sigma-Aldrich) and bromotrimethylsilane (98%,

Acros) were used as received. Dichloromethane (DCM) was

dried over CaH2 and used after reduced pressure distillation

under nitrogen. All the other reagents were of chromatog-

raphy grade and directly used without purification. 5-Nor-

bornene-2-dimethyl phosphonate (M1), 5-norbornene-2-

poly(ethylene glycol) monoester(M2), cross-linker bi-nor-

bornene grafted poly(ethylene glycol) (M3) were synthe-

sized as described in Scheme S1.

2.2 Synthesis of copolymer (PM1-co-PM2-co-PM3)

The second-generation Grubbs’ catalyst (5.66 mg) was

dissolved in dry DCM (1.33 mL) and stirred for 15 min,

followed by a solution of M1 (202.19 mg), M2

(217.54 mg) and M3 (46.5 mg) in dry DCM (30 mL). The

reaction was allowed to stir at 25 �C until the solution color

changed from pink to dark brown. At time intervals,

0.5 mL of the solution was taken out per hour and quen-

ched with 600 equiv of ethyl vinyl ether for monitoring the

monomer conversion by GPC. The polymerization was

terminated by the addition of 600 equiv of ethyl vinyl

ether. After evaporated under reduced pressure, a green

solid (85% yield) was obtained.

2.3 Synthesis of PM1S-co-PM2-co-PM3

PM1-co-PM2-co-PM3 and bromotrimethylsilane were,

respectively, dissolved in DCM (5 mL). Then, these two

solutions were mixed and stirred for additional 16 h at room

temperature. Finally, methanol was added and the stirring

continued for 24 h (the molar ratio between phosphate,

bromotrimethylsilane and methanol was 1:2:4). PM1S-co-

PM2-co-PM3 was isolated by evaporating the solvent.

2.4 Preparation of SIME

LiTFSI (0.287 g) and PM1S-co-PM2-co-PM3 (2.349 g)

were dissolved in DMF (20 mL) and stirred at 90 �C for

24 h under N2. Then, the resulted bis (trifluoromethylsul-

fonyl) imide was removed by vacuum. Subsequently, the

mixture was drop-cast into a Teflon Petri dish and dried in

an oven at 30 �C for 24 h to evaporate the DMF solvent.

The obtained membrane was further dried under vacuum at

60 �C for 24 h to remove a trace amount of DMF. The

membrane was punched to obtain a circular shape for use.

The thickness of SIME was determined by its quantity and

diameter of the Teflon plate.

2.5 Methods

Gel permeation chromatography (GPC) analysis was car-

ried out with Agilent 1100 series equipped with a RI-
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G1362A detector and a PL gel Mixed-C column using

DMF as the mobile phase at a flow rate of 1.0 mL min-1.

Polymer molecular weights and molecular weight distri-

butions were estimated on the basis of the calibration curve

obtained by polystyrene standards. 1H-NMR spectra

(400 MHz) were recorded on a Bruker AV 400 spectrom-

eter, using CD3COCD3 as the solvent at 25 �C. Thermal

gravimetric analysis (TGA) was performed on a Mettler

Toledo TGA system at 5 �C min-1 from room temperature

to 500 �C under a flow of nitrogen. The surface morphol-

ogy of the prepared SIME was investigated by JSM-7500F

scanning electron microscopy (SEM). The stress–strain test

was measured on a Shimadzu AG-50 kN universal tester.

The crosshead speed was set at 1 mm min-1. The width of

the sample was 8 mm, and the length was 60 mm. The

thickness of SIME was measured with a micrometer (SM

& CTW, Shanghai).

Ionic conductivity was measured by electrochemical

impedance spectroscopy (EIS) using a Zahner Zennium

electrochemical station. SIME was sandwiched between

two stainless steel plate electrodes. Impedance data were

measured in the frequency range of 106 to 0.1 Hz with an

oscillating voltage of 10 mV at selected temperatures.

Before the EIS analysis, the SIME-fitted device was heated

at 60 �C for 2 h. Ionic conductivity of SIME was calcu-

lated using the following equation: r ¼ l=ðRSÞ , where r is

the ionic conductivity, l denotes the thickness of SIME,

R stands for the bulk resistance and S represents the surface

area.

Linear sweep voltammetry (LSV) was carried out with a

stainless steel used as the working electrodes and a lithium

foil used as the counter and reference electrode. The

measurement was carried out between 2.0 and 6.0 V (vs.

Li?/Li) with a scan rate of 1 mV s-1. Prior to test, the cell

was stabilized for 2 h at each temperature.

Lithium ion transference number (TLiþ) was measured

by sandwiching SIME between two lithium electrodes.

A DC potential of 10 mV was applied until a steady state

was reached.

To analyze the battery performance, coin cells assem-

bled with SIME as the separator and electrolyte were

measured at 20 and 80 �C. The LiFePO4 working electrode

was prepared by coating a N-methyl-2-pyrrolidone (NMP)-

based slurry containing LiFePO4, acetylene black and

PVDF in a weight ratio of 8:1:1 on aluminum foil using the

doctor blade technique, and the cast foils were subse-

quently dried in a vacuum oven at 80 �C for 12 h. The

dried cathode was then cut into a circular shape for use.

The Li metal was used as anode, and the assembling of the

standard coin cells (CR2025) was carried out inside a glove

box. Battery cycling experiment was performed at 0.2

C-rate on a Land CT2001A battery tester between 2.7 and

4.2 V based on the LiFePO4 cathode. When conducted at

80 �C, the sample was preheated for 2 h to guarantee the

consistent temperature from the inside out.

3 Results and discussion

The synthetic importance of the design is strongly

encouraged by the interaction between ether oxygen atoms

and Li? ions, as well as low dissociation and retardant

property of phosphate group. Because the copolymer

(PM1-co-PM2) cannot form a self-standing membrane, the

cross-linker (M3) is introduced into the PM1-co-PM2 with

various ratios to form SIME. Confirmed by numerous

experiments, the as-synthesized SIME has both excellent

mechanical strength and reasonable flexibility when the

ratio of M1, M2 and M3 is set as 4:1:1.

3.1 Molecular structure of PM1-co-PM2-co-PM3,

PM1S-co-PM2-co-PM3 and PM1Li-co-PM2-co-

PM3

The molecular weights of PM1, PM2, PM3, PM1-co-PM2

and PM1-co-PM2-co-PM3 are characterized by GPC, and

their GPC traces are shown in Fig. 1. The shift of char-

acteristic peaks to left after the copolymerization indicates

that copolymer of higher molecular weight is prepared. In
1H-NMR spectra (Fig. 2), the disappearance of chemical

shifts at 6.2–5.9 ppm ascribing to double bands in

Fig. 1 GPC analysis of PM1-co-PM2-co-PM3 (Mn = 99104,

PDI = 1.88), PM1-co-PM2 (Mn = 6.39 9 104, PDI = 1.51), PM3

(Mn = 2.78 9 104, PDI = 1.58), PM2 (Mn = 3.08 9 104,

PDI = 1.32), PM1 (Mn = 2.98 9 104, PDI = 1.28)
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monomers and the formation of new shifts at 5.2–5.8 ppm

after ROMCP further confirm that monomers of M1, M2,

M3 are incorporated into chains of PM1-co-PM2-co-PM3.

Synthesis of PM1S-co-PM2-co-PM3 and immobilization

of Li? ions are illustrated in Scheme 1. In 1H-NMR spectra

(Fig. 3), the disappearance of chemical shift at

3.55–3.65 ppm ascribing to –P–OCH3 and the formation of

new shifts at 4.17–4.2 ppm ascribing to –P–OH indicate that

PM1S-b-PM2-b-PM3 is successfully synthesized after

hydrolysis using trimethylsilyl bromide. The immobilization

of Li? ions is also proved by the disappearance of shifts at

4.17–4.2 ppm ascribing to –P–OH.

3.2 Morphology and physical properties of SIME

As shown in Fig. 4a, b, SIME displays high flexibility and

uniform surface. Simultaneously, SIME involves a bicon-

tinuous morphology consisting of a cross-linked domain

intertwined with continuous Li? ions conducting channels

(Fig. 4c) which imparts an exceptional combination of

M1 M2 M3 P(M1-co-M2-co-M3)

a’
a’

a’
a’

a’
a’ a aaa a a

(b’)

(a)

(b)

(a')

Fig. 2 a Full 1H NMR spectrum and a0 structure of PM1-co-PM2-co-PM3, b magnified spectra in directions x and y (disappearance of the

norbornene cyclic protons and appearance of the internal double bond protons) and b0 the corresponding ROMP reaction
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Scheme 1 Procedure for the synthesis of SIME
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Fig. 3 Compared 1H NMR characteristic peaks of phosphate ester group, phosphoric acid group, lithium phosphate group and structures of

PM1-co-PM2-co-PM3, PM1S-co-PM2-co-PM3, SIME
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ionic conductivity, mechanical robustness and thermal

stability. In the stress–strain curve (Fig. 5a), the largest

tensile strength of SIME is found to be 3.58 MPa with an

elongation at break of 8.18%. Furthermore, it can suc-

cessfully withstand stainless steel nuts of 16 g without any

mechanical failure (Fig. 5b). Therefore, SIME satisfies the

mechanical properties of an electrolyte membrane for

battery assembly.

The thermal stability of electrolytes is a critical

requirement for their safety and stability in lithium battery

Fig. 4 a Photograph of the flexible nature of SIME, b SEM image of SIME magnified 1000 times and c SEM image of SIME magnified 300,000

times

Fig. 5 a Tensile strength versus

tensile strain graph of SIME and

b photograph of the clamped

SIME holding a stainless steel

cylinder of 16 g of weight

Fig. 6 a TGA of SIME (nitrogen, 5 �C min-1, RT to 500 �C); b thermal shrinkage tests with SIME and Celgard 2500
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applications. The TGA curve of SIME is shown in Fig. 6a.

No weight loss is observed until the temperature reaches

roughly 350 �C, which indicates the prepared SIME has

been completely separated from organic solvent. Subse-

quently the thermal degradation begins at 350 �C and

extends up to 450 �C (ca. 75% of weight loss), due to the

cleavage of chemical bonds. Given the exceedingly high

initial degradation temperature up to 350 �C, it can be said

that SIME exhibits superior thermal stability. Moreover,

thermal deformation test of SIME compared with Celgard

2500 separator is employed at 180 �C for 2 h (Fig. 6b).

Celgard 2500 separator exhibits significant shrinkage and

curves up after thermal treatment, whereas SIME retains its

original dimensions without shrinking and expanding. The

above results show that SIME is potentially suitable for

battery operation at elevated temperatures.

In the combustion test of Celgard 2500 and SIME,

Celgard 2500 shrank immediately and caught on fire in a

short time (\1 s) (Fig. 7b0) while SIME showed out-

standing flame retardancy (Fig. 7b, c). The flame retar-

dancy of SIME can be attributed to phosphonate group in

the copolymer, and the retardant mechanism can be

explained as follows [32, 33]: Firstly, when SIME was

removed to heat or flame, the phosphorus group decom-

posed into phosphorus oxygen acid generator, followed by

the formation of stable substance on the surface of polymer

to prevent further combustion. Secondly, the phosphorus

oxygen acid can promote the carbonation reaction and

generate a lot of coke, whose poor thermal conductivity

can delay heat transfer to the polymer matrix.

3.3 Electrochemical properties of SIME

The EIS plot of the electrolyte at room temperature is

depicted in Fig. 8a, exhibiting a high-frequency semicircle

followed by a low-frequency straight line, which corre-

sponds to the bulk/grain boundary and the electrode

resistance, respectively. And, the equivalent circuit used

for fitting is depicted in the inset of Fig. 8a, wherein R1,

R2, CPE and W, respectively, represent bulk resistance,

interface resistance, constant phase element and Warburg

resistance.

Based on the EIS plot, the ionic conductivity of SIME is

calculated to be 1.31 9 10-4 S cm-1 at 20 �C and

5.67 9 10-4 S cm-1 and 80 �C, respectively, which falls

into the range of conductivity displayed by most single-ion

polymer electrolytes reported to date. As shown in Fig. 8b,

the ionic conductivity dependence on the inverse of tem-

perature (80–20 �C) displays a typical Arrhenius behavior.

The high ionic conductivity is chiefly due to enhanced

mobility of Li? ions resulting from extensive EO units

contained in macromolecular framework of SIME. More-

over, the cross-linking inside SIME can reduce the crystal-

lization of PEO and further afford easy motion of Li? ions.

Lithium ion transference number (TLiþ) can be calcu-

lated according to the following equation [34]:

TLiþ ¼ Is DV � I0R0ð Þ
I0 DV � IsRsð Þ

where I0 and Is are, respectively, the initial and final cur-

rents, while R0 and Rs are the cell resistances before and

after polarization. The values of variables required for the

calculation are depicted in Table 1. TLiþ of SIME was

calculated to be 0.80 at room temperature, which stands for

a typical single-ion conducting behavior [35]. Two main

reasons can be introduced to explain why TLiþ is not equal

to unity [36, 37]. One is the short-range motions of nega-

tive charges in the flexible spacer between the main poly-

mer chain and the attached anion, and the other is the

segmental motions of the polyanionic block.

Linear sweep voltammetry (LSV) method is conducted

at potentials from 2.0 to 6.0 V (vs. Li/Li?) using Li/SIME/

stainless steel cells at 20, 50 and 80 �C. As shown in

Fig. 8c, the oxidative current onset increases with

Fig. 7 Combustion test of the polymer membrane (a–c) and Celgard

2500 (a0–c0)
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increasing temperature, while the electrochemical stability

window is 5.5, 5.2 and 5.0 V, respectively, at 20, 50 and

80 �C. Simultaneously, along with the increasing temper-

ature, the slope of current–voltage curves becomes greater,

indicating that the test temperature affects the oxidation

reaction kinetic. Overall, no significant oxidation current is

observed below 5.0 V at three temperatures, indicating that

the as-synthesized SIME is electrochemically stable up to

5.0 V. This result can be explained as follows: For SIME

with a polyanionic structure, migrating and accumulating

of the anions at the anodes are avoided, which reduces the

concentration polarization and enhances the electrochemi-

cal stability [38]. So, it is promising to be applied in 5 V-

class LIBs using cathode materials such as LiNi0.5Mn1.5O4

or LiCoPO4 at relatively high temperature.

Fig. 8 a EIS plot of SIME at room temperature with the corre-

sponding equivalent circuit, b Arrhenius plot of log(ionic conductiv-

ity) versus inverse absolute temperature, c linear sweep

voltammograms of SIME at 20, 50 and 80 �C (scan rate 1 mV s-1)

and d long-term cycling stability LiFePO4/SIME/Li cells at 20 and

80 �C with a 0.2 C-rate

Table 1 Parameters for calculation of lithium ion transference

numbers (TLiþ )

DV (V) I0 (lA) Is (lA) R0 (X) Rs (X) TLiþ

0.01 6.51 5.21 7.53 8.67 0.80
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Coin cells assembled with SIME, using LiFePO4 as the

cathode and Li metal as the counter anode, were fabricated

to characterize its electrochemical performance. Discharge

capacity versus cycle number of the coin cells at 20 and

80 �C with a 0.2 C-rate is compared in Fig. 8d. At 80 �C,

discharge capacity of the cell is 134.1 mAh g-1 and is

maintained at a value of 120.7 mAh g-1 after 100 cycles,

89.8% of its largest discharge capacity, whereas the cell

examined at 20 �C delivers a smaller discharge capacity of

105.0 mAh g-1, and the discharge capacity fades to

85.1 mAh g-1 at the 100th cycle. The increase in discharge

capacity at a higher temperature can be attributed to the

reduced resistance at the electrode–electrolyte interface.

Moreover, the discharge capacity examined at 20 �C
increased in the first few cycles, probably due to the steady

formation of ordered channels for Li? ions conduction,

while this phenomenon does not happen in the case at

80 �C, which can be due to an activation process of the

active material and improvement in the adhesion contact

between the electrolyte and the active material.

The superior cycling performance of SIME at higher

temperature may be explained by various synergistic advan-

tages originating from its molecular design. Firstly, the syn-

thesis method using ROMCP enables the formation of a

monodisperse and macromolecular electrolyte, leading to less

boundary polarization and higher long-term electrochemical

stability. Secondly, the flexibility of SIME can accommodate

with the electrodes well, resulting in reduced resistance

between electrodes and electrolyte. Finally, the chemical

cross-linking reaction can form a stable three-dimensional

network structure, limiting the deformation of SIME.

4 Conclusions

A flexible, high-voltage endurable and safe SIME has been

successfully synthesized based on lithium phosphate,

PEGME and PEG covalently bonded to polynorbornene

chains. SIME exhibits good mechanical property, superior

flame retarding, excellent thermal stability up to 350 �C.

The ionic conductivity is 1.31 9 10-4 S cm-1 and

5.67 9 10-4 S cm-1, respectively, at 20 and 80 �C.

Moreover, SIME is electrochemically stable up to 5 V at

80 �C. The LiFePO4/Li coin cell assembled with SIME

delivers a high initial discharge capacity and performs well

at 80 �C, with the discharge capacity fading 10.2% at 0.2

C-rate after 100 cycles. Further enhancement for electro-

chemical performance of the SIME can be envisaged by

improving the regularity of its structure.
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