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Abstract 

A novel single ion conducting block copolymer electrolyte (SI-co-PE) for 

applications in lithium-ion batteries is presented. The block copolymer is made of 

alternative ethylene oxide (EO) and aromatic segments to tune the glass transition 

temperature (Tg), the mechanical strength and the porosity of the material for 

achieving high electrochemical performance of lithium-ion batteries. Upon blending 

with a PVDF-HFP binder via a solution cast method, a gel SI-co-PE membrane with 

high ionic conductivity, a wide electrochemical window and a high lithium 

transference number was obtained. Excellent electrochemical stability and battery 

performance at both room temperature and 80 
o
C with various charge/discharge rates 

were demonstrated. The study underscores the fundamental importance of polymer 

electrolyte microstructures in battery performance enhancement and suggests ways to 
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improve the design of new electrolyte materials for development of better battery 

devices with a long cycle life. 

Keywords: lithium ion battery, gel single ion conducting polymer electrolyte, block 

copolymer, battery performance. 

1. Introduction 

Gel polymer electrolytes (GPEs) containing liquid dual-ion inorganic lithium 

salts in low Tg flexible polymer matrices have made remarkable advances in the last 

decade and have been widely used in a variety of commercial applications, most 

notably in portable electronic devices.
1-8

 GPEs exhibit many advantages over solid 

polymer electrolytes (SPEs) with better compatibility with electrodes in the 

charge-discharge cycling processes and substantially higher ion conductivity because 

of the introduction of organic solvents into polymer matrices, which reduce interfacial 

resistance and facilitate ion transport. Compared with liquid electrolytes, GPEs 

usually display a wider electrochemical window and high thermal stability.
9
 

Nevertheless, there still remain several key issues that need to be resolved for the 

GPE materials to compete with the conventional liquid electrolytes to achieve even 

broader applicability while maintaining substantially improved safety.
10

 First, a high 

lithium ion transfer number close to unity would significantly raise the coulomb 

efficiency of battery devices.
11,12

 Second, solution retention capacity must be 

enhanced for stable device performance. In principle, a high ionic conductivity 

requires a high carrier concentration.
13

 For a GPE with a dual-ion lithium salt in a 

polymer matrix to achieve high ion conductivity, appropriate porosity including the 
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pore size, the volume fraction and the interconnectivity of pore domains in the 

polymer membrane is required to accommodate a large number of charge carriers.
14,15

 

In practice, a porous membrane with an average pore size of more than 1 µm usually 

causes an electrolyte leakage, leading to a deteriation of solution retention capacity, a 

degradation of ionic conductivity and a compromise of device safety.
16

 Indeed, it has 

been a formidable challenge to obtain a GPE with both a high ionic conductivity and a 

strong mechanical strength because a membrane with high porosity weakens its 

mechanical strength.
17

 Furthurmore, a strong concentration gradiant inherent to 

dual-ion based electrolytes during battery operation leads to dendrite growth and a 

low lithium ion tranference number (<0.3), which ultimately limits power 

delivery.
18,19

  

Gel single ion conducting polymer electrolytes (Gel-SIPEs) have been found 

to offer an effective solution to the concentration gradiant problem with a high lithium 

ion transference number close to unity.
20-22

 Several studies have demonstrated that 

lithium ion batteries assembled with gel-SIPE membranes display excellent 

electrochemical stability and device performance.
23-28

 In this paper, we report design 

and synthesis of a gel single ion conducting block copolymer electrolyte 

(Gel-SI-co-PE) with a structure shown in Figure 1. The Gel-SI-co-PE membranes 

were fabricated using PVDF-HFP as a binder. All the membranes display high ion 

transference numbers close to unity. Three essential properties, i.e. ion conductivity, 

solution retention capacity and mechanical strength, were optimized simultaneously 

through tuning the ratio of the aliphatic and the aromatic segments of the polymers to 
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achieve high battery performance.
29

 The two chemically dissimilar polymers, labelled 

as PEEIA and LiPEEPSI in Figure 1, are polymerized to form a block copolymer 

covalently bonded end-to-end. This architecture gives rise to local segregation or 

“microphase separation”, resulting in formation of microporous domains to absorb a 

sufficient amount of solvent and to effectively prevent solution leakage from occuring 

with a pore diameter of less than 1 µm
30

 as well as construction of continuous ion 

conducting channels upon formation of micropores.
31

 Finally, the charge delocalized 

diphenylsulfonimide (DPSI) anions
32

 were impregnated to the block copolymer 

backbone to minimize the concentration polarization effect upon charge/discharge 

usually observed in dual-ion based electrolytes. Lithium ions are thus attached to the 

immobilized polyanions through a weak electrostatic interaction with high 

mobility.
33-39

 The membrane of the SI-co-PE complex was fabricated with a 

PVDF-HFP binder via a solution cast method and the thickness and flexibility of the 

resulting film were entirely tuneable. The membrane displays a low glass transition 

temperature as well as a high melting temperature. A macroporous morphology with 

an average pore size of ca. 200 nm and excellent mechanical strength of 27 MPa 

tensile stress was obtained. In addition, the membrane exhibits high electrochemical 

stability up to 4.3 V of oxidation voltage, high ionic conductivity of 3.9 × 10
-4

 S cm
-1

 

at 25 
o
C and 1.2 × 10

-3
 S cm

-1
 at 80 

o
C and a high lithium ion transference number 

close to unity. Finally, excellent cyclic performance of the lithium battery assembled 

with the SI-co-PE based membrane at both an ambient temperature and an elevated 

temperature was demonstrated. 
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Figure 1. Chemical structure of the single ion conducting block copolymer electrolyte 

PEEIA-co-LiPEEPSI. 

2. Experimental 

2.1 Materials 

P-toluenesulfonamide (≥98%) (Sigma-Aldrich), benzenesulfonchloride (99%) 

(Sigma-Aldrich), KMnO4 (GCE), lithium hydroxide monohydrate (Sigma-Aldrich), 

2,2’-(ethylenedioxy)bis(ethylamine) (98%) (Sigma-Aldrich) and PVDF-HFP 

(Sigma-Aldrich) were used as received. Dimethyl-5-aminoisophthalate 

(Sigma-Aldrich), calcium chloride (GCE) and isophthalic acid (99%) (Sigma-Aldrich) 

were dried overnight in a vacuum oven at 80 
o
C before use. Pyridine (Alfa-Aesar) was 

dried over KOH, N-methyl-2-pyrrolidone (NMP) (VWR) was dried over phosphorus 

(V) oxide. Triphenylphosphine (TPP) (Alfa-Aesar), analytical grade acetone, ethylene 

carbonate (EC) (Sigma-Aldrich), methanol, tetrahydrofuran (THF) (RCI labscan), and 

propylene carbonate (PC) (Sigma-Aldrich) were used as received without further 

purification. Cambridge Isotope Laboratories deuterated dimethyl sulfoxide 

(DMSO-d6) solvent was used for the NMR tests.  
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2.2 Synthesis of the PEEIA-co-LiPEEPSI 
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Scheme 1: Polymerization scheme of PEEIA, PEEPSI to form PEEIA-co-LiPEEPSI 

via a polycondensation reaction. 

Synthesis of the homopolymers. The precursor, bis(phenylsulfonyl imide 

isophthalate amide (BPSIIA), was synthesized following the procedure described in 

our previous work (Supporting Information).
40

 The homopolymers, 

poly((2,2’-ethylenedioxy) bis(ethylamine) isophthalic acid amide) (PEEIA) and 

lithium poly((2,2’-ethylenedioxy)bis(ethylamine) bis(phenylsulfonyl imide) 

isophthalate amide) (PEEPSI), were separately synthesized using the procedure 

described in Ref. 26. Isophthalic acid (1.1255 g, 6.667 mmol) and 2,2’-(ethylenedioxy) 

bis(ethylamine) (1.0374 , 7 mmol) were added into a mixture of 1.60 g of lithium 

chloride, 5 ml of TPP, 20 mL of NMP and 15 ml of pyridine for the synthesis of 

PEEIA. BPSIIA (1.1514 g, 3 mmol) and 2,2’-(ethylenedioxy) bis(ethylamine) (0.4234 
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g, 2.857 mmol) were added into a mixture of 1.60 g of lithium chloride, 5 ml of TPP, 

20 ml of NMP and 15 ml of pyridine for the synthesis of  PEEPSI. The reactions 

were first kept at 100 
o
C for 12 hours under argon atmosphere overnight. After that, 

an excess of additional 10 % mole of 2,2’-(ethylenedioxy)bis(ethylamine) and 

BPSIIA were added into the reaction mixtures, respectively. These moieties were left 

to reflux for another 5 hours. The hot mixtures were separately poured into 100 ml of 

acetone with stirring and washed repeatedly with acetone until fine powders were 

obtained. The lithiation of PEEPSI was carried out by an acid-base neutralization 

reaction with LiOH·H2O in methanol at 70 
o
C for 12 hours. Upon solvent removal, 

LiPEEPSI was dried at 80 
o
C for 24 hours.   

Synthesis of the block copolymer. PEEIA (0.1380 g, 0.0105 mmol) and 

LiPEEPSI (0.5000 g, 0.0105 mmol) were added into a mixture of 0.16 g of lithium 

chloride, 0.7 ml of TPP, 2 ml of NMP and 1.5 ml of pyridine in a glove box. The 

reaction was conducted at 100 
o
C under argon atmosphere for a week. After that, the 

mixture was poured into 60 ml of acetone to produce a pale pink precipitate. The 

polymer was washed continuously with acetone. The block copolymer 

(PEEIA-co-LiPEEPSI) was collected via vacuum filtration and dried in a vacuum 

oven at 80 
o
C for 24 hours. The molecular weights of the homopolymers and block 

copolymer were characterized by gel permeation chromatography (GPC) (Table 1).  
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Table 1. Molecular weights and PDSI of PEEIA, PEEPSI and PEEIA-co-PEEPSI. 

 Mn Mw PDI 

PEEIA 13,600 31,416 2.31 

PEEPSI 49,271 87,512 1.77 

PEEIA-co-PEEPSI 57,284 111,224 1.94 

 

2.3 Characterizations 

 

Figure 2. The FTIR spectra of the PEEIA, PEEPSI and PEEIA-co-LiPEEPSI.  

The FTIR spectra of PEEIA, PEEPSI and PEEIA-co-PEEPSI are shown in 

Figure 2. The characteristic bands of PEEIA at 3300 cm
-1

 (a) and 893 cm
-1

 (k) 

indicate a presence of primary amine at the terminals of PEEIA. The broad peak of 

PEEPSI at around 3475 cm
-1

 (m) is assigned to the O-H bond stretch arising from the 
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COOH groups at the terminals of PEEPSI. The peaks at 1649 cm
-1 

(e), 1654 cm
-1

 (e’) 

and 1649 cm
-1

 (e’’) are assigned to amide C=O stretching of PEEIA, PEEPSI and 

PEEIA-co-PEEPSI, respectively. The peaks at 1339 cm
-1

 (g) and 1158 cm
-1

 (h) of 

PEEPSI and 1325 cm
-1

 (g’) and 1165 cm
-1

 (h’) of PEEIA-co-PEEPSI reflect the 

O=S=O asymmetric stretching and symmetric stretching, respectively.  

 

Figure 3. The 
1
H NMR spectra of PEEIA PEEPSI and PEEIA-co-LiPEEPSI. 

The 
1
HNMR spectra of PEEIA, PEEPSI and PEEIA-co-LiPEEPSI are shown 

in Figure 3. The spectrum of PEEIA shows clearly defined peaks at 7.52 ppm, 7.96 

ppm 8.31 ppm and a broader signal at 8.62 ppm whose integration ratio corresponds 
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well with the number of protons in the aromatic ring and the amide bond. The signals 

at 3.4 - 3.5 ppm correspond to the protons in 2,2’-(ethylenedioxy)bis(ethylamine). For 

the spectrum of PEEIA, the signals for hydrogen (Hf-p) on the BPSIIA segments are 

clearly identified and the signals at 3.4 - 3.5 ppm, corresponding to the protons in 

2,2’-(ethylenedioxy)bis(ethylamine), are ready visible. All the proton signals of 

PEEIA and PEEPSI are observed in the spectrum of the PEEIA-co-LiPEEPSI block 

copolymer. Comparing the 
1
H NMR spectra of PEEIA-co-PEEPSI and the 

homopolymers, the proton signals of the aromatic segments on PEEIA (Hb-d) and on 

the aromatic ring  in PEEPSI (Hf-p) shift slightly to the lower frequencies upon 

copolymerization to form PEEIA-co-PEEPSI.  

2.4 Preparation of single-ion conducting polymer electrolyte membranes 

(SIPEMs) 

The SIPE membranes were fabricated using PVDF-HFP as a binder via a 

solution cast method without using a pore inducing agent. PVDF-HFP and 

PEEIA-co-LiPEEPSI with an equivalent mass ratio were dissolved in DMF at 80 
o
C 

to form a homogenous solution. The composite polymer was then casted onto a glass 

petri dish, which was kept at 80 
o
C for overnight for solvent evaporation. After that, 

the membrane was peeled off from the petri dish and transferred into a vacuum oven 

for overnight at 80 
o
C to remove a trace of the solvent. The dried membrane was 

subsequently transferred into a glove box and soaked in an EC/PC (v:v, 1:1) solvent 

for overnight before performing electrochemical characterization and battery 

performance test. The choice of organic solvent greatly influences the properties of 
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the electrolyte. For example, high dielectric constant of organic solvent can prompt 

the delocalization of the Li-ion while low viscosity of organic solvent enhances Li-ion 

mobility in the electrolyte.
41-45

 Here the objective of the present study is to 

demonstrate the concept of single ion conducting block copolymer electrolytes, rather 

than to select an optimal solvent, for applications in lithium ion batteries. Therefore, 

EC/PC solution, which has been extensively used in literature,
46,47

 was selected in the 

present work. For comparison, a blend membrane of PVDF-HFP and LiPEEPSI with 

an equivalent mass ratio was also prepared using the same procedure. The thickness 

of the membrane is in the range of 20 - 30 µm. The methods to test the properties and 

performance of the membranes are described in details in Supporting Information.  

2.5 Battery test and fabrication of cathode film. 

Battery performance was studied using a multichannel battery testing 

instrument Arbin BT-2000 in which the cell was charged and discharged at different 

C rates over the voltage range 3.8 - 2.5 V. The coin cell (CR2025 type) was made by 

sandwiching SIPE membrane between a lithium metal foil and a LiFePO4 electrode. 

The cathode was prepared by casting a homogenous mixture of 75 % LiFePO4, 10 % 

carbon black, 10 % PVDF, and 5% bis(4-carboxyl benzene benzene sulfonyl) imide 

(CBBSI) as a supporting electrolyte in NMP solvent onto an aluminium foil. The 

cathode was subsequently dried in a vacuum oven at 80 
o
C overnight. 

3. Results and Discussion 
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Figure 4. (a) The TG curve and (b) DSC curves of the PEEIA-co-LiPEEPSI SIPE. 

The thermal stability of the PEEIA-co-LiPEEPSI membrane was measured 

with TGA and DSC techniques (Figure 4). The membrane remains stable until 220 
o
C, 

at which degradation occurs. The degradation temperature is substantially higher than 

the conventional operation temperature range of lithium ion batteries (Figure 4a). The 

DSC curve shown in Figure 4b indicates that PEEIA-co-LiPEEPSI exhibits a low 

glass transition temperature (Tg) of -16.2 
o
C, which is attributed to the increase of the 

randomness of the copolymer due to the introduction of the flexible EO leads into the 

PEEIA-co-LiPEEPSI copolymer.
48

 The Tg is higher than that of PEO (-59 
o
C), likely 

resulting from the hydrogen bonding interaction between amide groups. The lithium 

ion mobility can still be comparable to that of PEO based polymer membranes at 

room temperature duo to the low Tg of PEEIA-co-LiPEEPSI.  
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Figure 5. (a) The mechanical stability and (b) electrochemical stability of the 

PVDF-HFP/PEEIA-co-LiPEEPSI membrane. 

Figure 5 shows the mechanical and electrochemical stabilities of the 

PVDF-HFP/PEEIA-co-LiPEEPSI membrane. The PVDF-HFP/PEEIA-co-LiPEEPSI 

membrane displays an excellent mechanical strength of 27 MPa (Figure 5a), 

substantially higher than the corresponding values (ca. 20 MPa) of most PVDF-HFP 

blended SIPE membranes.
38

 This result indicates that the 

PVDF-HFP/PEEIA-co-LiPEEPSI membrane is both mechanically and dimensionally 

stable, which is highly beneficial for prolonging the cyclic life of batteries. The 

electrochemical stability of the PVDF-HFP/PEEIA-co-LiPEEPSI membrane was 

determined via measurement of cyclic voltammetry (CV) on a 

Li|PVDF-HFP/PEEIA-co-LiPEEPSI|Stainless steel (SS) cell with the CV curve 

shown in Figure 5b.
49

 The high electrochemical stability up to 4.3 V suggests that the 

PVDF-HFP/PEEIA-co-LiPEEPSI membrane might be useful for batteries that need a 

wider electrochemical window than what can be offered by conventional liquid 

electrolytes. We further measured the lithium ion transference number of the 
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PVDF-HFP/PEEIA-co-LiPEEPSI membrane ( ) in a 

Li|PVDF-HFP/PEEIA-co-LiPEEPSI|Li symmetric cell at room temperature using the 

steady-state current method (Figure S3). The measured values required to derive  

are summarized in Table S1. The value of  of the 

PVDF-HFP/PEEIA-co-LiPEEPSI membrane was found to be 0.91, substantially 

higher than that of conventional liquid electrolytes (< 0.3) and similar to those of the 

reported SIPEs.
20

 

2.8 2.9 3.0 3.1 3.2 3.3 3.4

-4.0

-3.8

-3.6

-3.4

-3.2

-3.0

-2.8

-2.6

 PVDF-HFP/PEEIA-co-LiPEEPSI 

 PVDF-HFP/LiPEEPSI 

 

L
o
g
 σσ σσ
 (
S
// // c
m
)

1000/T/K
-1

 

Figure 6. The ionic conductivities of the PVDF-HFP/PEEIA-co-LiPEEPSI 

membranes and the PVDF-HFP/ LiPEEPSI membranes vs. the inverse of temperature. 

The temperature dependence of the ionic conductivity of the 

PVDF-HFP/PEEIA-co-LiPEEPSI membrane is depicted in Figure 6. For comparison, 

the conductivity of the PVDF-HFP/LiPEEPSI membrane is also shown here. The 

ionic conductivity of the PVDF-HFP/PEEIA-co-LiPEEPSI membrane is 3.39 × 10
-4

 S 
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cm
-1

 at room temperature and reaches to 1.16 × 10
-3

 S cm
-1

 at 80 
o
C. In contrast, the 

ionic conductivity of the PVDF-HFP/LiPEEPSI membrane is 1.46 × 10
-4

 S cm
-1

 at 

room temperature and 4.18 × 10
-4

 S cm
-1

 at 80 
o
C, about three times lower than the 

value of the PVDF-HFP/PEEIA-co-LiPEEPSI membrane. The excellent ionic 

conductivity of PEEIA-co-LiPEEPSI is chiefly attributed to the contribution of the 

EO segments in the polymer backbone with an additional contribution from the 

porous morphology of the material, which enables a high solvent uptake to enhance 

ion mobility without compromising dimensional stability of the membrane.  

It should be noted here that blending the nonconductive PVDF-HFP with 

PEEIA-co-LiPEEPSI would inevitably affect the ion conductivity of the membrane. 

Rani et al. showed that for PVDF-HFP blended GPE membranes, ion conductivity 

increases as PVDF-HFP content decreases,
50

 which is not surprising since the number 

of charge carriers in a membrane with a low content of PVDF-HFP is higher. We 

observed a similar phenomenon in our experiments and made significant effort to use 

only a minimum amount of PVDF-HFP in the membrane to enhance ionic 

conductivity while maintaining sufficient mechanical strength. The optimal ratio of 

PVDF-HFP to PEEIA-co-LiPEEPSI was found to be 1:1. 

The high solvent uptake (141 wt. %) is evidenced from the surface SEM images of the 

PVDF-HFP/PEEIA-co-LiPEEPSI membrane shown in Figure 7 (a and b). Importantly, 

the continuous ion conducting channels are well established upon microphase 

separation, which is imperative for Li-ion batteries. In contrast, the 
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PVDF-HFP/LiPEEPSI membrane exhibits essentially no porosity as clearly shown in 

Figure 7c.  

In general, the morphology of the blend membranes is affected by the 

compatibility of the polymers.
29 

For example, the aliphatic PVDF-HFP is compatible 

with the aliphatic segments but not compatible with the aromatic segments in the 

polymer electrolyte. As a consequence, the morphology of the PVDF-HFP/LiPEEPSI 

membrane is not porous (Figure 7c) while the PVDF-HFP/PEEIA-co-LiPEEPSI 

membrane exhibits pores (Figure 7b).
 
 

 

Figure 7. The SEM images of the PVDF-HFP/PEEIA-co-LiPEEPSI membrane: (a) 

×350, (b) ×35,000; the SEM image of the surface morphology of the 

PVDF-HFP/LiPEEPSI membrane (c) ×1,000. The cycle performance of the prototype 

Li|PVDF-HFP/SIPE membranes|LiFePO4 cells (d). 
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The battery performance of the prepared SIPE membranes in Li-ion batteries 

was investigated at various C-rates at 25 
o
C and 80 

o
C, respectively. Figure 7d shows 

the discharge capacity vs. the cycle numbers of the battery cells. Unlike most of the 

SIPE based batteries,
21,27,38

 the battery of the 

Li|PVDF-HFP/PEEIA-co-LiPEEPSI|LiFePO4 is operative at room temperature and 

the discharge capacity was found to be 130 mAh g
-1

 at 0.1 C and 118 mAh g
-1

 at 0.2 C. 

At 80 
o
C, the performance was significantly improved both from discharge capacity 

and C-rate and the discharge capacity becomes 150 mAh g
-1

 at 0.1 C and 140 mAh g
-1

 

at 0.2 C, close to the theoretical capacity. More remarkably, the battery maintains a 

high discharge capacity of 130 mAh g
-1

 at 0.5 C and 120 mAh g
-1

 at 1 C, respectively, 

without obvious capacity fading after 60 cycles. In comparison, a battery equipped 

with the PVDF-HFP/LiPEEPSI membrane is only operative at an elevated 

temperature and a low C-rate of 0.1 C with a much lower average discharge capacity 

of 110 mAh g
-1

 (Figure 7). In addition, the battery displays unstable cycle 

performance. The performance of both batteries suggests that the microstructure of 

SIPE membranes can profoundly influence operability of battery cells. Indeed, the 

superior performance of the PVDF-HFP/PEEIA-co-LiPEEPSI membrane is largely 

attributed to the nicely formed continuous ion transport channels arising from its 

macroporous morphology. In contrast, the PVDF-HFP/LiPEEPSI membrane without 

proper porosity prevents establishment of continuous ion transport channels and thus 

leads to inferior performance. 

4. Conclusions 
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A single ion block copolymer (PEEIA-co-PEEPSI) was successfully prepared 

via copolymerization of the two carefully designed homopolymers, PEEIA and 

PEEPSI upon a lithiation reaction with LiOH·H2O. The homopolymers and the 

copolymer were characterized using FTIR, 
1
HNMR, GPC, TGA and DSC 

spectroscopic techniques. Subsequently, a PEEIA-co-LiPEEPSI based SIPE 

membrane was fabricated by blending with a PVDF-HFP binder using a solution cast 

method. The physicochemical properties of the membrane were then systematically 

tested. The PEEIA-co-LiPEEPSI membrane displays good thermal stability up to 220 

o
C, a low Tg of -16.9 

o
C and a melting point higher than 125 

o
C. Importantly, the 

membrane exhibits a macroporous structure with a high solvent retention capacity up 

to 141 wt.%, leading to high ionic conductivity of 3.39 × 10
-4

 S cm
-1

 at room 

temperature and 1.16 × 10
-3

 S cm
-1

 at 80 
o
C. In addition, the material is 

electrochemically stable with a wide electrochemical window up to 4.3 V. The 

measured ion transference number is 0.91, substantially higher than the value found in 

dual-ion based electrolytes. The membrane displays an excellent mechanical strength 

up to 27 MPa. More remarkably, a battery assembled with the 

PVDF-HFP/PEEIA-co-LiPEEPSI membrane displays outstanding performance both 

at room temperature and 80 
o
C with a highly stable discharge capacity at various 

C-rates. Even at 1 C, the average discharge capacity still maintains at 120 mAh g
-1

 

without performance fading after 60 cycles In comparison, a battery equipped with 

the PVDF-HFP/LiPEEPSI membrane with essentially no proper porosity and ion 

transport channels in the polymer matrix displays only a modest discharge capacity of 
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110 mAh g
-1

 at 80 
o
C and 0.1 C. The results underscore the fundamental importance 

of the microstructure of polymer electrolytes in battery performance enhancement and 

suggest ways to improve the design of new electrolyte materials for development of 

better battery devices with high longevity and high discharge capacity. 
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1. Synthesis of bis(phenylsulfonyl imide) isophthalate amide (BPSIIA)

1.1. Synthesis of the 4-carboxyl benzene benzene sulphonyl imide (CBBSI)

S
O

O
NH2 + S

O

O
Cl

LiOH, H2O

95 oC, 12hrs
N
H

S S
O

O O

O

KMnO4
LiOH
H2O

95 oC, 12hrs

N
H

S S
O

O O

O
C
O

OH

CBBSI

MBBSI

Scheme S1: Synthesis of 4-methyl benzene benzene sulfonyl imide (MBBSI) and 4-carboxyl 

benzene benzene sulfonyl imide (CBBSI).

Synthesis of the 4-methyl benzene benzene sulphonyl imide (MBBSI). The 4-carboxyl 

benzene benzene sulfonyl imide (CBBSI) was synthesized according to the procedure described 

by our previous works (Scheme S1).1 P-toluenesulfonamide (34.244 g, 200 mmol) and sodium 

hydroxide (8.450 g, 210 mmol) were firstly dissolved in deionized water at 90 oC. 

Benzenesulfonyl chloride (17.662 g, 100 mmol) was then added into the solution within 2 hours 

followed by another 12 hours at 90 oC for completely reaction. The pH value of the reaction 

solution was adjusted the pH to 7 using dilute hydrochloric acid at 50 oC followed by stirring for 

another 12 hours. After the excessive p-toluenesulfonamide was removed by filtration, the row 

product was precipitated by adjusting the pH value of the filtrate to 1 using concentrated 

hydrochloric acid. The white precipitate was collected via vacuum filtration and dried in the oven 

at 80 oC. The final product was purified by recrystallization using deionized water. The yield was 

59.1%. 1HNMR (DMSO-d6): 7.70, 7.67 (d, 2H), 7.58, 7.55 (d, 2H), 7.49, 7.47, 7.45, 7.42 (m, 



3H), 7.23, 7.22 (d, 2H) and 2.34 (s, 3H) (Fig. S1a), ESI-MS [M-H]- at m/z 311.38 calculated 

for C13H13NO4S2.

Synthesis of the 4-carboxyl benzene benzene sulphonyl imide (CBBSI): 4-carboxyl 

benzene benzene sulfonyl imide (CBBSI) was obtained by oxidizing the methyl group of the 

MBBSI into carboxyl acid group by using potassium permanganate (KMnO4). MBBSI (15.174 g, 

48.7 mmol), lithium hydroxide monohydrate (2.045 g, 48.73 mmol) was completely dissolved in 

300 mL of deionized water at 95 oC. KMnO4 (19.252 g, 121.8 mmol) was added into the solution 

over 2 hours and left the solution for overnight at 95 oC. Manganese oxide and unreacted 

potassium permanganate were removed by vacuum filtration. The final product was precipitated 

by adding concentrated hydrochloric acid into the filtrate and the final desired product was 

acidified for 5 times to completely replace K+ by H+ with a yield of 82.6 %. 1HNMR (DMSO-

d6): 7.92, 7.90 (d, 2H), 7.76, 7.73 (d, 2H), 7.66, 7.64 (d, 2H), 7.43, 7.41, 7.38, 7.36, 7.34 (m, 

3H) (Fig. S1b), ESI-MS [M-H]- at m/z 341.36 calculated for C13H11NO6S2.

1.2. Synthesis of the bis(phenylsulfonyl imide dimethyl-5-isophthalate amide (BPSIIA)
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Scheme S2: Synthesis of bis(phenylsulfonyl imide) isophthalate amide (BPSIIA).



Synthesis of the bis(phenylsulfonyl imide dimethyl-5-isophthalate amide (BPSIPA). 

The bis(phenylsulfonyl imide) isophthalate amide (BPSIIA) was synthesized by following the 

synthesis of the precursor bis(phenylsulfonyl imide dimethyl-5-isophthalate amide (BPSIPA) 

(Scheme S2). CBBSI (3.4136 g, 10 mmol), dimethyl-5-aminoisophthalate (2.092 g, 10 mmol), 

calcium chloride (2.80 g, 25 mmol) and TPP (2.6 ml, 20mmol) were added into a mixture of NMP 

(10 ml) and pyridine (7.5 ml) in an argon-filled glove box. The reaction was then transferred into 

fumehood and connected to argon atmosphere. The reaction was kept at 100 oC for 12 hours with 

stirring and poured into 80 ml cold methanol to precipitate out the product. The white precipitate 

(BPSIPA) was continuously washed with methanol and deionized water. The product was dried in 

vacuum oven at 80 oC for overnight. The yield was 95 %. 1HNMR (DMSO-d6): 10.76 (S, 1H), 

8.83, 8.81 (d, 1H), 8.75 (s, 2H), 8.23(s, 1H), 8.03, 8.01, 8.98 (t, 2H), 7.82 (s, 2H), 7.70, 7.68 

(d, 2H), 7.41 (s, 2H), 2.49(s, 6H) (Fig. S2a), ESI-MS [M-H]- at m/z 531.53 calculated for 

C23H19N2O9S2.

Synthesis of the bis(phenylsulfonyl imide isophthalate amide (BPSIIA). BPSIPA 

(14.867 g, 27.91 mmol) was dissolved in a mixture of 400 mL THF and 80 mL of water under 

stirring. LiOH·H2O (4.883 g, 91.70 mmol) was dissolved in water (25 ml) and then added into the 

above solution dropwise under stirring. Adjust pH of the solution to 7 with dilute hydrochloric 

acid. THF was removed by rotavaporation under reduced pressure. The reaction was kept at room 

temperature for 12 hrs. After reaction, the pH of the solution was firstly adjusted to be neutral and 

the solvents were removed under reduced pressure. The residue was redissolved in water, the 

product was generated by acidified the solution to pH=1 using aqueous HCl. The precipitate was 

filtered and washed with a small amount of water. The final product (12.9 g) was obtained after 



dried at 100 oC for 24 hrs. The yield was 92 %. 1HNMR (DMSO-d6): 10.68 (S, 1H), 8.90, 8.88 (d, 

1H), 8.68 (s, 2H), 8.23(s, 1H), 8.02, 8.00, 8.97 (t, 2H), 7.81, 7.79 (d, 2H), 7.70, 7.68 (d, 2H), 7.42, 

7.41, 7.38 (t, 2H) (Fig. S2b), ESI-MS [M-H]- at m/z 503.01 calculated for C21H15N2O9S2.
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Figure S1. 1H NMR spectra of MBBSI (a) and CBBSI (b).

The 1H NMR spectra of the MBBSI and CBBSI are shown in Figure S1. It displays clear 

defined peaks with the correct integration ratio corresponding well with the number of protons in 

the respective compounds. The absence of a signal at 2.34 ppm in CBBSI (Figure S1b), which was 

assigned to the methyl group in MBBSI (Figure S1a), suggests that the MBBSI was successfully 

oxidised to yield CBBSI.
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Figure S2. 1H NMR spectra of BPSIPA (a) and BPSIIA (b).

The 1H NMR spectra of the BPSIPA and BPSIIA are shown in Figure S2. It displays clear 

defined peaks with the correct integration ratio corresponding well with the number of protons in 

the respective compounds. The absence of the signal at 3.92 ppm in BPSIIA (Figure S2b) 

corresponding to the methyl group in BPSIPA (Figure S2a) suggest that BPSIPA was successfully 

hydrolysed to yield BPSIIA. 

2. Methods

1H NMR spectra of all synthesized materials were recorded on Bruker AV300 using 

DMSO-D6 solvent. FTIR spectra were recorded using Bio-Rad Excalibur FTIR spectrometer in 

the 400-4000 cm-1 frequency range and spectral resolution of 4. The individual polymers were 

mixed with KBr and made into a plate. Molecular weight and polydispersity index (PDSI) were 

measured using GPC using THF as an eluent. The enthalpy were analyzed using TA Instrument 

2920. This analysis was performed under nitrogen atmosphere at a heating rate of 10 oC/min. 



Thermal gravimetric analysis (TGA) of blended PEEIA-co-LiPEEPSI) was performed on SDT TA 

Instruments 2960 Simultaneous DTA-TGA, at 10.00 oC/min ramp up to 800 oC under nitrogen 

atmosphere. Powder XRD was performed on D5005 Bruker AXS diffractometer using sample size 

of 70 - 110 mg and Cu-Kα radiation (λ = 1.5410 nm) as the source at 40 kV voltage in the 

scanning range 1.4o - 60o at room temperature. Surface morphology of the blended polymer was 

studied using JEOL JSM-6701F field emission scanning electron microscopy. The sample was 

imaged after being sputter-coated with platinum. Tensile strength and tensile strain of SIPE was 

measured using Instron 5544 at room temperature, with an elongation rate of 1.00mm/min and 

sensitivity set at 40%. The membranes were measured according to ASTM D882, REF ASTM.

The amount of solvent uptake is calculated by Equation (3):

                              𝜂 =  
𝑊𝑤𝑒𝑡 ‒ 𝑊𝑑𝑟𝑦

𝑊𝑑𝑟𝑦
× 100%                 (1)

where Wdry and Wwet are the weight of the membrane before and after the absorption of EC/PC 

solvent.

High solvent uptake of 141% as seen in Table 3 was attributed to the high porosity of Li(PEEIA-

co-PEEPSI)/PVDF-HFP with pore size of 200 nm as shown in 11 (c). High solvent uptake is 

essential for forming high ionic conducting SIPE.

The electrochemical stability of the SIPE membrane was determined using the CHi instrument by 

performing cyclic voltammetry (CV) in a sandwich cell using two stainless-steel electrodes as a 

working electrode and a counter electrode in the voltage range of 1.5 - 7 volts and at a scan rate of 

0.2 mV s-1.2 In order to obtain a more accurate measurement of electrochemical stability, a slow 



scan rate was used. Lithium ion transference number (tLi+) was measured using a Li|SIPE 

membrane|Li battery cell. The cell was subjected to a combination of AC impedance and DC 

polarization method described by Evans et al. [58] lithium ion transference number was calculated 

using Equation (2):

        𝑡
𝐿𝑖 + =

𝐼𝑠(∆𝑉 ‒ 𝐼𝑜𝑅𝑜)

𝐼𝑜(∆𝑉 ‒ 𝐼𝑠𝑅𝑠)
                 (2)

Where ΔV is the potential applied across the cell; Io and Is are the initial and steady-state current 

determined by DC polarization; Ro and Rs are the initial and steady-state resistances of the 

passivation layers on the Li electrode determined by AC impedance. Ionic conductivity of the 

SIPE membrane was measured by means of Electrochemical Impedance Spectroscopy (EIS) using 

Zahner electrochemical workstation model, PGSTAT, with the EIS module over a frequency 

range 4 × 106 to 1 Hz and an oscillating voltage of 5 mV. The electrolyte membrane was placed in 

a stainless steel cylindrical device of 1.5 cm diameter. The device was left in the 80 oC oven 

overnight before taking measurements to ensure maximum contact between the membrane and the 

device. Nyquist plot of imaginary vs real impedance were obtained and fitted with Simulated 

Impedance Measurement (SIM) software: The ionic conductivities were obtained by fitting the 

measured resistance into Equation (1):

             𝜎 =
𝑙

𝐴𝑅
                 (3)

where σ is the ionic conductivity; l is the membrane thickness; A is the area of the membrane; R is 

the resistance obtained from the Nyquist plot. 



Figure S3. Impedance spectra (a) and time dependence response of DC polarization (b) for 

Li|Li(PEEIA-co-PEEPSI)/PVDF-HFP membrane|Li symmetric cell at room temperature, 

polarized with a potential of 100 mV. 

Table S1. The measured parameters and the calculated tLi+ of the PVDF-HFP/PEEIA-co-
LiPEEPSI membrane.

Electrolyte 𝐼0(𝜇𝐴) 𝐼𝑠(𝜇𝐴) 𝑅0(Ω) 𝑅𝑠(Ω)
 

𝑡
𝐿𝑖 +

Li(PEEIA-co-PEEPSI) 2.47 2.25 5.223 7.237 0.91
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