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ABSTRACT: We report a method to significantly enhance conductivity of lithium ions in a
polymeric lithium salt membrane by introducing functionalized meso/macro-pores to
accommodate a mixture of organic solvents in the polymer matrix. The meso/macro-porous
membrane is formed by a lithium poly[4-styrenesulfonyl(phenylsulfonyl)imide] polymer and
serves as an electrolyte in lithium ion batteries. The substantially enhanced ionic conductivity
of the membrane arises from the facile release of the lithium ions to the solvent and the
extensive interconnectivity of the meso/macro-pores that provides a smooth passage for the
solvated lithium ions to transport. The fabricated meso/macro-porous polymer membrane
displays excellent high-temperature sustainability and wide -electrochemical stability,
important for battery safety and enhancement of device performance and longevity. The

performance of the membrane is demonstrated in an assembled Li-ion battery cell.

Keywords: Electrolyte, separator, meso /macro-porous, single ion, lithium ion battery.

1. Introduction

The abundant clean energies, such as wind, hydro and solar energies, are the ultimate sources
to cope with the present energy crisis and environmental challenge worldwide. These sources,
however, are unable to provide an on-call service and intermittents, such as capacitors and

batteries, are needed to store and supply energies on demand. [1-4] For portable and daily



Journal of Materials Chemistry A

usage of electronic devices, lithium ion [5-7] and lithium polymer [8-10] batteries are among
the most commonly used energy storage systems.[11] For development of lithium ion
batteries, one of the critical technical challenges is to improve the key performance regulatory
parameters, including ionic conductivity and transference number of cations, which has been
a subject of intense research efforts.[4, 12, 13] Ionic conductivity can be improved by
increasing the degree of dissociation between lithium ions and electrolytes as well as by
providing resistance free passage for ion transport, whereas transference number of cations
can be potentially enhanced to unity by introducing rigid anionic species in solid

framework.[ 14]

Solid polymer electrolyte (SPE) based lithium ion batteries are known to be safer and more
durable than the liquid lithium salt based batteries.[15-17] These electrolytes are composed of
lithium ion salts blended with various polymer networks to form membranes, which serve
both as an electrolyte and as a separator in a battery device.[18, 19] A conventional SPE
works in a solvent-free environment and largely depends on an ion-coupled mechanism
(hopping of Li ions through segmental movements of polymers) for Li ions to shuttle
between electrodes.[20-22] Unfortunately, to date, most SPEs are unable to provide
sufficiently high ionic conductivity on the order of 10° Sem™” at a near ambient
temperature.[23] To overcome the difficulty of the inherently low ionic conductivity of
conventional SPEs, the concept of single ion conducting gel polymer electrolyte (SIPE) was
recently proposed.[24, 25] These SIPEs provide several advantages over the liquid lithium
salt electrolytes and the conventional SPEs, both of which behave as dual-ion conductors
upon charging and discharging. [26] The SIPEs not only provide high ionic conductivity but
also eliminate the problem of concentration polarization.[18, 26] The membranes of the
electrolytes normally consist of a polymer electrolyte salt as well as low temperature flexible
polymers serving as a binder.[24, 27, 28] With a proper porosity in the membranes, organic
solvents can be accommodated to form a gel-electrolyte to enhance the ionic conductivity.
The commonly used organic solvents include ethyl carbonate (EC), propyl carbonates (PC),
etc.[12, 29] In contrast to the conventional SPEs, in which ion conduction is realized via a
hoping mechanism, [24, 30, 31] high ionic conductivity in SIPEs can be achieved both
through charge separation arising from the electron delocalization of the anionic species and
through the liquid media. For example, Kerr et al. synthesized a single ion conductor based

on lithium bis(allylmalonato)borate (LiBAMB) and comb-branched polyepoxide ether to
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serve as an electrolyte and demonstrated significant battery performance at room
temperature[32, 33] Remarkably, they found that the ionic conductivity was increased by 2
orders of magnitude in the SIPE membrane with an organic solvent over in a dry
polyelectrolyte. Recently, we reported successful synthesis and fabrication of a class of boron
based SIPE membranes with substantially higher ionic conductivity than what was observed
in conventional SPEs.[34] These compounds exhibit good thermal stability, with ionic
conductivity comparable to that of liquid electrolytes. Unfortunately, the porosity of the
membranes is relatively small so that the amount of organic solvent accommodated in the

membranes may not be sufficient to induce even higher ionic conductivity.[35-37]

To explore the utility of the single ion polymer electrolyte concept and to take advantages of
the porosity of the material synchronously in a single system for Li-ion battery applications,
we present in this paper a novel procedure of synthesizing a polystyrene-based single ion
porous polymeric electrolyte and demonstrate its cyclic battery performance. This material
exhibits high polarization provided by anionic functional groups with delocalized charges
exposed on surfaces of the inter-connected meso/macro-pores of the polymeric framework
and Li" ions weakly associated with the polymer via an ionic bond. Organic solvents
conventionally used in Li-ion batteries, such as PC and EC, are then accommodated in the
meso/macro-pores to facilitate transport of the Li" ions. As an expected outcome, this
electrolyte shows high room temperature conductivity on the order of 10° Scm™,
approximately one order of magnitude higher than that of the non-porous electrolyte made of
the same material. The high ionic conductivity of the SIPE membranes offers a potential

opportunity to develop less expensive, safer and more flexible Li-ion batteries.
2. Experimental
2.1. Materials

Styrene (Alfa-Aesar), divinylbenzene (Alfa-Aesar), tetraecthoxysilane (Alfa-Aesar 99%),
polyvinylidene fluoride (PVDF) (Solef 6020), Mw 680,000 g mol™ (Solvay), benzoyl
peroxide (BPO) (MerckSchuchardt), dimethylaminopyridine (DMAP) (Sigma-Aldrich),
triethylamine (Fisher), sodium hydroxide (Chemcon 40%), chlorosulfonic acid (Fluka),
thionyl chloride (Tee Hai), hydrofluoric acid (Fisher 60% ), benzenesulfonamide (Sigma-
Aldrich), lithium hydroxide monohydrate (Sigma-Aldrich), dichloroethane (DCE) (Alfa-
Aesar 99%), dichloromethane (DCM) (Fisher), ethanol (Fisher), acetonitrile (Tedia), lithium

3
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iron phosphate (Sigma-Aldrich), N-methyl-2-pyrrolidone (NMP) (VWR), di-ionized water
(molar resistivity 18 MQ cm™). All reagents were of analytical grade. Styrene and
divinylbenzene were washed with sodium hydroxide aqueous solution (5 wt %) to remove the

inhibitor, and then distilled under a reduced pressure prior to polymerization.

2.2. Methods

All infrared spectra were taken with a Bio-Rad Excalibur FT-IR Spectrometer in the 400-
4000 cm™ frequency range. The microstructures of the polymer electrolyte were probed using
the field emission scanning electron microscopy (FESEM) with JEOL JSM-6701F. Samples
were prepared by platinum sputtering under 9 Pa at room temperature (20s, 30mA) with
JEOL JFC-1600 Fine Coater. Thermal degradation study was performed under inert
atmosphere of N, (flow rate 60 cm’min™') at 10 °C min™ heating rate in Thermo Gravimetric
Analyzer (TGA Q 50) of TA, Inst., USA. The experiment was conducted from room
temperature to 1000 °C. The differential scanning calorimetry (DSC) study was carried out on
Differential Scanning Calorimeter (DSC-1 Star System) of Mettler Toledo, USA, under an
inert atmosphere of N (flow rate 60 cm’min™) from 30 °C to 250 °C for 3 cycles at the
heating/cooling rate of 10 °C min™. The cross-polarized magic-angle-spinning (CP-MAS)
solid state *C NMR was performed on Bruker DRX 400 instrument. Pore size distribution
(PSD) and N, adsorption-desorption isotherms at 77K were measured by Micromeritics

ASAP 2020.

The ionic conductivity of the polymer electrolytes was measured by electrochemical
impedance spectroscopy (EIS) using a Electrochemical Workstation (ZHENNIUM) of
Zahner-Elektrik GmbH & Co., Germany, with the EIS module over the frequency range of
4x10° to 1 Hz with the oscillating voltage of 5 mV. The electrolyte membrane was placed
inside a cylindrical stainless steel device with a cavity of 1.5 cm diameter. The measurement
device was sealed in a glove box under argon and heated at 80 °C in an oven to obtain a
maximum contact between the membrane and the surface of the device prior to analysis. The
temperature vs conductivity graph was obtained by heating followed by cooling the device in
the testing temperature range from 90 °C to room temperature downwards. The Nyquist
curves of the real (Z’) vs imaginary (Z”’) parts of the impedance were fitted with the ‘SIM’

software.
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To analyse the battery performance, a multichannel battery testing instrument Arbin BT-2000
was used for the discharge capacity measurement of the coin cells assembled with the
synthesized polymeric electrolyte membrane. The composite cathode was prepared by casting
a well stirred solution 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 in a
NMP solvent on to an aluminum foil. The resulting electrode was dried in a vacuum oven at
80 °C for 12 hours. The dried cathode was then cut into a circular shape used in coin cells.

The assembling of the standard coin cells (CR2025) was done inside a glove box.

2.3 Synthesis

2.3.1. Synthesis of silica nano-particles

Mono-dispersed SiO, nanoparticles with the mean diameter of 260 nm were prepared by
hydrolysis of TEOS in an alcoholic medium in the presence of water and ammonia similar to
the reported procedure by Stober et al.[38, 39] In the synthesis, a solution with a given
amount of water, ethanol and ammonia was introduced into a three-neck round flask of 250
ml at room temperature, stirring at a mild rate. Then, tetracthoxysilane (TEOS) was
introduced continuously in the medium at a precise rate. The reaction took place at room
temperature under continuous stirring for over 12 hours. After the hydrolysis reaction was
completed, the mixture contained about 2 wt% SiO, particles and these particles were
collected by centrifugation from the white suspension. The primary sample of silica spheres
was obtained. In order to obtain good quality mono-dispersed spheres, the primary silica
sphere sample was re-dispersed in ethanol using an ultrasonicator, and was recollected by
centrifugation. The above washing process was repeated three times. The final product was
dispersed in ethanol to obtain a 4 wt% SiO, disperson. A thin layer of SiO, particles, packed
in hexagonal cubic packing (hcp), was made between two glass plates by capillary action
followed by evaporation of ethanol. Drying was done at room temperature, which took 2-3

days.

2.3.2. In-situ polymerization and etching

The synthetic process is shown schematically in Scheme 1. After drying, the SiO, pattern was
transferred into a tube containing 1.70 ml of styrene, 0.30 ml of divinylbenzene (DVB) and
0.02 g of benzoyl peroxide (BPO) for one hour to facilitate the filling of the gap between the
glass slides. Subsequently, the tube was transferred to an oven for 24 hours at 90 °C to ensure

complete polymerization. The post-polymerized template, which contains a poly-
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styrene/DVB membrane, was immersed in a HF solution for seven days to ensure clean
etching of the SiO, particles and glass plates.[40-42] The HF treated cross-linked porous

membrane was washed by distilled water thoroughly and dried.

Styrene/DVB

In-Situ Polymerization

Polystyrene-DVB copolymer/SiOz
(i)HF-Etching
(ii) Chlorosulfonation
(CISO:H/SOCL,)
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Schemel. Schematic representation of the synthetic protocol of the functionalized

meso/macro-porous polystyrene/DVB membrane.

2.3.3. Synthesis of lithium poly[4-styrenesulfonyl(phenylsulfonyl)imide] (PSSPSI)

porous membrane

The grafting of sulfonyl(phenylsulfonyl)imide group on the porous membrane was done in
two steps. In the first step, chlorosulfonation of polystyrene/DVB membrane took place in the
presence of chlorosulfonic acid and thionyl chloride (both in excess), in DCE medium at 40
°C for 2 hours. Washing was done by DCE followed by acetonitrile until the pH increased to
7. The membrane was dried for 6 hours at 80 °C. FTIR (ATR cm™): v = 1656(vcc), 1383
(vassoz), 1128 (vsso2).[43-45]{ v: stretching, a and f: in plane deformation s:symmetrical, as:
asymmetrical }. Elemental analysis: calculated: C, 49.86; H, 3.66; S, 14.97; Cl, 16.56 %,
found: C, 47.88; H, 4.11; S, 14.76; Cl, 9.96 %. Degree of sulfonation: ca. 90%. Degree of
chlorosulfonation: ca. 67%. In the second step, imidification was done according to the
procedure described in references 16 and 23. 6 ml of triethylamine, 3 g of
benzenesulfonamide and 2.12 g of DMAP were added into a flask containing 30 ml of

acetonitrile solvent, and the solution was stirred for an hour under argon atmosphere to

6
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solubilize all ingredients. Then, the chlorosulfonated polystyrene/DVB membrane (0.5 g) was
immersed in the solution for 16 hours at 60 °C. Subsequently, the membrane was washed with
an excess of acetonitrile solvent till the pH increased to 7. This membrane was kept in a
saturated aqueous solution of lithium hydroxide at 70 °C for 4 hours for lithiation. Washing
was completed with distilled water until the pH was reduced to 7. The membrane was dried
under vacuum at 80 °C for 24 hours prior to transferring to a glove box. FTIR (ATRecm™): v
=1641(vce), 1413(Beatvee), 1384 (vassoa), 1128 (vssoz), 1027(ves), [23, 46, 47].CP-MAS
BC NMR & ppm 148.82, 145.32, 141, 127.07, 41.24. Elemental analysis: calculated:
Elemental Analysis: Calculated: C, 51.06; H, 3.67; N, 4.25; S, 19.47; Li, 2.11 %. Found: C,
39.77; H, 5.76; N, 1.09; S, 12.03; Li, 1.92 %. Degree of imidification: ca. 38%.

2.3.4. Formation of the electrolyte membrane

0.039 g PVDF (vacuum dried at 40 °C for 24 hours) was transferred to a 5 ml glass beaker
followed by addition of 0.15 ml EC/PC (volume ratio is 1:1). A magnetic stirrer was also
placed in the beaker and the mixture was stirred at 60 °C for several minutes. The resulting
viscous solution was poured into another beaker where 0.040 g of the broken porous lithium
poly[4-styrenesulfonyl(phenylsulfonyl)imide] (P-PSSPSI) membrane pieces was placed. The
resulting mixture was heated on a hot plate at 100 °C for a few minutes and then cooled
down. Upon cooling, the formed membrane could be readily peeled off from the beaker. The
entire experiment was performed inside a glove box under argon gas atmosphere. This PVDF
binded P-PSSPSI (BP-PSSPSI) membrane was further used for conductivity measurement

and battery fabrication.
3. Result and Discussion

3.1 Synthesis and characterization of the P-PSSPSI membrane

As shown schematically in Scheme 1, styrene with divinylbenzene (DVB), which serves as a
cross-linking agent, on a silica particle template were used as the precursors. Upon
polymerization followed by etching of hexagonally packed (hcp) silica particles with a size
ranging from 260 to 300 nm, a porous 30 pm thick membrane with open and interconnected
meso and macro pores was formed (Figs. 1a and 1b). The size of the macro pores is dictated
by the diameter of silica particles, while the meso pores are formed due to the etching of the
contact surfaces of the silica particles in the hcp packing. Upon chlorosulfonation followed
by imidfication of polystyrene/DVB membrane, the resultant P-PSSPSI membrane retains its

macro pores as confirmed by the SEM image shown in Fig.1c. Unfortunately, the inherent
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brittleness of the polystyrene-DVB copolymer and high porosity make this membrane prone
to cracks and mechanically less robust. To overcome this difficulty, small pieces of the
membrane were cemented with a solution of PVDF in EC/PC 1:1 (v/v). A crack-free, flexible
membrane was obtained. The membrane also retains the feature of open and interconnected

macro pores as shown in Fig. 1d.

The DFT pore size distribution curves calculated from N, adsorption-desorption isotherms at
77 K for both the P-PSSPSI membrane and the BP-PSSPSI membrane are shown in Fig. 2a
and 2b, respectively. The distribution curves show that both the P-PSSPSI and the BP-
PSSPSI membranes possess a range of meso pores, in addition to macro pores. Figure 2
indicates that no significant change occurs in the porosity upon cementing the segments of

the P-PSSPSI membrane.

Figure 1. The SEM images of the polystyrene-DVB membrane: (a) before etching, (b) after

etching, (c) after functionalization and (d) after functionalization and binding with PVDF.
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Figure 2. DFT pore size distribution calculated from N, adsorption-desorption isotherms at

77K for (a) the P-PSSPSI membrane, (b) the BP-PSSPSI membrane.

The two-step chemical synthesis of the PSSPSI membrane was confirmed by FTIR, CP-MAS
solid state C NMR and elemental analysis (EA) techniques. The sulfur and chlorine
contents found by EA testing after the first step correspond to 90% sulfonation followed by
67 % chlorosulfonation of the polystyrene-DVB membrane. The nitrogen content detected
after the second step confirms 38% imidification of the chlorosulfonated membrane. The
relatively small degree of imidification indicates that the imidification was achieved only on

the walls of the pores as expected.

The TGA thermograms of the P-PSSPSI membrane and the BP-PSSPSI membrane are shown
in Fig.3. For the P-PSSPSI membrane, a small reduction of 6% of the initial mass is observed
due to the loss of solvent and moisture. The first stage thermal degradation begins at 420 °C
and extends up to 480 °C (ca. 8% of weight loss), corresponding to the degradation of non-
functionalized polystyrene.[48] The second stage occurring in 500 -600 °C (ca 55% of weight
loss) correlates with the degradation of the functionalized polystyrene (cleavage of the C-S
bonds).[23] The BP-PSSPSI membrane also shows the similar trend of degradation.
However, the second stage degradation occurs in a relatively lower temperature range (430-
530 °C) than the former, predominantly due to the loss of PVDF component of the membrane,
which thermally degrades just above 400 °C.[49, 50] The result confirms the high thermal
stability of both the P-PSSPSI and the BP-PSSPSI membranes at elevated temperatures and
suggests that the material could also be potentially useful for high temperature applications of

batteries.
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Figure 3. The TGA thermograms of the P-PSSPSI membrane and the BP-PSSPSI membrane
(N2, 10 °C /min, RT to 1000 °C).

The DSC thermograms of the P-PSSPSI membrane, the neat PVDF and the BP-PSSPSI
membrane are shown in Fig. 4. The glass transition temperature (Ty) of the P-PSSPSI was
found to be 160 °C. The high T, arises mainly from the bulky rigid benzene rings in the main
chains. The DSC thermogram of the neat PVDF shows an endothermic peak at 171 °C,
corresponding to its melting point. As depicted in the DSC thermogram of the BP-PSSPSI
membrane, no T, was found, which may be attributed to the overlapping of the expected
temperature range of T, with the melting point temperature range of PVDEF. In addition, the
peak corresponding to the melting point of PVDF does not shift appreciably in the BP-
PSSPSI, which indicates that except a small physical interaction, no strong adhesive force

works between PVDF and P-PSSPSI, and PVDF serves only as a binder.
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Figure 4. The DSC thermograms of the P-PSSPSI membrane, the neat PVDF and the BP-
PSSPSI membrane (N, 10 °C /min, RT to 250 °C).

3.2. Electrochemical Properties

The polymer electrolyte membrane cemented with PVDF was cut into a circular shape for

EIS testing. The ionic conductivity was calculated using the equation

_l
Gr_Ra

where ¢ is the conductivity of the membrane, and /, R and a represent the thickness of the
membrane, the bulk resistance and the area of the membrane, respectively. To understand the
influence of the porosity of the electrolyte membrane, another electrolyte membrane was
prepared using the same precursors but without use of the silica template. The resultant
product was a brittle dense membrane (D-PSSPSI) and thus had to be cemented by the same
method using the PVDF solution in EC/PC. The EIS responses of the cemented electrolyte
membranes at room temperature with and without porosity in the Nyquist coordinates are
shown in Fig. 5, where the equivalent circuit used for the fitting is also depicted. Here, R1,
R2, CPE and W stand for the bulk resistance, the interfacial resistance, the constant phase
element and the Warburg resistance, respectively. The PVDF binded D-PSSPSI (BD-
PSSPSI) membrane shows a much higher impedance value (Z’) than the BP-PSSPSI

membrane in the mid frequency range. The Z’ value in this frequency range predominantly
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corresponds to the interfacial resistance R2 and thus significantly affects battery

performance.[51]
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Figure 5. The EIS plots of the BP-PSSPSI and the BD-PSSPSI membranes at room

temperature. The inset is the corresponding equivalent circuit.

The ionic conductivity of the P-PSSPSI membrane was found to be 6.3 x 10° S cm™ in an
organic solvent using EC/PC of 1:1 v/v at room temperature. The temperature-dependency of
the ionic conductivity for the BP-PSSPSI and the BD-PSSPSI membranes is shown in Fig. 6.
The plot of log value of the ionic conductivity of the BP-PSSPSI and the BD-PSSPSI
membranes vs. the inverse of absolute temperature displays consistency with a typical
Arrhenius curve within the test temperature range from room temperature to 90 °C. The room
temperature conductivity of the BP-PSSPSI membrane was found to be 4.0 x 10° S cm™,
only modestly smaller than the value of the P-PSSPSI. The ionic conductivity of the
membrane is among the highest values of the single ion polymer electrolytes reported to date
and close to the conductivity of liquid electrolytes.[52] The highest measured conductivity at
90 °C is 1.0 x 107 S cm™. As expected, the measured conductivity shows a monotonic
increase with temperature; the conductivity increment is essentially linear but not as steep as
in small molecular electrolyte or ionic based gel polymer electrolytes.[30, 53] The modest
increment may be attributed to the mechanical coupling between ion transport and polymer
host mobility at a given temperature according to the free volume theory of polymers.[23, 54]
The remarkably high ionic conductivity is attributed to the high porosity of the membrane as

well as to the high acidity of sulfonyl(phenylsulfonyl)imide group, which facilitates transport

12
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of Li ions in the solvent readily. For the BD-PSSPSI membrane, the room temperature
conductivity was found to be 5.7 x 10* S cm™, substantially smaller than the conductivity of
the BP-PSSPSI membrane, which underscores the importance of porosity of battery

electrolyte membranes for enhancement of ionic conductivity.
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Figure 6. The Arrhenius plot of log ionic conductivity vs. inverse of absolute temperature for

the BP-PSSPSI and the BD-PSSPSI membranes.
3.3 Battery performance

To demonstrate the battery performance of the BP-PSSPSI membrane, we assembled several
coin cells using LiFePOy as the cathode and a lithium foil as the anode. Figure 7 displays the
discharge capacity vs. the cycle number of the cell Li/BP-PSSPSI (EC/PC)/LiFePO, at the
discharge rate of 0.1 C and room temperature. The discharge capacity of the cell is around
125 mAh g'1 for all the 15 cycles tested and the battery performance remained to be very
stable. Of course, to gain thorough understanding of the electrolyte membranes, more
extensive testing of the battery performance at various temperatures and charging/discharging
rates needs to be performed. Nevertheless, the preliminary performance testing corroborates
the viability of the proposed concept and confirms the electrochemical stability of the

synthesized electrolyte membrane.
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Figure 7. Cycle performance of the Li/BP-PSSPSI membrane (EC/PC)/ LiFePOs, at room
temperature and discharge rate of 0.1 C.

4. Conclusions

We present here a novel synthetic protocol for design of polystyrene-based single ion porous
polymer electrolyte, which possesses high porosity with open and interconnected pores of
meso and macro sizes. This enables selected functional groups to be placed on the walls of
the pores. The sulfonyl(phenylsulfonyl)imide groups cling in the pores give rise to significant
charge-delocalization in the framework, resulting in weak association of lithium ions in the
extra-framework with the polymer. The large porosity of the material enables organic
solvents conventionally used in Li-ion batteries to be accommodated, leading to high Li ion
mobility with the ionic conductivity on the order of 10° Sem™, which is comparable to the
conventional liquid electrolytes. The pore sizes are tunable and can be altered by using
different silica particle synthesis methods. The mechanical problem associated with the
brittleness of the material as well as the high porosity of membrane can be largely overcome
by binding with a PVDF solution, which results in only slight reduction of conductivity as
well as porosity. The electrolyte with the PVDF binder exhibits good thermal stability. The
preliminary cell performance testing confirms the electrochemical stability of the electrolyte
membrane and supports its suitability for applications in Li-ion batteries. Further

understanding on the battery performance can be gained through extensive testing of the

14
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electrolyte membranes at a range of temperatures and charging/discharging rates, which is

currently underway in our lab.
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