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Effect of Copolymer Composition on the Oxygen Transport
Properties of Sulfonated Poly(arylene ether sulfone)
and Sulfonated Poly(sulfide sulfone) PEMs
Lei Zhang, Christina Hampel,a and Sanjeev Mukerjeez

Department of Chemistry and Chemical Biology, Northeastern University,
Boston, Massachusetts 02115, USA

Mass transport properties were investigated by means of the chronoamperometry method for a series of sulfonated poly~arylene
ether sulfone! ~SPES! membranes and sulfonated polysulfide sulfone~SPSS! polymers of various ion exchange capacities~IEC! at
a Pt~microelectrode!/proton exchange membrane~PEM! interface. The temperature and pressure dependence of oxygen transport
parameters show similar trends for the SPES 30-60sIEC = 1.2-2.2 meq g−1d and SPSS 20-50sIEC = 0.7-1.8 meq g−1d mem-
branes. The diffusion coefficient was found to increase with the IEC while solubility decreases. The results are discussed in the
context of water/polymer interactions and morphology-facilitated mass transport characteristics.
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The current state-of-the-art proton exchange membrane fue
~PEMFC! technologies are based on perfluorinated sulfonic
chemistry,e.g., Nafion. Although an extraordinary longevity of ov
60,000 h under fuel cell conditions has been achieved with com
cial Nafion membranes, these materials remain expensive and
several limiting factors that restrict their application to be
100°C.1 Increasing industrial interest in the application of nonflu
nated membranes as economically feasible alternatives to po
electrolyte membranes~PEMs! for fuel cell operation has generat
an abundance of research in the past decade. Primary require
for these new materials are high proton conductivity, good the
chemical stability, and mechanical strength.2

Recently, the sulfonated poly~arylene ether sulfone! ~SPES! fam-
ily has been reported as a promising family of materials for elev
temperature fuel cell operation.3 Being well-known engineerin
thermoplastics, poly~arylene ether sulfone! ~structure 1! displays a
high glass transition temperaturesTgd of 195°C, good resistance
hydrolysis and oxidation, excellent mechanical properties, and
thermal stability.4 The closely related polyether sulfone~structure 2!
is totally devoid of aliphatic hydrocarbon groups and exhibits e
higher thermal stabilitysTg = 230°Cd.5 The introduction of sul
fonate groups to the polyaromatic backbone not only produce
hanced intermolecular interaction by pendant ions but also incr
molecular bulkiness, thus hindering internal rotation and leadin
increasedTg for sulfonated copolymers.3 Impedance measureme
by Benaventaet al.6 showed that sulfonation clearly affects
properties of the poly~arylene ether ether sulfone! family, particu-
larly their water uptake, transport, and electrical parameters
cently, direct polymerization of sulfonated poly~arylene ether su
fone! using sulfonated monomers has been reported.3 These
polymers exhibit proton conductivity in excess of 0.08 S/cm~40%
sulfonation level, 30°C, 100% RH! and good thermal stabilitysTg
= 220-280°Cd, which meets the requirement for high-performa
PEMFC.3 Another promising material is sulfonated poly~phenylene
sulfide sulfone! ~SPSS!. The semicrystalline polymer, poly~phe-
nylene sulfide! ~PPS, Structure 3! has aTg around 85°C and aTm
~crystalline transition temperature! of ,285°C,7,8 with inherently
high fire resistance and excellent solvent/chemical resistance.
lated poly~phenylene sulfide sulfone! ~PPSS, Structure 4! has bee
described in the literature as an amorphous polymer withTg
around 217°C.9 Direct polymerization synthesis of SPSS has b
reported10 and the proton conductivity of the fully hydrated me
branes at 30°C was determined to be 0.05 and 0.06 S/cm for t
and 40 mol % sulfonated materials, respectively.11

a Present address: Gesellschaft zur Förderung von Medizin-, Bio- und Umwel
nologien e.V., D-06132 Halle/Saale, Germany.
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Compared to conventional perfluorosulfonate systems su
Nafion, these new hydrocarbon-based sulfonated copolymers
sent a very different chemistry. Successful application of these
ion conducting copolymeric membranes in PEM fuel cells req
not only excellent proton conduction, but also efficient mass t
port properties within the electrolyte. The challenge is that while
membrane cannot be too permeable to the reactive gases to p
excessive gas crossover leading to loss of efficiency, the ionom
the reaction layer of the gas diffusion electrode must have suffi
gas permeability so that the transport of dissolved reactant
occurs without substantial concentration gradients and related
transfer losses.12-14

In previous publications, mass transport parameters for the
gen reduction reaction at the interface between Pt and a vari
solid-state perfluorosulfonic acid-type materials~Nafion and Aciplex
membranes! have been studied.15 Mass transport characteristics
these membranes have been examined in terms of both enviro
tal factors ~temperature and pressure!16-18 as well as membran
structure and composition.12 Similar investigations had been ma
on a series of sulfonateda, b, b-trifluorostyrene~BAM, Ballard,
Canada! membranes and sulfonated styrene-~ethylene-butylene!-
styrene triblock copolymers~DAIS, DAIS-Analytic, USA!.18-20

These studies suggested that oxygen transport behavior was
rily related to the water content in the PEM.

Water uptake of the membrane plays a critical role in the op
tion of a PEMFC; it affects various membrane properties inclu
proton conductivity,21 methanol permeability,22 electro-osmoti
drag,23 as well as oxygen transport process.18 However, the degre
of water absorption on a mass basis does not correlate wel
those properties, especially when comparisons are made be
different macromolecular systems.24 We have recently reported ox
gen permeation characteristics and interfacial kinetics for SPE
@40% sulfonated poly~arylene ether sulfone!#, SPES-PS@sulfonated
poly~arylene ether sulfone! - post sulfonated#, and Nafion 117 mem
branes at the membrane/microelectrode interface as a funct
various temperature and pressure conditions.14,25 In this report
SPES-40 and SPES-PS were found to have relatively low diffu
coefficients despite their higher water uptake~approximately twic
the IEC!. The pressure dependence of oxygen solubility showe
increasing trend for all the membranes, as expected, while th
fusion coefficient for the two SPES membranes showed an ap
mately linear increase with pressure. Changes in the microstru
of the membranes as a consequence of pressurization were pr
to be responsible for the variation of the diffusion coefficient w
pressure. These results were discussed in the context of wate
tent and microstructure of the membranes. The conformatio
water-filled channels connecting the hydrophilic ionic clusters
found to have important contributions in the process of O2 diffusion.
The chemical composition of the SPES membrane was repor
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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be a major determinant in the observed mass transport proper
oxygen in these alternative polymer electrolyte systems give
relatively less pronounced hydrophobic hydrophilic nano-phase
regation of the SPES membrane as compared to the perfluor
sulfonic acid polymer system of Nafion.

The present study focuses on investigating the oxygen tran
properties of SPES and SPSS membranes as a function of c
mer sulfonation level. The principal goal here was to assess
polymers under environmental conditions~i.e., temperature, pre
sure, and humidity! that mimic real fuel cell operations. In line wi
these objectives, this paper reports the variation of the oxygen
port parameters as a function of differences in polymer chem
and morphology as well as changes in their respective ion exch
capacities. For this, a solid-state microelectrode method was
ployed using the well-established transient chronoamperom
technique in conjunction with a Pt microelectrode. This allowed
the direct measurement of both diffusion coefficient as well as
bility, the product of the two being the corresponding permeab
The parameters obtained were compared with a Nafion 117
brane which was used as a control experiment.

Experimental

Membranes.—The sulfonated poly~arylene ether sulfone! poly-
mers~SPES 30-60, Structure 5! used for this work were synthesiz
in-house in accordance with methodology described elsewhere3 de-
tailed preparation methodology, reaction conditions, and mem
properties, such asTg, hydrophilicity, viscosity, TGA, AFM~hydro-
philic domain size, phase inversion! and proton conductivity hav
been reported earlier.3 Sulfonated poly~arylene sulfide sulfone!
~SPSS 20-50, Structure 6!, were prepared by Foster-Miller, In
~Waltham, MA!. Nafion 117~Structure 7! was bought from Aldrich

All membranes were soaked in 1 M sulfuric acid for 48 h
room temperature to ensure full protonation. After protonation
membranes were rinsed several times and stored in deionized
To determine the ion exchange capacity~IEC!, a dried membran
sample was transferred to a flask and 50 mL of 3 M NaCl added
The membrane was stirred and equilibrated in the NaCl solutio
24 hrs and the solution was titrated with standardized 0.01 M N
using phenolphthalein as an indicator.

Water uptake measurements were carried out according to t
method reported earlier.26,27 Membranes were vacuum-dried
100°C for 24 h then weighed, followed by immersion in deioni
water at 30°C for 24 h. Following equilibration the wet membra
were quickly weighed, after removal of excess water p
to weighing. The water content in terms of wt% was determine
H2Of%g = fswet weight-dry weightd/dry weightg 3 100%. The
number of moles of water per sulfonic acid groupsl

= fH2Og/SO3
−d was also calculated.

Structure 2. Polyether sulfone.

Structure 1. Poly~arylene ether sulfones!.
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Solid-state electrochemical cell setup and instrumentatio.—
The electrochemical cell setup designed to perform solid-state
trochemical experiments using a Pt microelectrode under cont
pressure, temperature, and relative humidity conditions has be
scribed in detail earlier.14,25 Briefly, it consists of a 100mm diam
micro-disk Pt working electrode~Bioanalytical Systems Inc.!, a
solid-state dynamic hydrogen reference electrode~DHE!, and a
counter electrode, which are all on the same side of the memb
Details of the setup and application of the transient chronoam
metric method for determination of oxygen permeability can
found elsewhere.14,25 A computer-controlled digital potentiost
galvanostat~Autolab model, PGSTAT-30! was employed to condu
CV and chronoamperometry experiments.

Electrochemical techniques.—Fast scan CV~0.08-1.5 V! at a
scan rate of 100 mVs−1 was performed during periods of equilib
tion at each condition for cleaning and activating the Pt micro
trode.

Chronoamperometry experiments were used to determine th
fusion coefficient and solubility of oxygen for the membranes.
experiments were performed by holding the potential of the m
electrode at 1.2 V for 20 s, then stepping to 0.4 V and holding
s. Plotting of current,I, vs. the reciprocal of the square root of tim
t−1/2, for a time domain from 1 to 5 s gave a linear relations
corresponding to the modified Cottrell equation

Istd =
nFAD1/2C

p1/2t1/2 + pFnDCr f1g

whereA is the geometric area of the microelectrode.D andC values
were obtained simultaneously from linear regression analysis o
slope and intercept. For details on the choice of this equation
use of this methodology see Ref. 15-18. The activation energy2
diffusion and enthalpy of dissolution of O2 in the membranes we
calculated according to

Ed = − 2.303RFd log D

ds1/Td G f2g

DHs = − 2.303RFd log C

ds1/Td G f3g

Experimental procedure.—Before each experiment, the Pt m
croelectrode was polished and pretreated as described i
literature.15,19 After incorporation into the cell, the membrane w
equilibrated with humidified gas at 303 K and ambient pressur
at least 12 h. The temperature dependence studies of oxygen
tion and transport measurements were conducted at 100% re
humidity in a temperature range of 303-353 K and 3 atm pre
~O2, total pressure!. The pressure dependence studies of oxyge
duction and transport characteristics were conducted at 323 K,
RH in a pressure range of 1-4 atm~O2, total pressure!. Electro-
chemical measurements were made after equilibration at pre
temperature or pressure conditions for at least 2 h. All experim

Structure 3. Poly~phenylene sulfide! ~PPS!.

Structure 4. Poly~phenylene sulfide sulfone!.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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conducted for each of the membranes were repeated at leas
times and the reproducibility monitored. All potentials stated
are relative to the DHE.

Result and Discussion

Effect of temperature and pressure on theO2 transport
properties.—Temperature dependence of O2 transport parameters
SPES, SPSS, and Nafion 117 membranes were investigated
range of 303 to 353 K at 3 atm oxygen pressure and 100% RH
variation of diffusion coefficientsDd and solubility sCd with tem-
perature are illustrated in Fig. 1 and 2. As expected, for al
membranes,D is observed to increase with temperature, while
opposite trend is true forC; however the increase inD with tem-
perature is greater than the corresponding decrease inC, therefore
the overall permeabilitysD 3 Cd increases linearly with temper
ture. This increase appears to be more pronounced in high
membranes within a structurally similar family of PEM, which
evident from the increase in the slope of the variation ofD 3 C as
a function of temperature as seen in the plots for SPES and
membranes~Fig. 1 and 2!. The trends ofD andC with temperatur
are consistent with those previously reported and have bee
plained in great detail earlier.14,20,25Plots of logD and logC vs.T−1

shown in Fig. 3 and 4 exhibit a linear dependence over the tem
ture range investigated. Such a single linear variation with tem
ture allowed for unique activation energy values for O2 diffusion
sEdd and the enthalpy of solubilization of O2 in the membrane
sDHsd to be determined~Table I!; these results are in good agr
ment with our previous reports on SPES-40 and SPE
membranes.14,25 The activation energy of O2 diffusion sEdd for
SPES 20-60~range of sulfonation, 20-60%! membranes ranges fro
26 to 28 kJ mol−1, which is close to Nafion 117s26.5 kJ mol−1d.
However, in SPSS 20-50~range of sulfonation, 20-50%! mem-
branes, a lowering of Ed ~38.33 to 21.05 kJ mol−1! with increased
sulfonation content was observed. The exact reason for this
clear, although Leeet al.4 recently reported a dependence of m
brane cluster size on the activation energy for oxygen diffu
Proper correlation of membrane morphology~in terms of changes
cluster size! and activation energy remains to be elucidated.
enthalpy of solubilizationDHs includes the heat of condensation a
the heat of mixing.28 A negative value forDHs for oxygen dissolu
tion can be regarded as an ordering process. As pointed
earlier,16,18 a negative value for oxygen dissolution can be expe
based on negative entropy of dissolution in comparison ph
which can be construed to be the extreme ends of the phas
Nafion ~PTFE, nonaqueous phase and H2SO4, aqueous phase!.
Therefore, similar spatial arrangements of oxygen are expecte

Structure 5. Sulfonated polyarylene ether sulfone SPES-XXsXX
= 100n/n + m = 30, 60d.

Structure 6. Sulfonated polysulfide sulfone SPSS-XX XX = 100X/sX
+ Yd = 20-50.
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tween the aqueous and nonaqueous components for Nafion
SPES, and SPSS membranes.DHs for SPES 20-60 and SPSS20
membrane all showed a roughly increasing~less negative! trend
with IEC values, which is most likely due to changes in morpho
resulting from variations in ion exchange capacity and consequ
changes in spatial rearrangements with respect to oxygen
membranes. The exact mechanism of these interactions ho
awaits a molecular modeling study.

Pressure dependence of the gas transport parameters at a P
interface was studied at 323 K as a function of O2 pressure with th
partial pressure of oxygen, PO2, varying between 0.88 to 3.88 at
corresponding to a total pressure range of 1 to 4 atm~after correc
tion of saturated vapor pressure, 0.122 atm at 323 K @ 1 atm
sure!. The variations of O2 transport parameters with pressure
illustrated in Fig. 5 and 6 for SPES and SPSS membranes, re
tively. Figures 5a and 6a show an increase of oxygen solubilC
with pressure for all the membranes. Figures 5b and 6b displa
plots of diffusion coefficient as a function of pressure. Two sep
linear variations ofD with pressure were found for Nafion 117 w
a break at PO2 of 1.5 atm; this consisted of an initial rapid incre
for PO2 , 1.5 atm, followed by a leveling off beyond 1.5 atm.
the SPES and SPSS membranes, the diffusion coefficient incr
approximately linearly with pressure, in agreement with previo
reported data by Basuraet al.,20 which was a similar investigatio
on BAM and DAIS membranes. These reproducible results on S
and SPSS membranes are also consistent with our prior repo
SPES-40 and SPES-PS membranes, in which microstructure
ation, as well as polymer chain cooperative motions as a res
pressurization, were proposed to account for these phenomen14,25

As a consequence of the overall contributions fromD andC as a
function of pressure, the O2 permeability~product of D 3 C! in-
creases almost linearly with pressure~Fig. 5c and 6c!.

Effect of copolymer composition onO2 transport properties.—
The experimentally determined ion exchange capacity~IEC! value
reflects the actual amount of sulfonated groups incorporated in
copolymer; it is directly proportional to the degree of sulfonat
As shown in Table I, most of the SPES and SPSS copolymers
greater IEC values than Nafion 117, which are necessary to ac
comparable proton conductivitiesssd because the acidity of the a
sulfonic acid is much weaker than the pendent perfluorosul
acid of Nafion.3 At a given temperature~e.g., 30°C!, water absorp
tion in these sulfonated polyaromatic membranes increases
their IEC due to the strong hydrophilicity of the sulfonate group
an enhanced internal osmotic driving force in higher sulfona
polymers. The IEC of SPES and SPSS membranes studied he
in the range: 0.7, 2.2 meq g−1, falling in between their solubilit
and percolation limits. However, as in the case of SPES-60, w
water uptake at 30°C is as large as 161.1%~wt %!, the copolymer
with high degrees of sulfonations.50%d tend to absorb excessi
amounts of water and suffer from uncontrolled swelling and
chanical degradation. At 100% RH, 80°C and 3 atm O2 pressure
condition, SPES-60 became very soft and mechanically weak,
fore our experimental temperature on this membrane was limit
70°C max.

Figure 7 plots the effect of IEC on diffusion coefficient, solu
ity, and permeability of oxygen for SPES, SPSS, and Nafion
membranes under three temperature conditions. The diffusion

Structure 7. Nafion 117.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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~control! in the range, 303-353 K, at 100% RH and 3 atm O2 pressure.
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ficients of SPES and SPSS membranes exhibited an increas
increasing IEC, while the solubility correspondingly exhibited a
creasing trend. Similar trends have been observed earlier with
fluorinated materials~Nafion and Aciplex!12 as well as BAM an
DAIS membranes,20 although the correlation of O2 transport param
eters with membrane compositions in these prior reports were
in terms of “equivalent weight”~weight of dry polymer in gram
corresponding to one mole of exchange sites!.

The IEC dependence of mass transport parameters can be
interpreted on the basis of the water content of the fully hydr
membranes. It is widely accepted that the microstructure of pe
rosulfonate membranes such as Nafion is comprised of an
phous hydrophilic phase containing the hydrated sulfonic acid
and partly crystalline hydrophobic Teflon backbone regions29-31

Both of these hydrophobic and hydrophilic phases have bee
scribed in prior research as having a strong impact on the el
chemical oxygen transport process:12,15,16,32 the aqueous doma
~hydrophilic phase! is predominately involved in the O2 diffusion
pathway, hence more water uptake enables a higher diffusion
ficient of oxygen in the membrane. The solubility of oxygen
determined mainly by the fraction of the hydrophobic compone
the membrane; as a result less water uptake and correspon
relatively bigger fraction in the hydrophobic phase in the morp
ogy tends to enhance O2 solubility. Analogous correlation betwe
membrane microstructure and electrochemical O2 transport prope
ties can be applied to sulfonated polyaromatic copolymers.
AFM imaging studies3 on SPES~referred to as BPSH-XX in prev
ous literature! membranes has shown the existence of two rou
defined phases: the ionic cluster phase, comprised of hydro
sulfonic acid groups with associated hydration shells, and the
ionic matrix phase assigned to the relatively hydrophobic arom
backbone. For the SPSS copolymers, for which, to the best o
knowledge, there are no reported microstructure determinations
lished in literature, a similar phase separation into ionic/non
domains as those reported for SPES materials is expected to
taking into consideration their relatively similar chemical struct
and identical trends for oxygen transport as a function of tem
ture. Prior reports have clearly correlated the increased water u
as a consequence of higher ion exchange capacity with enlarg
of the hydrophilic ionic domain.3,33 This is exemplified in a prio
report3 where the TM-AFM ~tapping mode atomic force micro
copy! image of SPES-20sIEC = 0.88d showed ionic clusters wi
diameters of 10-15 nm, in contrast to the ionic domain siz
SPES-40sIEC = 1.5d, which increased to an,25 nm diam. Th
extension of the aqueous phases facilitates the oxygen diffusio
results in lower O2 solubility due to shrinking of hydrophobic zon

However, aforementioned attempts to correlate oxygen tran
parameters with proportional changes in hydrophilic/hydroph
domains due to water absorption variations~with PEMs of differen
IEC used in this investigation! are not adequate. Comparison
oxygen transport parameters at 100% RH, 3 atm, and 323 K c
tions for all the membranes provides for some interesting obs
tions. As shown in Table I, despite the high water uptake and
sequently bigger volume of aqueous phases in SPSS
membranes, they all have smaller diffusion coefficients than N
117. In the case of SPES membranes, the volume of aqueous
in SPES-30 and SPES-40 are about 1.2-1.5 times greater
Nafion 117 but still have lower diffusion coefficients~2.2 cm2 s−1

for SPES-30, 3.52 cm2 s−1 for SPES-40vs. 5.51 cm2 s−1 for Nafion
117!; a sudden increase of diffusion coefficient occurs in SPE
and SPES-60 membrane, which are approximately three-fold h
thanD in SPES-40 and almost double that in Nafion 117.

To interpret these results, it is essential to be aware of com
tions that can arise during the absorption and diffusion proce
gas through the inhomogeneous sulfonated copolymer mem
system. According to a widely accepted theory by Vrentas
Duda,34,35 mass transport is mainly controlled by the availability
free volume within a system. Major physicochemical factors af
ing the movement of gas in hydrated membranes include, the n
Figure 1. Effect of temperature on~a! diffusion coefficientsDd ~b! solubil-
ity, sCd and~c! permeabilitysD 3 Cd for SPES membranes and Nafion 1
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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of the gas, the nature of the polymer, and the effects of va
modifications of the polymer, such as crosslinking, plasticiz
crystallization, and varied filler materials.28 Due to the small size o
the O2 molecule~reduced molecular diameter<2.5 Å 36! and the
relatively low gas concentrations encountered at normal pres
~below 10 bar!, the gas’s own contribution to its activated diffus
process in polymer membranes might be less evident.28,37 Thus O2
permeation properties depend significantly on the polymer ch
teristics and water/polymer/solutesO2d interactions. The former in
volves intra- and inter-chain flexibilities~e.g., cross-linking ~if
present!, chain stiffness orTg, crystallinity ~if present!, crystallite
size, and distribution, etc.! and intrinsic molecular free volum
~monomer repeat unit mass and distribution!, etc.38 The latter in
volves the hydrophilicity of the polymer and the states of wate
the membrane; since water acts as a plasticizer in
membranes,24,39 the addition of the plasticizer to the polymer u
ally decrease the cohesive forces between the chains, resulting
increase in segmental mobility28 and therefore a depression ofTg in
the fully hydrated membranes, as reported in a recent investig
regarding the state of water in SPES copolymers.28 The movemen
of polymer segments gives rise to an increase in the free volum
vacant space~microvoid! into which a solutesO2d can diffuse; con
versely, the solute and the plasticizer may affect the segmenta

Figure 3. Arrhenius plots of~a! log D and ~b! log C vs.103 T−1 for SPES
membranes under conditions of 100% RH, for a temperature range o
353 K, and 3 atm O2 pressure~total pressure!.
Figure 2. Effect of temperature on~a! diffusion coefficientsDd ~b! solubil-
ity, sCd and~c! permeabilitysD 3 Cd for SPSS membranes and Nafion 1
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp



brane
hese

me-
ng
per.
ortant

the
ures;
olled
re are
nction
ing
var-
ic
of the
ed; a
ionic
c-rich
hilic
sport

ffi-
ob-
was
nic

orks,

ion of
ange
pha-

-
nflu-

s the
rwise
al-
degree
ot
ori-

er
0-50
ether
the

dif-

s

f 303
353 K, and 3 atm O2 pressure~total pressure!.

A1213Journal of The Electrochemical Society, 152 ~6! A1208-A1216~2005! A1213

Downloaded 10 Mar 2011 to 129.10.186.126. Redistribution subject to E
mal motion by giving their own free volumes to the segment.40 It is
impossible to change one aspect of the whole gas/water/mem
system without affecting others. Therefore, interpretation of t
factors requires advanced investigation by means of dynamic
chanical analysis~DMA !, solid state NMR, molecular modeli
techniques, etc.,38,41-43 which are beyond the scope of this pa
Nevertheless, based on our experiments there are several imp
points which are enumerated below.

First, the actual morphology of the hydrated membrane is
result of a combination of all concurrent physicochemical feat
the gas transport behavior in the membrane is ultimately contr
by this morphology. As in the case of SPES membranes, the
remarkable differences in the SPES domain structure as a fu
of degree of sulfonation.3 As mentioned earlier, prior studies us
TM-AFM images found that the ionic domain connectivity also
ies depending on the degree of sulfonation:3,44 in SPES-20 the ion
cluster regions are isolated; in SPES-40 the phase contrast
hydrophilic ionic domains increased though still being segregat
significant change occurred in SPES-60 where the hydrophilic
domains became continuous, forming large channels of an ioni
phase. Such inherently larger and more “co-continuous” hydrop
domains in higher IEC SPES membranes provide a faster tran
pathway for O2; hence they end up with higher diffusion coe
cients. A similar continuous ionic channel structure was also
served in Nafion 117, although the domain size of the Nafion
reported to be 4-10 nm.3 The well-connected channels between io
domains of Nafion 117 may form three-dimensional water netw
which seems a more favorable transport pathway for O2. This is why
Nafion 117 has a comparatively low IECs0.91 meq g−1d and low
water uptake but with a relatively high diffusion coefficient.14,25

Second, water content is not an adequate index for correlat
mass transport behavior among different types of proton exch
membranes. Although the wealth of prior reports seems to em
size the central role of water content in determining the O2 perme
ation in membranes, our experimental data indicates that in no
orinated membranes small variations in chemistry such a
replacement of an ether linkage with sulfide among an othe
close polyaromatic structure~and similar IEC and water uptake v
ues!, such as in SPSS and SPES copolymers at 40% and 50%
of sulfonation, result in very different O2 permeation parameters, n
to mention Nafion 117, which has an extremely distinct perflu
nated backbone structure~see Table I!. The unexpectedly small
diffusion coefficients of SPSS 40-50 compared to the SPES 4
membranes may be attributed to their chemical structures. The
link in SPES copolymers has the ability to induce flexibility into
backbone by virtue of its rotational freedom;45 the sulfur bridge in
SPSS probably plays a similar role but seems to provide for a

ns of 100% RH, 323 K, 3 atm O2 pressure (total pressure) for various
e capacity, water uptake at 303 K, the volume of the aqueous phase a
enthalpy of dissolution.

~30°C!
cm−1

Diffusion
Coefficient

106D
cm2 s−1

Solubility
106 C

mol cm−3

Permeability
1012DC

mol cm−1s−1
Ed

kJ mol−1
DHs

kJ mol−1

0.05 2.2 10.54 23.23 25.02 −17.79
0.084 3.52 5.92 20.83 28.18−12.89
0.11 9.66 4.33 41.79 26.7 −18.59
0.17 10.34 3.47 35.91 28.03 −6.71
0.024 0.22 15.21 3.40 38.33−14.66
0.072 2.62 7.69 20.17 22.72−11.59
0.08 3.69 3.41 12.61 21.05 −2.46

0.12 5.51 9.42 51.88 26.5 −8.73

he aqueous phase, allowing for no voids.

-

Table I. Comparison of O2 transport parameters measured under conditio
PEM systems. Also included are the corresponding data for ion exchang
well as the values of the activation energy for oxygen diffusion and the

Membrane
IEC

meq g−1
Water uptake

a wt%

Volume of
aqueous
phaseb %

l NO. of H2O
per SO3H

sc

S

SPES-30 1.2 34.5 43.1 16
SPES-40 1.5 47.3 51.0 17.5
SPES-50 1.8 59.6 56.7 18.4
SPES-60 2.2 161.1 78.0 40.7
SPSS-20 0.7 24.6 35.1 19.5
SPSS-40 1.5 71.5 61.1 26.5
SPSS-50 1.8 102.6 69.3 31.7
Nafion 117 0.9 20 30.6 12.5

a Swollen in water at 30°C.
b Assuming a density of 2.2 g cm−3 for the membrane phase and 1 g cm−3 for t
c Data for SPES obtained from Ref. 3
Figure 4. Arrhenius plots of~a! log D and ~b! log C vs.103 T−1 for SPSS
membranes under conditions of 100% RH, for a temperature range o
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp



t
17 t

117
~control! at 303-353 K, 100% RH, 3 atm O2 pressure.

A1214 Journal of The Electrochemical Society, 152 ~6! A1208-A1216~2005!A1214
Figure 5. Effect of pressure on~a! solubility sCd ~b! diffusion coefficien
sDd and ~c! permeability sD 3 Cd for SPES membranes and Nafion 1
~control! in the temperature range, 303-353K, 100% RH and 3 atm O2 pres-

sure.

Downloaded 10 Mar 2011 to 129.10.186.126. Redistribution subject to E
Figure 6. Effect of pressure on~a! solubility sCd ~b! diffusion coefficien
sDd and ~c! permeability sD 3 Cd for SPSS membranes and Nafion
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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Downloaded 10 Mar 2011 to 129.10.186.126. Redistribution subject to E
ferent extent of chain stiffness. The introduction and distributio
polar side chains affects the cohesive energy28 and consequent
morphology of the polymer, which may also contribute to the slo
gas migration in SPSS materials. Unfortunately, due to lack o
adequate morphological picture of SPSS, a quantitative corre
of O2 permeability with the degree of sulfonation is not yet poss
Further characterizations are necessary to unveil the propert
these novel PEMs.

From the above discussion, we find that it is difficult to m
comparisons of gaseous diffusion behavior among polymers o
ferent structures, since the morphology can change drastically
out appreciable changes in density. The presence of water a
hydrogen bonds formed between polymer-water moieties also
major effects on system properties. The magnitude and distrib
of these hydrogen bonds causes consequent changes in the p
structure, local chain segmental mobilities, and free volume co
and its distribution.46 There has been very little work reported on
effects of plasticization or absorbed water and chemical structu
the gas transport in proton exchange membranes. Much mo
tailed work on the polymer characterization and gaseous diffu
itself must be carried out before a full understanding of these e
is possible.

Finally, the permeability of oxygen reflects the overall contr
tions of diffusion and solubility of oxygen in the ionomer me
branes. As shown in Fig. 7c, the oxygen permeability of the S
and SPSS membranes increases with increasing IEC at lowe
fonation levels, which appears to reach a maximum value at
mediate sulfonation levels, followed by a drop; this is true at alm
all temperature conditions in this work. Attention may be dr
here to the highly sulfonated nonfluorinated membranes, w
lower oxygen permeability and relatively poor mechanical stre
cancel out their higher proton-conducting properties. Special
should be taken while choosing appropriate sulfonation level
these new ionomers in order to achieve optimum performance

Conclusions

Mass transport properties were determined for a series o
fonated poly~arylene ether sulfone! ~SPES! membranes and su
fonated polysulfide sulfone~SPSS! polymers of various ion ex
change capacities~IEC! at a Pt ~microelectrode!/proton exchang
membrane~PEM! interface. The temperature and pressure de
dence of oxygen transport parameters show similar trends fo
SPES 30-60sIEC = 1.2-2.2 meq g−1d and SPSS 20-50sIEC = 0.7
-1.8 meq g−1d membranes. The diffusion coefficientsDd was found
to increase with IEC, while solubilitysCd decreases. These resu
are discussed in the context of water content and microstructu
the membranes. The conformations of water-filled channels con
ing the hydrophilic ionic clusters appear to have important cont
tions to the process of O2 diffusion. Samples of SPES and SP
polymers of various sulfonation levels vary in their diffusion co
ficient and solubility even when they have the similar chemical c
position due to inevitable differences in their morphology. The
sults of these studies emphasize the marked dependence of tra
properties on subtle variations in polymer composition
structure.
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