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ABSTRACT

We report a polysiloxane based single-ion conducting polymer electrolyte (SIPE) synthesized via
hydrosilylation technique. Styrenesulfonyl (phenylsulfonyl) imide groups were grafted on the
highly flexible polysiloxane chains followed by lithiation. The highly delocalized anionic
charges in the grafted moiety give rise to weak association with lithium ions in the polymer
matrix, resulting in lithium ion transference number close to unity (0.89) and remarkably high
ionic conductivity (7.2 x10* Sem™) at room temperature. The high flexibility arising from
polysiloxane enables the glass transition temperature (T,) to be below room temperature. The
electrolyte membrane displays high thermal stability and a strong mechanical strength. A coin
cell assembled with the membrane comprised of the electrolyte and poly(vinylidene-fluoride-co-
hexafluoropropene) (PVDF-HFP) performs remarkably well over a wide range of temperature

with high charge-discharge rates.

KEYWORDS: Electrolyte; single ion; hydrosilyaltion; Speier’s catalyst; lithium ion battery;
transference number.
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1. Introduction

Electrolytes play a vital role in battery performance and regulate battery working life.
Development of novel electrolytes with high conductivity in a wide temperature range with
broad electrochemical window and strong thermal stability is essential for the next generation of
lithium-ion battery technologies that utilize high potential electrode materials at high charge-

discharge rates. [1-4]

The concept of single ion polymeric electrolyte (SIPE) was proposed with the aim to overcome
most of the problems associated with the current electrolytes,[5-22] such as severe concentration
polarization and potential safety hazard. Unfortunately, there are also many technical problems
with SIPEs. Most notably, these materials exhibit relatively small ionic conductivity and often
present high interfacial resistance when used in batteries.[15, 23] To date, few SIPE materials
have been demonstrated with satisfactory battery performance. Most SIPEs enable batteries to
perform only at elevated temperatures with relatively low charge-discharge rates. [23-29] Indeed,
a versatile SIPE capable of sustaining a high C-rate in a wide range of temperature remains to be

developed. [30, 31]

It has been well demonstrated that ion migration occurs predominantly in amorphous opulent
phase where transport properties, such as ionic conductivity, diffusivity and mechanical
relaxation, are explicitly related to the segmental movement of polymers.[30, 32] Therefore, a
SIPE with low or no crystallinity and low glass transition temperature with high thermal and
electrochemical stability would present a reasonable choice as a battery electrolyte.[31] Unlike
most of the polymers used as electrolytes, polysiloxanes, which are inherently amorphous in
nature and possess very low Tg with high thermal stability and good mechanical strength, may

potentially serve as a useful backbone polymer for designing of SIPEs.[33-35]
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Based on this idea, we developed a methodology to synthesize a polysiloxane based single ion
conducting gel polymer electrolyte with grafted bis(sulfonyl) imide groups via a hydrosilylation
process. Hydrosilylation is a catalyst assisted technique of adding Si-H bonds across unsaturated
bonds.[36] In this paper, we describe the synthetic procedure and characterization of this
compound. A battery fabricated with the polysiloxane based electrolyte is shown to perform
successfully in a temperature range of 25-80 °C with one of the highest charge-discharge rates

reported to date for SIPEs.

2. Experimental

2.1 Materials

Poly(methylhydrogensiloxane) (PMHS) (viscosity-15-40 mPa.S) (Sigma-Aldrich), chloroplatinic
acid (Sigma-Aldrich), 4-styrenesulfonic acid, sodium salt (Sigma—Aldrich), oxalyl chloride
(Alfa-Aesar), benzenesulfonamide (Sigma—Aldrich), 4-dimethylaminopyrridine (DMAP)
(Sigma—Aldrich), triethylamine (Sigma—Aldrich), lithium perchlorate (Sigma—Aldrich),
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDE-HEP) (Mw- 400,000 gmol™) (Sigma—
Aldrich), 2-propanol (QREC), Acetonitrile (Tedia), dimethylformamide DMF (Sigma—Aldrich),
dimethyl sulfoxide (QREC), tetrahydrofuran (THF) (RCI labscan), dichloromethane (QREC).

All chemicals were of an analytical grade and used as received.

2.2 Synthesis of potassium 4-styrenesulfonyl (phenylsulfonyl)imide

4-styrenesulfonyl (phenylsulfonyl) imide (SPSIK) was synthesized following the procedure
reported by Meziane and co-workers[24, 25] for the synthesis of 4-
styrenesulfonyl(trifluoromethylsulfonyl)imide. 40 ml of dried acetonitrile, 0.087 g (Immol) of

DMF along with 2 ml of oxalyl chloride were taken in a two neck flask. The solution was stirred
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under argon gas atmosphere at room temperature for 5 hrs to form a Vilsmeier-Haack complex.
On completion of the reaction, a light yellow transparent solution was obtained. Subsequently, 4
grams of 4-styrene sulfonic acid sodium salt was added slowly to the solution under argon gas
atmosphere and then stirred for 24 hrs. The mixture initially turned yellow and then displayed a
light pink color. A NaCl precipitate was separated by filtration and the filtrate (4-styrenesulfonyl
chloride) was cooled at 0 °C.

In a two neck flask, 8.1 ml of triethylamine (58.1 mmol), 3.1 grams of benzenesulfonamide (19.4
mmol) and 2.12 gram of 4-dimethylaminopyrridine (DMAP) were added to 30 ml of dry
acetonitrile. The mixture was stirred for 1 hr in argon gas atmosphere and subsequently, the 4-
styrenesulfonyl chloride solution cooled at 0 °C was added slowly to the mixture under stirring
for the next 16 hrs. Solvent was removed using a rotavapour and the resultant brown color mass
was dissolved in 50 ml of dichloromethane. The solution was washed by a 4% aqueous solution
of NaHCO3 (20 ml) twice followed by washing with 20 ml of 1M HCI. The potassium salt of 4-
styrenesulfonyl (phenylsulfonyl)imide was obtained by neutralization of the acid moiety in a
molar excess aqueous solution of K,COs;. The resulting suspension was stirred at room
temperature for 1 hr followed by filtration and drying. The resultant light yellow color solid was
further recrystallized in water for 24 hrs at ambient temperature followed by storing in a
refrigerator for 12 hrs. The water was decanted and the compound was dried in a vacuum oven at
80 °C for 12 hrs to obtain dried potassium 4-styrenesulfonyl (phenylsulfonyl)imide with a 50 %
yield. Elemental analysis: for C;4H;2NO4S;K, calculated: C, 46.52; H, 3.35.; N, 3.87; S,
17.74 %; K, 10.82; found: C, 46.56; H, 3.41; N, 3.61; S, 17.12; K, 10.25. %. 'H NMR (300MHz,
DMSO-dg) 6 7.68-7.58 (m, 4 H), 7.49.-7.29 (m, 5 H), 6.73 (dd, J =17.7, 10.8 Hz, 1 H), 5.87 (d, J

=17.7, 1 H), 5.33 (d, J = 10.8, 1 H)(Fig. S1 in supporting information); *C NMR (75MHz,
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DMSO-ds) 6 146.5, 145.8, 138.6, 135.9, 130.0, 127.8, 126.5, 126.0, 125.5, 115.9 (Fig. S2) .
FTIR data: {ATR(KBr) cm™'}: v = 3058 (Ve aromatic ring)> 1627 (VCC aromatic ring)s 1445 (BeH ring +
Vecring)s 1397 (Vasso2), 1300 (Ben ), 1265 (vee), 1171 (vsso2), 1090 (ves), 1060(vee ring), 840
(vsN), 777(vsns) and 750 (ycn), 689 (Weee), 616 (occe), {v: stretching, &: bending, a and B: in
plane deformation, y and y: out of plane deformation, s: symmetrical, as: asymmetrical }[24, 37-

391, ESI (-) m/z 322.2 ( Fig. S6).

2.3 Synthesis of Speier’s catalyst

A Speier’s catalyst, which conducts hydrosilylation, was synthesized following the procedure
adopted earlier by Chung and Kim.[40] 50 ml of Na dried 2-propanol was taken in a dark color
bottle in which 1 gram of chloroplatinic acid (H, PtCls.6H,0) was dissolved. The bottle was kept

for four weeks in a shelf for formation of the Speier’s catalyst.

2.4 Synthesis of lithium 4-styrenesulfonyl (phenylsulfonyl)imide grafted poly methyl

hydrogen siloxane (SG) electrolyte

A lithium 4-styrenesulfonyl (phenylsulfonyl)imide grafted poly(methylhydrogensiloxane) (SG)
electrolyte was synthesized via a hydrosilylation reaction in the presence of a Speier’s catalyst
(Scheme 1). The SPSIK molecules were grafted onto the poly(methylhydrogen siloxane)
(PMHS) chains, following the method previously reported.[41-43] 0.2 ml of PMHS was mixed
in 10 ml of THF while 1.37 gram of SPSIK was dissolved in 20 ml of DMSO. Both solutions
and 0.1 ml Speier’s catalyst were taken in a 2 neck round bottom flask fitted with a magnetic
stirrer and a condenser. To avoid moisture, all operations were performed in a glove box. The
mixture was stirred in argon atmosphere at room temperature for 24 hrs followed by stirring at
80 °C for another 24 hrs. The completion of hydrosilylation reaction was confirmed by in-situ

FTIR spectrum of the product, in which the sharp and intense peak at 2267 cm™, corresponding
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to the stretch of the Si-H bond, was disappeared. The solvent was removed under vacuum using a
freeze-dryer. To remove the unreacted moieties and other impurities, the product was washed
with THF, acetone and methanol. Subsequently, the product was dried at 100 °C for 12 hrs,
producing a sticky solid material. To remove the stickiness, the material was heated with
acetonitrile at an elevated temperature followed by THF addition upon cooling to retrieve the
product. The material was then isolated by filtration and dried at 100 °C. The process was
repeated thrice to obtain a non-sticky light yellow color solid. Finally, the product was crushed

in a fine powder form with mortar and pistol and dried further at 100 °C in a vacuum oven.

The product was placed in 50 ml of ethanol with stirring and, subsequently, lithium perchlorate
(LiCIO4) (in excess) was added for the exchange of potassium ions with lithium ions. The
solution was heated at 50 °C for 12 hrs. A white precipitate of potassium perchlorate was filtered
out and the solution was removed with a rotary evaporator. The excess of LiClO4 was removed
upon solubilization of the solid in DMSO followed by re-precipitation with THF. The final
product was dried at 120 °C under vacuum for 12 hrs. Elemental analysis: for C;sHsNOsS,SiLi,
calculated: C, 46.26; H, 4.14.; N, 3.60; S, 16.46; Si, 7.21; Li, 1.78 %; found: C, 46.99; H, 4.49;
N, 3.80; S, 17.12; Si, 1.01; Li, 1.61 %. "H NMR (300MHz, DMSO-d) & 7.62-7.08 (m, 9 H), 2.14
(t, J=8.0 Hz, 2 H), 1.85 (t, J= 7.3 Hz, 2 H), 1.18 (s, 3 H,)( Fig. S3); "*C NMR (75MHz, DMSO-
de) O 146.5, 145.8, 142.6, 138.9, 136.0, 130.3, 129.2, 128.0, 126.7, 126.3, 125.8, 116.2, 48.8,

30.4,29.2,17.4 (Fig. S4) ; FTIR data: {ATR(KBr) cm'l}: v =2978 (VcHalky1), 1648 (Vce aromatic

ring)> 1396 (Vass02), 1267 (dchs), 1148 (Vsso2), 1091 (vsio-si), 1039 (Ve ring) and 778 (vsns).[39]

2.5 PVDF-HFP/SG membrane preparation

SG and PVDF-HFP were taken in 1:2 proportion and dissolved in 5 ml of a DMF solvent at 60
°C for 6 hrs in a 50 ml glass beaker fitted with a magnetic stirrer. Subsequently, the mixture was

6
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drop-cast into a teflon petri dish (6 cm diameter) and dried in an oven at 100 °C to evaporate the
DMEF solvent. The obtained film was further dried under vacuum at 100 °C for 24 hrs to remove
a trace amount of DMF and then transferred to a glove box. The membrane was punched to
obtain a circular film of 1.5 cm diameter. The circular film was subsequently placed in an EC/PC
(1:1 volume ratio) solution for soaking and then used for further characterizations and

performance assessment in a battery coin cell.

CHs | CHs CHs $O2

H3C—S|i—0 Sl.i—O Sli—CHs + N-K*

CHs [ B | CHs $0,
PMHS

SPSIK

DMSO Speier's Catalyst

CHs | CHs CHs CHs | CHs CHs
H3C—S|i—o Si—O Sli—CH3 HSC—SIi—O Si—O Sli—CH3
CH; n CHs; CH; n CHs
$02 LiClO, $02
N-Li* N-K*

lso2 Ethanol

|
SO,

SG electrolyte SPSIK-g-PMHS

Scheme 1: Synthesis of SG electrolyte.
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3. Methods

Gel permeation chromatography (GPC) technique was used for molecular weight and poly
dispersity index (PDI) determination. The GPC instrument consists of a high-performance liquid
chromatography pump (Waters 515), an autosampler (Waters 2707) and a refractive index
detector (Waters 2414). THF was used as an eluent at a flow rate of 0.8 ml/min. A polystyrene
standard was used for calibration. All characteristic infrared spectra were recorded in the 400-
4000 cm’™ frequency range with a Bio-Rad Excalibur FTIR spectrometer. NMR spectra were
taken on a Bruker Avance (AV300) spectrometers at 300 MHz, with tetramethylsilane as the
standard. Dimethyl sulfoxide-d¢ was used as the solvent for NMR characterization. The
microstructures of the samples were determined by using the field emission scanning electron
microscopy (FE-SEM) technique on JEOL JSM-6701F Scanning Electron Microscope. Platinum
sputtering of the samples was performed under 5x10 mbar at room temperature (20s, 30mA)
prior to the SEM analysis. The thermal gravimetric analysis (TGA) was executed under the N,
gas inert atmosphere (flow rate: 60 cm’min”) at the 10 °Cmin™ heating rate from room
temperature to 1000 °C in the Thermo Gravimetric Analyzer (model TGA Q 50) of TA, Inst.,
USA. Differential Scanning Calorimetry (DSC) study was performed on the DSC-1 ( Mettler
Tolledo, Inst., USA) instrument in N, atmosphere (flow rate: 60 cm’min™) from -60 °C to 150 °C

with the heating rate of 10 °Cmin".

Elemental analysis for C, H, N and S elements determination was performed using a CHNS
analyser, model Vario Microcube from Elementar Analysensysteme. Samples were weighed (1-
2mg) in a tin capsule and combusted at 1150°C. The combustion products such as CO,, SO,

NO; are carried by Helium carrier gas into the reduction tube containing copper where NO, is
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converted to N; and any unconsumed oxygen is removed. N, passes through to be detected by
the conductivity detector. The rest of the gases are retained on the adsorption column. The
desorption column is heated to release each of the gases at different temperatures which are
detected by thermal conductivity detector. Calibration is performed using high purity
sulfanilamide. Metals content was determined by acid digestion of the samples followed by
analyses with the Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES), model
Optima 5300DV from Perkin Elmer. Multi element standards from Inorganic Venture were used

for calibration.

The ionic conductivity of the electrolyte membrane was calculated by electrochemical
impedance spectroscopy (EIS) using the Zahner potentiostate-galvanostatate electrochemical
workstation (model PGSTAT) over a frequency range of 4x10° to 1 Hz with an oscillating
voltage of 5 mV. The electrolyte membrane was placed in a stainless steel cylindrical device of
1.5 cm diameter sealed in a glove box under argon atmosphere. Before the EIS analysis, the
device was heated at 80 °C to enhance the contact between the surfaces of the device plates
serving as the electrodes and the electrolytic membrane. The Simulated Impedance Measurement

(SIM) software was used for fitting of the EIS data.

The transference number of the electrolyte was calculated by the method proposed by Evans and
co-workers, based on the combination of DC and AC electrical polarizations as.[44] The value of

cationic transference number (t;; ) was calculated according to the following equation:

. L(AV-LR)
- I(AV - LR)

Li



Journal of Materials Chemistry A

where AV is the DC potential applied across the cell; I and I, are the steady-state and the initial
current determined by the DC polarization, respectively. R, and Ry are the EIS measured bulk

resistances before and after the DC polarization

To measure the battery performance, a multichannel battery testing instrument, Arbin BT-2000,
was used. The charge and discharge capacity of the coin cells assembled with the electrolyte
membrane was measured with different C-rates at various temperatures. The composite cathode
consists of LiFePO4 (75%), PVDF (10%), acetylene black (10%) and a small amount of lithium
bis(4-carboxy phenyl sulfonyl)imide (5%) as a supporting electrolyte. All the ingredients were
mixed and well stirred in a NMP solvent. The prepared ink was then cast onto an aluminum foil
and subsequently dried in a vacuum oven at 80 °C for 12 hrs. The dried cathode was then cut into
a circular shape for use in coin cells. The coin cells assembly was performed inside a glove box.
For coin cell assembly, stainless-steel cup and lids of coin cells CR 2025 (20 mm diameter 2.5
mm thickness) comprised with LiFePO4 cathode, Li metal anode and EC/PC swollen single ion
polymer electrolyte membrane were used. The cathode was placed in the centre of the cup which
forms +ve terminal of the cell and subsequently covered with the swollen polymer electrolyte
membrane. Circular lithium metal disc of 13 mm diameter and ~0.6 mm thickness was placed
centrally upon the membrane. To ensure good sealing and achieve proper thickness of the
materials, two stainless discs (spacers) followed by a steel spring, which formed —ve terminal,
were fixed upon the Li metal disc. Finally, the coin cell was closed with the lid and final sealing
was done with automatic coin crimper machine. The assembled cells were then transferred
outside the glove box and aged/equilibrated for 12 prior to further electrochemical

characterizations.

4. Results and discussion
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Page 10 of 27



Page 11 of 27

Journal of Materials Chemistry A

4.1 Synthesis and characterization of potassium 4-styrenesulfonyl(phenylsulfonyl)imide
(SPSIK)

The SPSIK monomer was synthesized following the method proposed by Meziane et al. with a
slight difference in choice of one of the ingredients.[24, 25] In this work, benzene sulfonamide
was used in place of trifluoromethylsulfonamide (TFSI), which was used in the original method.
The rest of ingredients including catalyst and solvents as well as the synthetic route were kept the
same. Successful synthesis of SPSIK was confirmed by '"H NMR, elemental analysis and mass
spectroscopy (ESI-HRMS). The 'H NMR signals corresponding to 12 H atoms (9 aromatic and 3
non-aromatic) with the peak area ratio of 9:1:1:1 further confirms the target structure. Moreover,
the molecular formula of SPSIK calculated in negative mode of ESI-HRMS was found to be
322.2, which matches well with the theoretical value of 322.3 for the anion monomer
C14H2NO4S,. Finally, the agreement between the expected and the found values of elemental

analysis data reaffirms the successful synthesis of SPSIK.

4.2 Synthesis and characterization of lithium 4-styrenesulfonyl (phenylsulfonyl)imide
grafted poly methyl hydrogen siloxane (SG) electrolyte and PVDF-HFP/SG blend

membrane

The SG electrolyte was synthesized by grafting SPSIK on polymethyl hydrogen siloxane
(PMHS) chains (SPSIK-g-PMHS) via hyrdosilylation followed by lithium ion exchange.
Hydrosilylation is the most versatile platinum catalyst assisted technique used for addition of Si-
H on unsaturated bonds.[36, 45] The Speier’s catalyst (solution of chloroplatinic acid in 2-

proponal) facilitates the addition of unsaturated groups on Si-H according to anti-Markovnikov’s

11
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rule in a three step cyclic process.[36] Following the same mechanism, here, the vinylic part of

SPSIK was attached to the polysiloxane chains upon addition of a Si-H bond.

The grafting of SPSIK on PMHS chains followed by exchange of K" ions by Li" ions was clearly
proven to be successful by FTIR and NMR spectra. As can be seen in the FTIR spectra of PMHS
and SG (Fig. 1), the peak at 2167 cm™ in PMHS, corresponding to Si-H bond, is disappeared in
SG, which confirms the grafting of SPSIK. In addition, the peak at 1627 cm™ in SPSIK,
corresponding to the vinylic group, is also disappeared in SG, confirming the grafting, which
consumes the vinylic group. Furthermore, the signature signal of Si-H, appears at 4.68 ppm ('H
NMR) in PMHS, and the three peaks in the range of 6.78 to 5.31 ppm (‘H NMR) in SPSIK
corresponding to 3 vinylic protons, are disappeared in SG, validating the grafting of SP on the
PMHS chains.[43, 46]. Finally, the overall synthesis of SG electrolyte was confirmed by the
coherence between the expected and the found values for all the elements, except for Si, in the
elemental analysis. The deviation observed for Si is mainly attributed to the incomplete digestion
of Si during the analysis, which was also noticed during the elemental analysis of commercial
products of Si such as PMHS and poly(methylphenylsiloxane)(PMPS) (Table S1 in Supporting
Information). The GPC analysis of SG in the tetrahydrofuran (THF) mobile phase depicts the
number average molecular weight (Mn) of 84,238, weight average molecular weight (Mw) of

150,230, and poly dispersity index (PDI) of 1.78 based on the polystyrene standard.

12
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Figure 1: The FTIR spectra of PMHS, SPSIK and SG electrolyte.

Since it was not possible to form a free standing membrane of SG electrolyte alone, PVDF-HFP
was used as a binder. The reason for choosing PVDF-HFP was based on the following
considerations. Although poly ethylene oxide (PEO) is one of the most extensively utilized
binders for polymer electrolytes, it may cause severe passivation upon contact with a lithium
metal anode. On the other hand, PVDF, a homo polymer, exhibits strong electrochemical
stability arising from the strong electron withdrawing fluorine atoms in the compound. It has a
high dieletric constant of 8.4, which helps in greater ionization of lithium salts. However, due to
its crystalline nature, PVDF may cause separation of solvent liquids from the membrane surface
(knowns as syneresis), which may result in a leakage of a solvent and thus become a safety
hazard when used in batteries. As the advanced version of a PVDF based polymer, PVDF-HFP,
the copolymer of vinylidene fluoride and hexafluoropropylene, performs better than PVDF
mainly due to the presence of an amorphous domain of hexafluoro propylene, which overcomes

the problem of syneresis. [47]
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Figure 2 depicts the thermal degradation of the SG electrolyte and SG/PVDF-HFP membrane, in
N, gas atmosphere. For SG electrolyte, after the 5% initial weight loss till 180 °C, which is
attributed to the loss of moisture and a trace amount of the solvents, no degradation occurs till
410 °C. A two stage of degradation starts after 410 °C and ultimately diminishes at 1000 °C with
ca. 10% of char. The results confirm the high thermal stability of the SG electrolyte at an
elevated temperature, which is a typical feature of polysiloxanes. The residual weight of the
sample, on completion of the TGA analysis, corresponds to the total Si and Li contents of the
material. For SG/PVDF-HFP membrane, the TGA thermogram shows stability up to 450 °C
before showing a single step degradation. The high thermal stability of the membrane is mainly
attributed to the thermal stability of both SG electrolyte and PVDF-HFP (degradation
temperature > 460 °C ).[48] The TGA suggests that the SG electrolyte and the SG/PVDF-HFP

membrane should also be potentially useful for high temperature applications of batteries.

— SG electrolyte
100 PVDF-HFP/SG membrane

0 200 400 600 800 1000
Temperature(°C)
Figure 2. The TGA thermogram of SG electrolyte and PYDF-HFP/SG membrane (N, 10
°C min™, RT to 1000 °C).
The DSC thermograms of the SG electrolyte and SG/PVDF-HFP membrane are shown in Fig. 3.

The glass transition temperature (T,) of SG was found to be 10 °C, fairly below the room

14
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temperature and the lowest among the SIPEs reported to date.[23, 24, 27, 49, 50] The low T,
arises mainly due to PMHS, the parent polysiloxane chain. Polysiloxane is known for its very
low glass transition temperature (~ -100 °C) due to the presence of highly flexible Si-O-Si bonds.
This is the main reason for PMHS was selected as the base polymer. The grafting of bulky
SPSIK group on PMHS increases the T, of the resultant SG electrolyte; however, the T, still
remains well below the room temperature. The absence of a melting peak below 150 °C, which
was expected due to the inherent amorphous nature of PMHS, confirms the amorphous nature of
the SG electrolyte. The low temperature flexibility of SG electrolyte as well as of PVDF-HFP
(Tg ~ -35 °C) works synergistically for the SG/PVDF-HFP membrane and as a result, the T, of
the membrane was found to be -17 °C, which ensures high flexibility of the membrane and
consequently, a decent performance of the membrane .[51] Furthermore, the low crystallinity of
the membrane coupled with low T, makes the membrane well suited as a single ion conducting

electrolyte membrane for lithium ion batteries.

-1.0

—— SG electrolyte
—— PVDF-HFP/SG membrane

Exo
-1 _5 _

-2.0-
AH(MW) j\\/\

T T T T T v T

-30 0 30 60 90 120 150 180

Temperature(°C)
Figure 3. The DSC thermogram of SG electrolyte and PVDF-HFP/SG membrane (N, 10

°C min’, -30 to 180 °C).
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The SEM image of the SG electrolyte is shown in Fig. 4a. The powder forms irregularly shaped
aggregates, which is attributed to the high polarization of the particles in view of the presence of
high polar groups. The morphology of the PVDF-HFP/SG blend membrane is depicted in its
SEM images (Figs. 4b and 4c). There are some blind pores found on the surface of the
membrane (Fig.4b). However, from the cross section of the membrane (Fig.4c), no pores are
visible, indicating the dense nature of the membrane. The blind pores may be formed due to the
evaporation of the solvent from the surface. The tensile strength of the membrane was found to
be 5.8 MPa with elongation at break of 18% (Fig. 4d), inferring its sufficiently high mechanical
strength. The membrane plays a dual role as a separator and as an electrolyte for battery
operation. To assess the mechanical strength of the membrane further, it was clamped between
two clips against the gravity and a 15 gram stainless steel cylinder was kept upon the membrane
(Fig. 4e). The membrane withstood the load of the cylinder successfully without showing a sign
of mechanical failure, which confirms its suitability as an electrolyte membrane for battery
assembly. In addition, the membrane displays high flexibility (Fig. 4f), which enables significant
reduction of interfacial resistance between electrodes and the membrane and thus enhances

battery performance.
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Figure 4. (a) SEM image of SG electrolyte, (b) SEM image of surface view of PVDF-
HFP/SG membrane, (¢) SEM image of cross-sectional view of PVDF-HFP/SG membrane
(d) tensile strength vs tensile strain graph of PVDF-HFP/SG membrane, (e¢) photograph of
clamped PVDF-HFP/SG membrane holding a stainless steel cylinder of 15 gram weight, (f)
photograph of flexible nature of PVDF-HFP/SG membrane.

4.3 Electrochemical Properties
The Electrochemical Impedance Spectroscopy (EIS) response of the PVDF-HFP/SG (soaked in
an EC/PC solution) was recorded at different temperatures and the results are plotted in Nyquist

coordinates (Z’ Vs Z’’), where Z’ and Z’’ are the real and imaginary parts of the impedance,
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respectively (Fig. 5). The equivalent circuit used for the fitting is also depicted in the inset of the
Fig. 5, where R1, R2, CPE and W stand for the bulk resistance, the interface resistance, the

constant phase element and the Warburg resistance, respectively.
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Figure 5. The EIS plot of the PVDF-HFP/SG membrane at various temperatures. The inset
is the corresponding equivalent circuit.

The ionic conductivity of the membrane at different temperatures was derived based on the
fitting results of the EIS responses obtained at the given temperatures.[27] At room temperature,
the ionic conductivity of the membrane was calculated to be 7.2 x10™* Sem™, which is slightly
higher than the conductivity displayed by most single ion gel polymeric electrolytes reported to
date.[6, 8, 26, 52, 53] The high conductivity of the electrolyte mainly arises from the electrons
delocalization of the N atom of the bisulfonyl imide group via the strong electron withdrawing
functionality of the adjacent S=O groups. The electron delocalization is further enhanced in the
presence of the two benzene rings at both ends. The delocalization thus gives rise to weak
association between cations and anions. The charge separation in the membrane enables high Li
ion mobility, which is further supported by the high flexibility of the main chains with Si-O-Si

bonds.
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To analyze the temperature-dependency of the ionic conductivity of the PVDF-HFP/SG
membrane, a graph is plotted between the log values of the ionic conductivity of the membrane
vs. the inverse of absolute temperatures (Fig 6), for the testing temperature range from 90 °C to
room temperature downwards. As expected, the measured log value of the ionic conductivity
increases linearly with temperature, exhibiting coherence with a typical Arrhenius curve but not
as steep as in what was observed with dual-ion based small molecular gel polymer
electrolytes.[54, 55] The meek increment in the ionic conductivity may be attributed to the
mechanical coupling between ion transport and polymer host mobility at a given temperature
according to the free volume law.[7] The highest conductivity at 90 °C was found to be 1.13 x10°

3Sem™.
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Figure 6. The Arrhenius plot of log (ionic conductivity) versus inverse absolute
temperature.

To calculate the lithium-ion transference number (th), Li | PVDF-HFP/SG membrane | Li cell

was assembled, where the membrane was slotted in between two non-blocking lithium metal

electrodes.[25, 56] The value of variables required for the calculation are depicted in the Table 1.
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The t;;" value was calculated to be 0.89 at room temperature, which infers the single-ion
conducting behaviour of the SG electrolyte as presumed.

Table 1. Parameters for calculation of lithium ion transference numbers (tLi+).

T,V T,R,)
AV Iy(nA) | Is(nA) [ Ro(2) | Rs(2) | € I,AV _I4Ry)
0.01 8.68 7.72 49.30 50.35 0.89

To evaluate the electrochemical stability of the PVDF-HFP/SG membrane, cyclic voltammetry
(CV) study was carried out using the Li | PVDF-HFP/SG membrane | stainless-steel cell. The CV
was performed at room temperature between 0 and 6V (versus Li'/Li) at a scan rate of 1 mV/s
and the response is plotted as a current vs voltage curve, as depicted in Fig 7. There is no
significant fluctuation observed in the current below 4.1V at room temperature, which infers the
electrochemical suitability of the SG/PVDF-HFP membrane with the most available cathode

materials.

'03 T T T T T T L2 T T T T
0 1 2 3 4 5 6

Potential (V) versus Li"/Li

Figure 7. Cyclic Voltammetry of PVDF-HFP/SG membrane at room temperature with the
scan rate of ImV/s. (cathodic part only).
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The galvanostatic charge-discharge cyclic performance of the PVDF-HFP/SG membrane was
investigated in the voltage window of 2.4-3.8 V at various C-rates. The PVDF-HFP/SG
membrane was sandwiched between a lithium metal anode and a LiFePO, composite cathode
(theoretical discharge capacity: 170 mAhg') in a coin cell.[57] Figure 8 displays the
characteristic evolution of the battery voltage of the cell Li | PVDF-HFP/SG membrane
(EC/PC) | LiFePO, as a function of its discharge capacity at room temperature, 60 °C and 80 °C,
respectively. The discharge curves exhibit a typical three step plateau profile of the LiFePO4
cathode material with the initial discharge capacities of 141, 159 and 154 mAhg"' at room
temperature, 60 °C and 80 °C, respectively, at 0.1 C rate.[23, 29, 52] Correspondingly, the initial
coulombic efficiencies were found to be 87, 88 and 93%. The slight increment of the plateau
voltage at the elevated temperatures may be attributed to the presence of the extra Li ions at the
cathode-PVDF-HFP/SG interface. The high Li mobility in the electrolyte membrane enables Li
ions to be released more readily at an elevated temperature. The ions are collected at the

interface and offer some extra resistance. As a consequent, the voltage increases.[58]
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——0.1Cat60°C
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Figure 8. The discharge profiles of Li | PVDF-HFP/SG membrane (EC/PC) | LiFePO,

battery coin cell obtained at room temperature, 60 °C and 80 °C for 0.1C rate
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The discharge capacity vs. cycle number of the cell is depicted in Fig. 9. The discharge capacity
of the cell at room temperature was found to be 141 mAhg™ at 0.1C and 135 mAhg™ at 0.2 C. In
particular, the battery performs very well at 60 °C with a C-rate up to 3C. At this temperature,
the discharge capacity was found to be near 160 mAhg™” for low C-rates and decrease gradually
as the rate increases. However, the capacity still remains above 110 mAhg™ at 2 C. The battery
also performs very well on 80 °C up to 2 C but becomes slightly inferior than at 60 °C, which
may be due to the reduction of electrochemical stability at the elevated temperature. The reason
for the good battery performance is attributed to (1) the low T, of the electrolyte which makes the
membrane more flexible, reduces the interfacial resistance between the electrodes and the
electrolyte and supports facile transport of Li ions, and (ii) the high lithium transference number,

which limits the concentration polarization effect .[59]

< ] 0.1C i
' i ‘ 0.2C 10.1C
= 14075 1¢ L3 N T o
= 120 0.2C e Al [
§ 80- gy
% 60‘_ Room Temp 60 °C 80 °C
_cc‘ﬁ 40 i
3 20 o
5 0 _ T T T T T T T -

0O 20 40 60 80 100 120 140 160
Cycle Number

Figure 9. The discharge capacity vs. cycle index of the Li | PVDF-HFP/ SG membrane
(EC/PC)| LiFePO, battery coin cell obtained at room temperature, 60 °C and 80 °C at
various C-rates.
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Summary

A novel approach of synthesizing a new class of single-ion polymer electrolytes based on a
polysiloxane polymer and a hydrosilylation technique is demonstrated in the present work.
Lithium styrenesulfonyl (phenylsulfonyl) imide grafted polymethyl hydrogen siloxane (SG)
electrolyte was successfully synthesized. The chemical structures and properties of the
electrolyte and its composite membrane with PVDF-HFP were thoroughly characterized via a
range of spectroscopic techniques including FTIR, NMR, TGA, DSC analysis, EIS and CV. The
highly flexible nature of SG electrolyte (Tg 10 °C) enables significant reduction of interfacial
resistance between the electrodes and the electrolyte membrane. As a consequence, the battery
cell incorporated with the electrolyte membrane performs very well in a wide range of
temperatures. The polymer electrolyte exhibits good thermal stability up to 410 °C and
electrochemical stability up to 4.1 V with remarkably high ionic conductivity of 7.2 x 10™* Sem™
at room temperature. The high ion conduction is attributed to the extensive electron
delocalization through the bis sulfonyl imide groups, leading to significant enhancement of
mobility of lithium ions. The measured lithium ion transference number is close to unity (0.89),
substantially higher than the value of typical dual-ion based electrolytes. The reasonably wide
electrochemical window enables the electrolyte membrane to be potentially useful for batteries
with a range of cathode materials. Furthermore, the battery performance of the SIPE membrane
was evaluated with an assembled coin cell of Li | PVDF-HFP/SG membrane (EC/PC) |
LiFePO,. The battery displays high charge and discharge rates with good columbic efficiency at
elevated temperatures. The successful demonstration of the electrolyte membrane may pave the
way to develop new SIPEs with high flexibility at low temperature, high ionic conductivity, and

high thermal and electrochemical stability. Finally, the applied synthetic route may serve as a
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useful protocol for grafting desired ionic conductive moieties in Si-H containing polymers with

tailored properties.
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