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Abstract A novel linear non-fluorinated sulfonimide

functionalized polyamide (SPA) polymer electrolyte was

successfully synthesized via an aromatic sulfonimide

monomer with superior thermal stability and superacidity.

The aromatic sulfonimide remains stable below 220 �C. To

fabricate membranes with strong mechanical strength and

dimensional stability, the polymer was blended with vari-

ous quantities of PVdF. The PVdF/SPA blend membranes

exhibit an excellent capacity of water uptake and high

dimensional stability. However, their proton conductivity

was found to be substantially lower than that of Nafion 211.

Analysis on the SEM images of the PVdF/SPA blend

membranes reveals that the low proton conductivity is

primarily caused by the large pore structures ([1 lm),

which lead to breakdown of the continuous proton transport

channels.

Introduction

Proton exchange membrane (PEM) fuel cell technology is

considered as one of the key technologies for the incipient

hydrogen economy [1, 2]. With an energy conversion

efficiency of 40–60 %, PEM fuel cells convert hydrogen

into electricity directly with water as the only byproduct [3,

4]. In general, a PEM plays two important roles in a fuel

cell by transporting hydrated protons and blocking the

mass crossover between the anode and the cathode. While

commercial PEMs based on perfluorosulphonic acid poly-

mers, of which Nafion� is viewed as the ‘‘gold standard’’,

often display high proton conductivity, excellent chemical

stability, strong mechanical strength and flexibility, and

potentially, long-term durability [5], they suffer from fuel

permeation, electro-osmotic drag of water, reduced proton

conductivity under relatively low humidity, environmen-

tally unfriendliness, and high cost [6]. Furthermore, deg-

radation of Nafion� membranes during fuel cell operation

was also found to be a serious issue for stable fuel cell

performance [7]. It has been confirmed that the membrane

degradation is attributed to the chemical attack by hydroxyl

free radicals produced from hydrogen peroxide, which is

generated catalytically by metal impurities [8, 9]. The

‘‘weak’’ sites of Nafion�, such as the polymer end groups

(–CF2COOH) produced during membrane processing, are

most accessible for the attack.

Chen et al. [9]. investigated Nafion� membrane degra-

dation using X-ray photoelectron spectroscopic technique.

A decomposed product of cross-linking S–O–S was

detected, indicating there is an additional ‘‘weak’’ site,

–SO3H, during the operation of PEMFC. In general, the

sulfonic acid groups in sulfonated PEMs may also undergo

degradation, which further affects the performances of fuel

cells. To date, the majority of PEMs that have been

reported depends on sulfonic acid to promote conductance

of protons [10–13]. To avoid membrane degradation, new

functional groups, such as phosphoric acid or sulfonimide

group, to be utilized in the membrane materials as proton

carriers, appear to be highly attractive alternatives.
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One of the functional groups, CF3SO2–, is known to be

notoriously electron withdrawing, which enables the negative

charge on the anionic species, N-(SO2CF3)2 (TFSI), to be

significantly delocalized. This unique property allows the

TFSI salt to be widely utilized in lithium ion batteries [14–16]

and ionic liquids [14–21]. Most recently, this functional group

was also used in single ion conductive polymer electrolytes

because the compounds yield high Li? ion transfer numbers

arising from the high degree of charge delocalization and the

anion immobilization with the anionic species being cova-

lently bonded to the polymer backbones [22–28]. In addition

to the superior electrochemical performance, these materials

also display excellent thermal and chemical stabilities.

Moreover, extensive efforts have been devoted to the devel-

opment of sulfonamide-based polymer membranes for

potential replacement of Nafion as PEMs because of their

strong gas-phase superacidity, excellent thermal stability,

capability to promote oxygen reduction kinetics at cathode,

and weak adsorption on platinum catalyst [29–38]. Summer

and co-workers [34] developed a class of polymers with a

similar structure of Nafion but the sulfonic acid group is

replaced by a sulfonimide group. This sulfonimide substituted

membrane exhibits proton conductivity two-fold higher than

that of Nafion 117. It also displays higher water uptake (WU)

than that of Nafion 117 facilitated by the internal pores and/or

the channel structures enabled by the sulfonimide acid groups.

Nevertheless, utilization of the trifluoromethane group in the

sulfonimide functionalized PEMs may result in membrane

degradation and higher material costs.

To overcome the shortcoming but at the same time retain

the good proton conductivity of Nafion, we designed and

synthesized a non-fluorinated sulfonimide based PEM with

tunable structure and properties. A non-fluorinated sulfon-

imide precursor, 4,40-dicarboxyldiphenylsulfonimide, was

first synthesized. With high thermal stability up to 320 �C

and strong acidity, the compound can be used to fabricate

linear, comb-like or network structured SPA polymer

electrolytes by taking advantage of the two carboxyl acid

linkers. In this paper, we report synthesis and character-

izations of a linear aromatic SPA based polymer electrolyte

with a rigid structure. In order to fabricate mechanically

strong membranes, a polyvinylidene fluoride (PVdF) was

employed as a binder. The main properties of the blend

membranes, specifically, the mechanical strength, WU and

swelling, ion exchange capacity (IEC) and proton conduc-

tivity, were investigated and compared with the corre-

sponding values of Nafion 211. The blend membranes

display a higher water retention rate since sulfonimides

interact with water more strongly than sulfonic acid [34].

Moreover, they also show good thermal stability up to

220 �C and better swelling property. However, these

membranes exhibit lower proton conductivity than that of

Nafion 211 arising from the interrupted internal pores and

channel structures due to the poor compatibility between the

flexible structure of the aliphatic PVdF binder and the rigid

structure of the aromatic SPA polymer, based on the SEM

analysis. The result provides useful information on how to

design performance-enhanced blend membranes with tun-

able macro/micro porous structures through selecting

appropriate structurally compatible polymers.

Experimental

Materials

4,40-Diaminodiphenylsulfone (DADS), p-toluenesulfon-

amide and p-toluenesulfonylchloride were purchased from

Sigma Aldrich. Pyridines, triphenylphosphite (TPP),

KMnO4 and dimethyl sulfoxide (DMSO) were used as

received without further purification. DADS was dried at

100 �C for 24 h, Pyridine was dried with KOH and dis-

tilled. N-methyl-2-pyrrolidone (NMP) was distilled from

P2O5 and calcium chloride (CaCl2) was dried under vac-

uum at 180 �C for 24 h before use.

Preparation design and development of organic

and ionic liquids for gas storage

The synthetic procedure is shown in Scheme 1. The syn-

thesis of the SPA includes two steps: (1) preparation of

the 4,40-dicarboxyldiphenylsulfonimide monomer and (2)

polymerization of SPA.

Synthesis of 4,40-dimethyldiphenylsulfonimide (MBSI)

A homogeneous solution was prepared by dissolving p-tol-

uenesulfonamide (17.122 g, 100 mmol) and NaOH 4.225 g,

105 mmol) into 150 ml of deionized water at 90 �C. Sub-

sequently, p-toluenesulfonylchloride (19.074 g, 100 mmol)

was slowly added into the solution within 2 h, and the

reaction was then kept at 90 �C for another 12 h. After

adjusting the pH of the mixture to 7 by using a diluted HCl,

the reaction was left overnight. A sufficient amount of HCl

was added to adjust the pH of the solution to 1, yielding a

white precipitate. The product was collected via filtration and

then dried under vacuum overnight at 120 �C. The final

product (20.665 g) was obtained upon recrystallization from

the deionized water. The yield was 63.5 %.

Synthesis of 4,40-dicarboxyldiphenylsulfonimide

monomer (CBSI)

A 4,40-dicarboxyldiphenylsulfonimide monomer was

obtained by oxidizing the methyl group of MBSI into
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carboxyl group. 4,40-Dimethyldiphenylsulfonimide (20.665 g,

63.51 mmol) and LiOH�H2O (2.690 g, 63.51 mmol) were

then dissolved completely into deionized water (300 mL) at

95 �C. KMnO4 (20.068 g, 127.0 mmol) was slowly added

into the solution within 2 h. Subsequently, the reaction

mixture was stirred at 95 �C overnight. Upon removal of

MnO2 and the unreacted KMnO4 by filtration, the filtrate was

acidified with concentrated HCl. The final desired product

was collected via acidification at last 5 times with a yield of

76.1 %.

Synthesis of sulfonimides functionalized polyamide

based polymer electrolyte (SPA)

SPA was synthesized and purified based on the procedure

described by Yamazaki et al. [39]. A mixture of CBSI

(3.855 g, 10 mmol), DADS (2.480 g, 10 mmol), CaCl2
(2.80 g, 25.5 mmol), TPP (5.2 ml) was added into a

mixed solvent of NMP (20 ml) and pyridine (15 ml) and

the reaction was kept at 100 �C for 12 h with stirring

under argon atmosphere. After the reaction was com-

pleted, the mixture was cooled to 70 �C and then poured

into 200 ml cold methanol. A white precipitate was

obtained by filtration and the pure product was collected

upon continuous washing with methanol and deionized

water. The product was finally dried at 140 �C under a

reduced pressure for 6 h. The molecular weight of the

compound was evaluated using gel permeation chroma-

tography with DMF as the eluent. The weight-average

molecular weight (Mw) of the SPA was 34,800 g/mol and

the polydispersity index was 3.67, suggesting that the

SPA polymer was successfully synthesized.

Preparation of PVdF/SPA blend membranes

A series of PVdF/SPA blend membranes were prepared

via a solution cast technique using DMSO as a solvent.

The 8 wt% of the SPA solution and 8 wt% of the PVdF

solution in DMSO were first prepared. The well mixed

solution was then casted onto glass plates and dried at

80 �C. The dried membranes were removed from the

glass plates and further dried at 140 �C under vacuum for

24 h. The prepared blend membranes were activated by

soaking in 0.5 M H2SO4 at room temperature for 12 h,

and subsequently washed with ultrapure water repeatedly

until the pH values of the wash solutions became 7. The

average thicknesses of the membranes measured were

50.96 ± 4.75 lm in a dry state.
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Characterization

Thermal analysis

Thermal analysis of the PVdF/SPA blend membranes was

done via thermo gravimetric analysis (TGA), using SDT TA

Instruments 2960 Simultaneous DTA-TGA, at 10.00 �C/min

ramp up to 800 �C, under nitrogen atmosphere. Samples

were dried in a vacuum oven at 140 �C for 6 h before test.

Scanning electron microscopy

Surface morphologies of the PVdF/SPA blend membranes

were investigated using JEOL JSM-6701F field emission

scanning electron microscopy. Test specimens were sput-

ter-coated with platinum before imaging.

Tensile strength

The tensile strength and elongation at break of the PVdF/

SPA blend membranes were measured according to ASTM

D882, REF ASTM using an Instron Universal Materials

Testing System (model 5544) with a 10 N load cell at

25 �C with constant relative humidity of 50 %. Rectan-

gular-shaped samples were cut from the films (10 mm wide

with a gauge length of 20 mm). The thickness of the

samples was measured with a digital micrometer with a

precision of 1 lm and sensitivity set at 40 %.

Water uptake and swelling

WU and dimensional swelling of the PVdF/SPA blend

membranes were measured according to the following

steps. The sorption process of water was firstly monitored

at an interval of 2 h for 12 h. Since no change was

observed after 6 h for most of the membranes, a standard

time of 12 h was set to measure the swelling index in the

present work. For WU measurement, the membranes were

first immersed in ultrapure water for 12 h at room tem-

perature and weighted immediately upon removal of the

surface water using a clean tissue paper (Wwet). The

membranes were then dried at 120 �C under vacuum for

6 h and weighted immediately (Wdry). The WU was cal-

culated according to the following equation:

WU %ð Þ ¼ Wwet �Wdry

Wdry

� 100 ð1Þ

The measurement of blend membrane dimensional

swelling was done in a similar way to that of WU. A strip

with the predetermined dimensions (4 9 1 cm2) of mem-

brane was prepared first and then equilibrated in the

deionized water for 12 h to obtain the wet length (Lwet).

The wet membrane was then dried at 120 �C in vacuum for

6 h to yield the dry length (Ldry). The water swelling was

calculated as:

WS %ð Þ ¼ Lwet � Ldry

Ldry

� 100: ð2Þ

Ion exchange capacity

The PVdF/SPA membranes (0.1–0.2 g) were first

immersed in 100 ml of 0.5 M NaCl for at least 48 h so as

to fully convert H? of the sulfonimide to Na?. The con-

tents of H? were measured by titration with 0.01 M NaOH

using phenolphthalein as the indicator. The operation was

repeated at least three times to acquire the exact data. IEC

was calculated using Eq. (3):

IEC ¼
VNaOH Lð Þ � NaOH½ � mol

L

� �

W gð Þ mol=gð Þ ð3Þ

where VNaOH is the volume of NaOH, [NaOH] is the

concentration of NaOH and W is the weight of PVDF/SPA

membrane.

Proton conductivity

Proton conductivity was determined in a sandwiched SS|

PEM|SS cell by electrochemical impedance spectroscopy

(EIS) using a potentiostat–galvanostat AUTOLAB model

PGSTAT12/30/302 over a frequency range of 10–4 MHz

with the oscillating voltage of 5 mV. The blend membranes

were pretreated in the 0.1 M H2SO4 solution for 24 h and

then in the ultrapure water for 24 h. Proton conductivity

was calculated from the impedance data using the equation:

r ¼ l

R � A ð4Þ

where r is the proton conductivity (S cm-1), l is the

membrane thickness (cm), R is the membrane resistance

(X) associated with the ionic conductivity of the mem-

branes, which was determined from the high frequency

intercept of the impedance with the real axis, and A is the

membrane surface area (cm2).

Results and discussion

FTIR spectroscopies

Figure 1 shows the overlaid FTIR spectra of the pristine

SPA, pristine PVdF and PVdF/SPA blend membranes.

Several bands are present during the formation of the SPA.

The intensity of the characteristic bands of amide C=O

stretching (1662 cm-1) and C=C aromatic stretching

(1591, 1527 and 1494 cm-1) decreases as the SPA content

in the membranes decreases. Moreover, the b-phase PVdF
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homopolymer peak identified at 480 cm-1 [40] increases

slightly with the increase of the PVdF content.

Thermal and mechanical strength

TGA was carried out to examine the thermal stability of the

synthesized materials under flowing nitrogen atmosphere.

Figure 2 shows the TGA spectrum of the 4,40-dicarbox-

yldiphenylsulfonimide monomer, which displays good ther-

mal stability up to 320 �C. Shown in Fig. 3 are the TGA

curves and DTG curves of the pristine SPA, the pristine PVdF

and PVdF/SPA blend membranes. The small amount of

weight loss of the pristine SPA and PVdF/SPA before 100 �C

is attributed to desorption of water molecules. However, no

weight loss is observed for the pristine PVdF before 100 �C,

suggesting that the SPA polymers possess promising hydro-

philicity that may enhance the WU capacity. It is also evident

from Fig. 3 that the SPA polymers first undergo a slight

weight loss at 220 �C, indicating that these blend membranes

exceed the thermal stability requirement for the operation

temperatures of PEM fuel cells. Moreover, the weight loss ofFig. 1 FTIR spectra of PVdF/SPA blend membranes and pristine

SPA and PVdF
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Fig. 2 Thermal stability of 4,40-dicarboxyldiphenylsulfonimide

Fig. 3 Thermal stabilities

(a) and dTG curves (b) of

PVdF/SPA blend membranes

and pristine SPA and PVdF
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membranes and Nafion 211
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the initial decomposition increases as the SPA polymer con-

tent in the PVdF/SPA blended membranes increases.

The mechanical properties of the PVdF/SPA blend

membranes and Nafion 211 were also measured in their dry

state in an ambient environment and compared in Fig. 4.

The tensile strength increases with the PVdF content in the

blend membranes. However, the tensile strengths of all the

PVdF/SPA membranes are significantly weaker than that of

the Nafion 211 membrane. The elongation at break

increases with the PVdF content. However, it is signifi-

cantly lower than that of Nafion 211, which has extremely

high elongation at break of 211 %.

Water uptake and water swelling

Sufficient WU is one of the essential requirements for a

potential PEM since water is the medium for proton con-

duction in the membrane. However, excessive water

retention may give rise to a swelling problem and thereby

result in dimensional instability of the membrane. The

dimensional instability during hydration/dehydration cycle

for PEMFC operation could lead to interfacial delamina-

tion between the electrode and the PEM and thus signifi-

cantly affect cell performance [41]. Figure 5 shows the

WU and the dimensional swelling ratio of the PVdF/SPA

blend membranes in terms of PVdF content ranging from

35 to 60 wt%. The WU in the membranes increases with

the SPA content when the PVdF content is higher than

40 wt%. In particular, PVdF35 displays slightly lower WU

than PVdF40 even though the former has a higher content

of sulfonimide groups. It turns out that the lower WU is due

to the state of water presence in the blend membranes,
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Fig. 7 SEM images of series of PVdF/SPA blend membranes and Nafion 211
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which is closely related to the membrane morphology, as

will be explained via the analysis on the SEM images later.

Proton conductivity

The proton conductivity of the PVdF/SPA blend mem-

branes is shown in Fig. 6 as a function of temperature.

Membranes with higher SPA contents exhibit higher proton

conductivity due to the higher concentration of protons

arising from the acidic sulfonimide groups. Furthermore,

the proton conductivity increases with temperature due to

the higher proton mobility, as expected. Unfortunately, the

proton conductivity of the blend membranes is substan-

tially lower than that of Nafion 211, indicating that water

retention capacity does not necessarily correlate with pro-

ton conductivity since WU in Nafion 211 is lower than in

the PVdF/SPA membranes. Pourcelly et al. [42]. reported

that fully hydrated membranes contain three types of water:

(1) non-freezing water bound to the sulfonic acid groups,

(2) freezable water weakly bound to the ionic groups and

the polymer matrix and (3) free water not intimately bound

to a polymer chain behaving like bulk water. From the

SEM images shown in Fig. 7, the PVdF/SPA blend mem-

branes exhibit extremely porous and coarse surface mor-

phologies with a pore size of around 10 lm while the

Nafion membranes usually display smooth surfaces. This

morphologic difference might explain the lower conduc-

tivity and the higher water retention rate of the PVdF/SPA

membranes compared with the properties of Nafion. The

high WU arises mainly from the free water molecules in

the pores. These molecules do not intimately bound to the

polymer chains and behave like bulk water. Furthermore,

the large pore size ([1 lm) may cut off the continuous

proton conducting channels. As a consequence, the proton

conductivity of the PVdF/SPA membranes becomes sub-

stantially lower than that of Nafion.

The importance of membrane quality on proton conduc-

tivity is further underscored from the comparison between

the SEM images and the measured proton conductivity. It is

evident from Fig. 7 that the morphologies of the blend

membranes are largely affected by the PVdF content. The

smoothness of the membranes, which indicating formation

of continuous conducting channels essential for enhance-

ment of proton conductivity, increases with the decrement of

PVdF content in the blends. PVdF35 displays the smoothest

surface and the highest proton conductivity, even with the

lowest WU among all the blend membranes. The increase of

the formation of pores with the increment of PVdF content in

the blend membranes may be attributed to the poor com-

patibility between PVdF and SPA. Despite the presence of

polar groups in the blend, which enhances the membrane

strength through dipole–dipole interactions, the structural

rigidness of SPA may be the root cause for the poor com-

patibility, which becomes increasingly pronounced as the

PVdF proportion increases in the blend.

Ion exchange capacity

IEC is another important parameter for PEMs. A high IEC

is required to insure high proton conductivity. Figure 8
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Table 1 Tabulated data of properties of PVdF/SPA blend membranes and Nafion 211

Water

uptake (%)

Water

swelling (%)

IEC Proton conductivity

(910-3 S cm-1)a
Tensile

stress (MPa)

Elongation

at break (%)

PVdF35 38.8 3.28 36.9 0.751 1.95 2.12

PVdF40 56.4 3.20 33.0 0.552 1.98 3.77

PVdF45 53.1 2.23 26.0 0.455 1.99 4.94

PVdF50 26.1 1.96 19.9 0.413 2.83 8.12

PVdF55 24.4 1.19 13.6 0.335 4.42 14.3

PVdF60 15.2 1.20 10.3 0.274 5.78 16.0

Nafion 211 12.1 4.62 42.9 11.81 16.9 211

a Proton conductivity was measured at 80 �C. The rest of the data all measured at ambient temperature
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illustrates the IEC values of the PVdF/SPA membranes.

The IEC of the membranes increases as the PVdF content

decreases. The IEC value of PVdF35 is 36.9 mmol/g, very

close to the value of 42.9 mmol/g of Nafion 211. A high

IEC value of a membrane enhances water retention and

proton conductivity but may also cause an extreme

dimensional swelling problem. Therefore, an appropriate

balance between IEC and dimensional swelling must be

maintained (Table 1).

Summary

A sulfonimide based SPA polymer with an adjustable lin-

ear, comb-like or network structure, was designed and

successfully synthesized. To enhance the mechanical

strength and to improve dimensional stability of the poly-

mer, PVdF was utilized as a binder for fabrication of blend

membranes with various binders to polymer ratios. Sub-

sequently, the performance of these membranes as poten-

tial PEM materials for applications in fuel cells was

examined. All PVdF/SPA blend membranes exhibit higher

WU and better dimensional stability than Nafion 211.

Unfortunately, they also display much lower proton con-

ductivity than the Nafion membrane despite the higher

WU. The SEM images suggest that the free water stored in

the pores is primarily responsible for the high WU. The

large porosity in the membrane breaks down the continu-

ous proton conduction channels. To boost the conductivity

of the SPA membranes to be competitive to that of Nafion,

the quality of the polymer films must be significantly

improved with higher density and better uniformity, which

requires selecting more miscible binders with the SPA

polymer and optimizing the preparation conditions of the

polymer blends. In addition, doping with metal oxides into

the polymer blends may also enhance the membrane per-

formance, which is the subject of our future studies.
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