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The effect of ion exchange capacity (IEC) on the water sorption properties of high IEC, short side

chain (SSC) PFSA ionomer membranes, and the relationships between water content, proton

conductivity, proton mobility, water permeation, oxygen diffusion, and oxygen permeation are

investigated. SSC PFSA ionomer membranes possessing 1.3, 1.4, and 1.5 mmol g�1 IEC are

compared to a series of long side chain (LSC) PFSA ionomer membranes ranging in IEC from

0.9 to 1.13 mmol g�1. At 25 1C, fully-hydrated SSC ionomer membranes are characterized as

possessing higher water contents (56–75 vol%), moderate l values (15–18), high analytical acid

concentrations (2–2.8 M), and moderate conductivity (88–115 mS/cm); but lower than anticipated

effective proton mobility. Complementary measurements of water permeability, oxygen diffusion,

and oxygen permeability also yield lower than expected values given their much higher water

contents. Potential benefits afforded by reducing the side chain length of PFSA ionomer

membranes, such as increased crystallinity, higher IEC, and high hydrated acid concentration are

offset by a less-developed, frustrated hydrophilic percolation network, which provides a

motivation for future improvements of transport properties for this class of material.

Introduction

Perfluorosulfonic acid (PFSA) ionomer is the preferred mate-

rial for use in membranes for current generation PEM fuel

cells. For several decades Nafions, commercialized by the

E.I. Dupont Co. has been the benchmark PFSA ionomer

membrane for low–to-medium temperature PEMFCs. Signifi-

cant attention has been paid to reducing the thickness and

improving its chemical stability.1 Nafions possesses many

desirable properties for PEMFC applications but still suffers

from poor proton conductivity under low relative humidities.

Nafion PFSA membrane is a long-side-chain (LSC) ionomer

(Scheme 1a). A promising derivative utilizes a short-side-

chain (SSC) ionomer (Scheme 1b). This class of polymer was

originally introduced by the Dow Chemical Co. in the 1980s

but commercially abandoned because of its complicated synthesis

and high cost; despite the improvements observed in fuel cell

performance over LSC ionomer memebranes.2 Recently, a

simpler synthetic route to the SSC ionomer was developed

by Solvay Solexis. Membranes under the trade name, Aqui-

vions -previously Hyflons ion, possess similar properties to

the original Dow ionomer membranes,3 and compared to LSC

analogues exhibit a higher degree of crystallinity, enhanced

proton conductivity and higher Tg,4 which collectively confer

improved mechanical durability, greater fuel cell efficiency,

and enable higher temperature operation. An increasing num-

ber of studies describing the properties of SSC PFSA ionomer

membranes are reported.4–8 Kreuer and co-workers9 studied

Dow 840 (840 g mol�1) and Dow 1150, reporting that SSC

PFSA membranes displayed similar water and proton trans-

port and similar hydrophobic/hydrophilic separation as a

Scheme 1 PFSA ionomers: (a) long side chain (LSC); (b) short side

chain (SSC).
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function of water volume fraction in comparison to Nafions

117 at a given IEC. The connectivity of the hydrophilic

channels was reported to be reduced due to the reduced

flexibility of the short side-chain architecture. Gorri et al.10

explored water and methanol permeation through

SSC Hyflons 860 membranes and reported that water and

methanol fluxes increase with temperature. De Angelis et al.

studied the effect of temperature on water sorption and

diffusion in a SSC PFSA membrane (EW = 860 g mol�1)

and demonstrated that water diffusivity reaches a maximum

value when the water content approaches maximum values of

hydration of -SO3H groups.11 SSC ionomers have also been the

subject of several theoretical and molecular-level modelling

studies,12–18 from which, the effect of backbone flexibility, length

of side chain, IEC, and molecular weight on proton transport

processes, under varying levels of hydration, has been revealed.

Compared to LSC PFSA analogues, the shorter side chain

should allow for a much greater IEC without causing excessive

swelling or dissolution. This is because the main chain sequence

length between side chains will, on average, be longer for a

given IEC, and hence the extent of main chain crystallization,

potentially greater. However, reported studies of high IEC,

SSC PFSA ionomer membranes are relatively few. Moore

and Martin19 studied the Na+-form of Dow’s PFSA ionomer

membranes (EW = 635, 803, 909, 1076 and 1269 g mol�1)

using WAXS. The analysis revealed that high IEC SSC

membranes possessed a lower crystallinity index than low

IEC analogues. DSC analysis revealed that Dow 635 membrane

possessed endotherms due to a glass transition and a thermal

transition involving ionic clusters. Compared to high EW Dow

membranes, the 635 EW membrane exhibits a higher ionic

cluster glass transition temperature. Also, high IEC membranes

absorb more water and possess larger ionic clusters than low

IEC membranes. It is also reported that Dow 635 Na+-form

membrane absorbs up to 80% water due to the formation of an

interconnected rod-like network.20 Ghielmi3 et al. examined

water uptake of extruded Hyflon 670 (IEC = 1.49 mmol g�1)

and 770 (IEC = 1.30 mmol g�1) membranes at 100 1C. Much

larger water uptakes were observed compared to low IEC

Hyflon membranes, and molecular modelling studies of proton

transport in SSC PFSA membranes (IEC = 1.72 mmol g�1)

revealed that the calculated hydronium ion diffusion coefficient

increased with water content.18

Noteworthy, the studies referred to above describe properties

of SSC PFSA ionomer membranes prepared by extrusion; the

properties of solution-cast SSC PFSA membranes is sparse,

despite the significant effect processing conditions exert on

membrane properties, as clearly demonstrated for LSC PFSA

ionomer membranes.1 Recently, we reported fuel cell perfor-

mances of membrane-electrode-assemblies using high IEC SSC

ionomer (1.3, 1.4, 1.5 mmol g�1) as the proton conducting

medium dispersed in the catalyst layer.21 The incorporation of

high IEC SSC ionomer provided improved fuel cell polarization

performance at elevated temperature and under lower relative

humidity.

In this report, attention is turned to understanding the physico-

chemical and transport properties of high IEC SSC ionomer

membranes. We examine the effect of IEC on water sorption,

proton conductivity, and protonmobility.22Due to the anomalous

and unpredicted properties observed, molecular transport proper-

ties were further examined using: hydraulic permeability, in the

case of water transport, according to our previously developed

methodology;23 and electrochemical oxygen reduction in a solid

state electrochemical cell, in order to determine oxygen diffusion,

solubility and permeability.24 The properties of SSC membranes

are compared to LSC PFSA membranes possessing varying IEC

in order that similarities and deviations between the two can be

elucidated.

Experimental

Materials

Short side chain (SSC) PFSA membranes (20 mm thick),

solution-cast from DMF, and provided by Shandong Dongyue

Chemical Co. Ltd, were synthesized using a previously described

route from CF2CF(OCF2CF2SO2F) monomer.25 SSC PFSA

ionomers possessed the following IECs (EW): 1.3 (770), 1.4

(715) and 1.5 mmol g�1(670 g mol�1). These are abbreviated:

SSC-1.3, SSC-1.4, and SSC-1.5, respectively.

Long side chain (LSC) PFSA membranes (B19 mm thick)

were provided by Shandong Dongyue Chemical Co. Ltd. The

membranes were also cast from DMF solutions. LSC PFSA

ionomers possessed the following IECs (EW): 0.94(1063),

1.05(954), 1.06(943), 1.09(917), 1.13 mmol g�1 (885 g mol�1).

These are abbreviated: LSC-0.94, LSC-1.05, LSC-1.06, LSC-

1.09, LSC-1.13. Nafions 211(25 mm thick) was purchased

from Aldrich.

Sulfuric acid and sodium chloride (99%, reagent grade)

were purchased from Alfa Aesar and used as-received. Hydrogen

peroxide and sodium hydroxide were purchased from Sigma

Aldrich and used as-received. Milli-Q water (Millipore) (18 mO)

was used for washing and hydrating membranes.

Membranes were first boiled in 3 vol% H2O2 solution for

1 h, and washed with Millipore water for an hour, during

which time the water was refreshed several times. Membranes

were subsequently boiled in 1 M H2SO4 for 1 h. Finally,

membranes were boiled in Millipore deionized water for 1 h

and washed repeatedly in fresh water until the pH of the water

remained constant. Membranes were stored in Millipore

deionized water overnight prior to use.

Characterization

Ion exchange capacity (IEC) (mmol g�1) was determined by

titration. Samples (B10 � 20 mm) were cut from fully hydrated

membranes and equilibrated in 50 ml 2 M NaCl overnight at

room temperature prior to use. The protons released were

neutralized using a 0.001 M NaOH to a phenolphthalein end

point. IEC was calculated according to a standard formula.26

Water sorption was determined as water uptake, water

volume fraction (X
n
), and l, using eqn (1), (2) and (3),

respectively:

Water uptake ¼
Wwet �Wdry

Wdry

ð1Þ

Xv ¼
Vwater

Vwet

ð2Þ
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l ¼
water uptakeð%Þ � 10

18� IECðmmol=gÞ
ð3Þ

where Wwet and Wdry are the ‘wet’ and ‘dry’ weight of the

membrane, respectively. ‘Wet’ membranes were equilibrated in

Millipore deionized water overnight at room temperature,

removed, and surface water removed. ‘Dry’ membranes were

obtained by placing the membrane under vacuum overnight at

80 1C and cooled in a desiccator. Vwater is the volume of water

contained in the membrane (the water density was taken as

1.0 gcm�3); and Vwet, the total volume of the wet membrane.

To obtain Vwater, the mass of free water in the membrane

and its density were used. In order to estimate Vwet, the

membrane dimensions were measured using a digital micro-

meter (�0.001 mm, Mitutoyo) and digital callipers (�0.1 mm,

Mitutoyo).

Polymer dry density was calculated using eqn (4):

r ¼
Wdry

Vwet � VH2O

ð4Þ

where Wdry is the weight of dry sample, Vwet is the volume of

the wet sample, and VH2O
is the volume of water in the wet

membrane.
Proton conductivity was measured using EIS with a Solartron

1260 frequency response analyzer (FRA) within the frequency

range of 10 MHz–100 MHz using an in-plane, two-electrode

configuration. A strip of fully hydrated membrane was contacted

by two Pt electrodes, and a 100 mV sinusoidal AC voltage

was passed along the plane of the sample. More details of

the experimental procedure can be found in ref. 22. Proton

conductivity was calculated using eqn (5):

sHþ ¼
L

RA
ð5Þ

where L (cm) is the distance between electrodes, R (O) is the

ionic resistance of the membrane and A (cm2) is the cross

sectional area of the sample.

Acid concentration and effective proton mobility was calcu-

lated using eqn (6) and (7).

½�SO3H� ¼
WdryðgÞ

Vwetðcm3Þ
� IECðmmol=gÞ ð6Þ

m0
Hþ

¼
sHþ

F ½�SO3H�
ð7Þ

Hydraulic permeability was determined for liquid-equilibrated

membranes wherein a pressure gradient of liquid water was

forced across the experiment cell. A syringe (Gastights #1025,

Hamilton Co. with PHD2000, Harvard Apparatus) filled with

deionized water, a mass flow meter (2.0 mL/min m-FLOW,

Bronkhorst HI-TEC) and a pressure transducer (PX302-

100GV, Omega Engineering Inc.) were connected in series

with ‘‘1/8’’ OD PTFE tubing. The membrane was placed in a

cell consisting of a PTFE coated stainless steel screen and an

O-ring. The cell was operated at 24 (�1) 1C. Measurements

were taken in the constant flow rate mode when the pressure

had equilibrated. The apparatus was controlled and monitored

using Labviews software. Further details of the measurement

are reported elsewhere.23 For hydraulic permeability measure-

ments only, the thicknesses of the SSC ionomer membranes

were 420 mm, and are listed in the results section.

Oxygen solubility, diffusion, and permeability were measured

using solid-state electrochemical cell methodology.27–30 The

solid polymer electrolyte membrane was sandwiched between

a 50 mm radius Pt micro-disc working electrode (WE), Sandfire

Scientific Ltd., Gibsons, Canada, diametrically opposed to a

0.25 mm diam. Pt wire of a dynamic hydrogen electrode

(DHE) and a Pt gauze counter electrode (CE). The assembly

was housed in a home-built environmental chamber. Prior to

electrochemical analysis, the electrodes were polished with

0.05 micron alumina. In order to increase the surface area of

the Pt micro-disc, the electrode was platinized by potential

cycling (1.2 V to �0.2 V) in 1 mM K2PtCl6 in 0.5 M H2SO4

solution at 50 mV/s scan rate for B5 h. The electrochemical

response of the working electrode was examined in N2-saturated

0.5 M H2SO4 versus a saturated calomel electrode (SCE). The

electrochemical surface area (ESA) was estimated using the

charge under the hydrogen adsorption region of a voltammo-

gram using 210 mC cm�2 as the conversion factor for charge-

to-area.31 The geometric area was 7.854 � 10�5 cm2 and the

roughness factor was 2.5.

Cyclic voltammograms (CVs) were recorded using an EG& G

PARC Model 283 potentiostat. The oxygen pressure inside

the chamber was 30 psi, the relative humidity (RH) was 100%

and the temperature was varied from 30 to 70 1C. The

electrode was scanned for 100 cycles between 1.4 and 0.1 V

at 100 mV/s to clean the Pt | membrane interface prior to

measurements. Chronoamperometry (CA) was carried out by

holding the potential of the Pt micro-disc at 1.2 V for 20 s

and then stepping to 0.4 V for 10 s. Values of DO2, CO2 and

PO2 were obtained from the average of five chronoampero-

metric trials according to published procedures.27,29

Results and discussion

Water sorption

Water volume content, X
n
, and number of water molecules

per sulfonic acid group, l, of fully hydrated SSC PFSA

membranes at B25 1C are shown in Fig. 1. Notwithstanding

the fact that only 3 membranes of different IEC were available

for analysis, the water contents are observed to increase with

IEC, both in terms of X
n
and l. X

n
for SSC membranes is 2 to

4 times larger than for LSC membranes which also increases

with IEC in accordance to the typical trend observed for LSC

PFSA membranes. The water volume contents for the SSC

membranes (56 to 75%) are much larger than for N211 (26%).

l for SSC-1.3 (B15) is similar to that exhibited by LSC

membranes that possess much smaller IECs (0.9–1.13 mmol/g)

but slightly larger than N211 (B13). The increasing l with

IEC for the SSC membranes falls on a lower trend line than

that for LSC membranes, indicating that water sorption is

slightly suppressed for a given IEC. SSC membranes exhibit

much higher water content, X
n
, than LSC membranes but

possess relatively similar l values – as illustrated in a plot of l

against X
n
(see Supporting Information, Fig. S1w). This is due to

the SSC membranes possessing a greater dry polymer density (see

Supporting Information Fig. S2w). Plots of l against X
n
often

reveal insights into membrane swelling phenomena: for example,

l may remain unchanged over a wide range of X
n
, increase

steadily with X
n
, or may increase dramatically at a given water
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volume.22 In the present case, based on the observed trends for

SSC and LSC, SSC swells less than LSC for a given IEC.

Proton conductivity and acid concentration

The proton conductivity of the 3 fully-hydrated SSC PFSA

membranes at B25 1C ranged between 88 and 115 mS/cm as

shown in Fig. 2. No obvious trend exists between conductivity

and IEC within this series. In contrast, the proton conductivity of

LSC PFSA membranes increases with increasing IEC, consistent

with reports for Nafion-based membranes. A commercial sample

of N211 falls on the trend line for the LSC membranes. The SSC

PFSA membranes exhibit higher conductivity than N211 and

exhibit similar values to LSC membranes having IECs 0.9 to

1.13 mmol g�1. However, it is clear the SSC membranes do not

scale in proton conductivity as a function of IEC according to

the trend observed for the LSC membranes—that is, the SSC

membranes possessed much lower proton conductivity than

anticipated, given their high IEC.

It is pertinent to investigate the relationship between con-

ductivity and water content because hydrated protons travel

through the aqueous phase of the ionomer membrane. A plot

of conductivity as a function of water content (X
n
) is plotted in

Fig. 3. A remarkable feature is that despite the water contents

(X
n
) of SSC membranes being 2 to 2.5 times larger than

LSC membranes, and despite proton conduction being very

dependent on water volume—as illustrated by the large

increase in conductivity with small changes in water contents

for the LSCmembranes series—the SSCmembranes only exhibit

conductivities similar to the highest IEC LSCmembranes. Often,

high IEC membranes possess low proton conductivities due to

excessive sorption of water and reduced proton concentration.

However, as illustrated in Fig. 4, the analytical acid concentra-

tions [�SO3H] areB twice as large for SSC membranes (2–3 M)

as they are for the LSC analogues (1–1.5 M). Thus, as shown in

Fig. 4, not only is the water volume in SSC membranes twice as

large as in LSC membranes, so too is [�SO3H]. Collectively,

these two parameters should impart much higher proton

conductivity to the SSC membranes than is observed. This

observation is consistent with a report by Kreuer et al.9 that

states there is less pronounced separation of hydrophilic

and hydrophobic domains in Dow SSC PFSA membranes,

resulting in a lower than anticipated proton conductivity.

Effective proton mobility

From measured proton conductivities and calculated values of

[�SO3H], the effective proton mobility, m0Hþ, was estimated,

which provides information on the combined influence of the

tortuosity of the hydrophilic pathways and dissociation of

the proton and pendent sulfonate anion. Both are strongly

influenced by water content. Plots of m0Hþ vs. X
n
and vs. IEC

are shown in Fig. 5 and a plot of m0Hþ vs. l is shown in the

Fig. 1 Water content (X
n
and l) of fully hydrated SSC PFSA, LSC

PFSA and Nafion 211membranes, as a function of IEC at B25 1C.

Fig. 2 Proton conductivity of fully hydrated SSC PFSA, LSC PFSA

and Nafion 211 membranes as a function of IEC at B25 1C.

Fig. 3 Proton conductivity of fully-hydrated PFSA membranes as a

function of X
n
at 25 1C.

D
o
w

n
lo

ad
ed

 b
y
 I

n
n
o
v
at

io
n
 C

en
tr

e 
o
n
 1

1
 F

eb
ru

ar
y
 2

0
1
2

P
u
b
li

sh
ed

 o
n
 1

3
 S

ep
te

m
b
er

 2
0
1
1
 o

n
 h

tt
p
:/

/p
u
b
s.

rs
c.

o
rg

 | 
d
o

i:
1
0
.1

0
3
9
/C

1
C

P
2
2
5
5
9
F

View Online

http://dx.doi.org/10.1039/c1cp22559f


This journal is c the Owner Societies 2011 Phys. Chem. Chem. Phys., 2011, 13, 18055–18062 18059

Supporting Information, Fig. S3.w The proton mobility in SSC

membranes is similar in range to N211, even though SSC

membranes contain much more water (56�75 vol% compared

to B25 vol% for N211). l values are similar (SSC B15, N211

B13). Moreover, the proton mobilities are much lower than

the highest IEC LSC membranes despite the fact that SSC

membranes exhibit relatively similar l values and much higher

water contents. Thus proton mobility in SSC membranes is

observed to be much lower than expected compared to LSC

membranes despite the larger fraction of hydrophilic domains

that SSC membranes possess. In relation to this, theoretical

modelling indicates that the minimum number of water mole-

cules required to effect proton transfer increases with an

increase in the number of tetrafluoroethylene (TFE) units in

the backbone that separate two juxtapositioned side chains.32

In the case of SSC ionomer, for a given IEC there are more

TFE units that separate the nearest two side chains than in

the case of LSC ionomer. Thus a higher water content (4 l)

is needed to effect proton transport in SSC membranes.

Our experimental data (shown in Fig. 1) reveal that SSC

membranes do not possess much higher l values than LSC

analogues, even though IECs are higher, thus proton mobi-

lities are lower than anticipated, which is consistent with the

prediction made through modelling studies.

Water permeation

Water transport through selected membranes was measured

under the influence of hydraulic pressure. Water permeation

using liquid–liquid interfaces rather than other methods avail-

able, such as vapour–vapour permeation (VVP) and liquid–

vapour permeation (LVP), was chosen because liquid–liquid

interfaces reduce the influence of water vapour adsorption

and desorption processes on the overall permeation of water.

Thus, hydraulic permeability provides direct information on

the mobility of water within the membrane, and circumvents

complications caused by interfacial water transport.23

The hydraulic fluxes of water through SSC membranes are

shown in Fig. 6. Each data point represents the steady state

flux at a given pressure difference. The slope of the plot, the

permeance, decreases in gradient across the series SSC-1.3 to

SSC-1.4 to SSC-1.5. Water permeances, and values normalized

to membrane thickness, the permeability, are summarized in

Table 1.

As can be seen in Table 1, the permeance value for SSC-1.3

(1.42 � 10�13 mPa�1 s�1) is B1/2 that of NR-211 (3.2 �

10�13 mPa�1 s�1). The permeance values of SSC-1.4 (1.07 �

10�13 mPa�1 s�1) and SSC-1.5 (3.56 � 10�14 mPa�1 s�1) are

even lower than this. Moreover, much higher pressures were

required to achieve the desired flow rate in SSC-1.5. However,

hydraulic permeance is thickness dependent and therefore a

more meaningful comparison is to normalize these values to

thickness to yield permeability data. The permeability of

the SSC membranes decreases with IEC. The permeability

of SSC-1.5 is almost an order of magnitude smaller than SSC-1.3

and SSC-1.4. The permeabilities of SSC-1.3 (2.28 �

10�17 m2Pa�1 s�1) and SSC-1.4 (2.08 � 10�17 m2Pa�1 s�1),

are larger than N211 but not as large as expected given their

high water content. Moreover, the permeability of the SSC-1.5

membrane (3.5 � 10�18 m2Pa�1 s�1) is less than half that of

N211 (8.0 � 10�18 m2Pa�1 s�1), even though the water content

of SSC- 1.5 is B3 times greater than N211 (75 vol%, vs. 26

vol%). The permeabilities of the LSC membranes are much

larger than for the SSC membranes. For example, the perme-

ability of LSC- 1.13 (5.31 � 10�15 m2Pa�1 s�1) is B265 to

1500 times greater than for the SSC membranes, even though

its water content is much lower (26 vol%). As in the case of the

effective proton mobility the transport of water through SSC

membranes is much slower than anticipated given their higher

water contents.

As hydrated protons similarly require an aqueous phase

for transportation, it was useful to plot the effective proton

mobility, m0Hþ, versus water permeability, shown in Fig. 7. The

effective proton mobility shows a strong correlation with the

measured water permeability which confirms the supposition

that water and protons travel the same tortuous path.

Oxygen diffusion

Mass transport parameters associated with the oxygen reduction

reaction, i.e., O2 diffusion coefficient, solubility and permeability

in one of the SSC membranes (SSC-1.3) was determined

chronoamperometrically using a solid state electrochemical cell,

as described in the experimental section. In order to aid comparison

with the transport properties of protons and water described

above, measurements were made at a similar temperature

(30 1C). The diffusion coefficient, DO2, solubility, CO2 and the

product, permeability, PO2, for SSC-1.3 and N211 membranes

at are listed in Table 2.

As shown in Table 2, SSC-1.3 membranes exhibit higher

DO2, CO2 and PO2 values compared to N211. Similar to the

observations of proton and water transport in SSC-1.3 mem-

branes, this is not an entirely expected result, given that DO2,

and PO2 are strongly correlated to water content, and CO2

inversely correlated.24,33 The diffusion coefficient and perme-

ability in the SSC-1.3 membrane are lower than anticipated

Fig. 4 [�SO3H] of fully hydrated PFSA membranes as a function of

X
n
at B25 1C
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given its much higher water content (56% vs. 26 vol%), and

the solubility of oxygen is also higher than expected. In the

case of previous studies of ORR mass transport parameters

determined for other polymer membranes containing more

than 50 vol% water, including sulfonated, trifluorostyrenes,

block copolymers, and various graft copolymers, under similar

conditions, the measured diffusion coefficients and permeabilities

are an order of magnitude greater, commensurate with their

water content.34,35

The observation that proton mobility, water permeance, and

oxygen diffusion coefficient are all lower in value than anti-

cipated leads us to the conclusions that hydrophilic percolation

network for the transport of molecular species is much less

developed in SSC membranes than it is for LSC membranes, as

originally indicated by Kreuer et al., albeit for an alternate

source of SSC PFSA ionomer membrane.9

Fig. 6 Water permeation through PFSA PEM as a function of

differential hydraulic pressure atB25 1C.

Table 1 Hydraulic permeance and permeability of SSC PFSA, LSC
PFSA membranes and N211 at B25 1C

PEM
Thickness
(mm)

Water Content
(Vol%)

Permeance
(mPa�1 s�1)

Permeability
(m2Pa�1 s�1)

SSC-1.3 160 56 1.42E-13 2.28E-17
SSC-1.4 195 62 1.07E-13 2.08E-17
SSC-1.5 98 75 3.56E-14 3.50E-18
N211 25 26 3.2E-13 8.00E-18
LSC-1.13 28 29 1.91E-10 5.31E-15

Fig. 5 Effective proton mobility, calculated according to eqn (7), for PFSA ionomer membranes.

Fig. 7 Effective proton mobility in PFSA ionomer membrane vs.

water permeability.

Table 2 ORR mass-transport parameters for SSC 1.3 and
Nafions211 at 30 1C, 100% RH and 30 psi O2

PEM
DO2 � 106

(cm2 s�1)
CO2 � 105

(mol cm�3)
PO2 � 1011

(mol cm�1 s�1)

SSC-1.3 1.69 � 0.42 1.31 � 0.19 2.22 � 0.55
Nafions211 1.13 � 0.31 1.16 � 0.17 1.28 � 0.89
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Conclusion

In comparison to long side chain PFSA ionomer membranes

the SSC membranes studied possessed a higher average IEC

and, as a consequence, a much higher water content. The

proton conductivity of high IEC, SSC PFSA membranes is

greater than N211 membranes, and comparable to the highest

IEC LSC membranes examined. The dry polymer density

of high IEC SSC membrane was greater than the other

membranes examined, the analytical �SO3H concentration

of hydrated membranes was very much higher, but the proton

mobility was not as commensurately high, over the range of

IEC studied.

While the water uptakes of LSC PFSA ionomer membranes

correlate well with the IEC, and the water contents of SSC

membranes were commensurately larger due to their much

higher IEC, the l values were lower than expected given the

trend observed for LSC membranes. The SSC membranes

possessed very high acid concentrations and much higher

water contents in comparison to the LSC membranes exami-

ned, including Nafions 211. However, this did not translate

into a multi-fold increase in proton conductivity. Rather,

SSC membranes were found to possess suppressed proton

mobility, even though l values were reasonably large and

the water content very high. This work suggests the network

of hydrophilic channels is poorly developed compared to LSC

analogues. Ex-situ measurements of water permeability and

oxygen diffusion, both requiring hydrophilic channels, also

support the assertion that the connectivity of the hydrophilic

network is not as well developed as in LSC PFSA membranes,

suggesting that the additional water volume sorbed into the

high IEC SSC membranes is not fully utilized. These observa-

tions bring to mind the morphological picture of a larger

than usual number of ‘dead-ends’ or ‘‘necking’’ of channels, as

illustrated in Fig. 8, akin to Kreuer’s much referenced descrip-

tion of the morphology of hydrocarbon membranes22 and

reiterated for Dow membranes.9

This work provides experimental verification of the studies

of Brandell et al.17,36 using molecular dynamics studies to assert

that SSC-based membranes exhibit a less than ideal connec-

tivity of water channels compared to LSC PFSA ionomer

analogues, such as Nafions. This is in a good agreement with

the theoretical studies of Dorenbos et al.37,38 Our study sug-

gests that should the connectivity of the hydrophilic network

be improved, and tortuosity reduced, either by finer control of

the ionomer structure or by adopting more favourable membrane

processing conditions, then the transport properties may be

dramatically improved, and proton conductivities increased

compared to current SSC PFSA ionomer membranes.
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