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Abstract

Kinetic and mass transport properties were investigated for the oxygen reduction reaction in Nafion 117 and a sulfonated poly

(arylene ether sulfone) membrane (SPES-40, 40% sulfonated groups/repeat unit) under 1 atm oxygen pressure, 100% relative

humidity in a temperature range of 303�/343 K using a solid-state electrochemical cell. Kinetic parameters were obtained using slow-

sweep voltammetry while mass transport parameters, the diffusion coefficient (D ) and solubility (C ), were obtained using

chronoamperometry at a Pt (microelectrode)/proton exchange membrane (PEM) interface. Oxygen reduction kinetics was found to

be similar for both Nafion† 117 and SPES-40 membrane at the Pt microelectrode interface. The temperature dependence of O2

permeation parameters showed same trends for both the membranes studied, there was an increase in D and a concomitant decrease

in C . Despite lower equivalent weight and hence higher water content SPES-40 exhibited relatively close values of D with Nafion†

117. The results are discussed in the context of their different microstructures. Values of C showed a closer relationship to water

content and the percent volume of aqueous phase in the respective membranes. The values of overall oxygen permeability were

significantly higher in Nafion† 117, with a higher positive slope in its variation with temperature.
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1. Introduction

Proton exchange membrane fuel cells (PEMFC) are

promising power sources for vehicular transportation,

residential and consumer electronics [1]. Amongst the

key components is the polymer electrolyte membrane

(PEM) that provides the ionic pathway and acts as a gas

separator. The current state-of-the-art is based on

perfluorinated sulfonic acid chemistry, such as those

from Dupont (Nafion†), Asahi chemicals (Aciplex†)

and others. These achieve good performance when

operating at 80�/90 8C and high relative humidity (�/

80% RH) [2�/4]. They have good mechanical strength,

chemical stability and high proton conductivity [1].

However, these membranes remain expensive and have

several limiting factors such as low conductivity at low

RH [5], high methanol permeability [6,7], and a low Tg

(glass transition temperature) [8] which restricts its

application to below 100 8C.

Transitioning to temperatures above 100 8C provides

for several attractive options which include higher CO

tolerance [9,10], better water and heat management

related to interfacing fuel cells with other system

components such as the fuel processor unit.

Alternative hydrated membranes to the perfluori-

nated sulfonic acid based systems (such as Nafion†)

possessing high proton conductivity at lower RH and

stability at elevated temperatures are currently the focus

of a lot of research and development. Most of them are

based on engineering polymers with high thermo-

chemical stability [11], typically with a high degree of

aromatic character, where the monomer consists of a

variety of fused phenyl rings linked together with a

number of bridging moieties (hereafter referred to as

membranes with aromatic backbone). Sulfonation of

these materials involves either using sulfonated mono-

mer in the polymer synthesis or using a variety of

methods for post-sulfonation. Several families of poly-
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mers have been developed in this context, these include

sulfonated poly ether (ether) ketone (SPEEK) [12�/15],

polyimides [16], poly ether sulfone (SPES),[17�/19] poly

sulfide sulfone (SPSS) [20,21], poly phenyl quinoxaline

(SPQQ) [22], aryl oxyphosphazene (SAOP) [23], propy-

lated poly (benzimidazole) [24�/26] and poly (phenylene

sulfide sulfone) [27].
In this search for elevated-temperature PEM’s, sulfo-

nated poly (arylene ether sulfone) (SPES) family have

recently been reported as promising candidate material

[28�/32]. Being well-known engineering thermoplastics,

poly (arylene ether sulfones) (Structure 1) displays a

high glass transition temperature (Tg) of 195 8C, good

resistance to hydrolysis and oxidation, excellent me-

chanical properties and high thermal stability [33]. The

closely related

ð2Þ

Poly ether sulfone (Structure 2) is totally devoid of

aliphatic hydrocarbon groups and exhibit even higher

thermal stability (Tg�/230 8C) [34]. Sulfonation of these

poly (arylene ether sulfone) leading to formation of a

practical proton exchange membrane for fuel cell

application is therefore a strong motivator for use of

these macromolecules for elevated temperature opera-

tion. Recently, direct polymerization using sulfonated

monomers have been reported by the Virginia Poly-

technic Institute and State University [30,31,35�/37].

Polyarylene ether sulfone (referred to by Virginia

Tech., group as PBPSH-XX) copolymers with high

sulfonation levels (XX�/40�/60, where XX represents

the fraction of the sulfonated component in these

copolymers), have shown proton conductivity in excess

of 0.08 S cm�1 (at room temperature), which meets the

requirement for high-performance PEMFC [38].

These membranes however represent very different

chemistry relative to the conventional perfluorinated

sulfonic acid systems such as Nafion†. Their use as the

ion conducting components in PEM fuel cells operating

at elevated temperature not only requires excellent

proton conduction at elevated temperatures, preferably

at low RH but also compatible reactant transport

characteristics. For an electrochemical charge transfer

to be successful only the dissolved reactant moieties are

relevant, therefore efficient transport of reactant species

such as oxygen within the electrolyte is crucial. This

efficient reactant transport or permeation comprises of

two important components, solubility (C ), and diffusion

coefficient (D ). Together, they determine the crossover

of gases across the membrane thus affecting the open

circuit potential and more importantly, they determine

the availability of the reactant at the electrocatalyst�/

electrolyte interface. This is most important, in deter-

mining the onset of mass transport limitations in a

typical fuel cell performance.

In a typical PEM fuel cell, the electrode�/electrolyte

interface comprises of the ‘membrane electrode assem-

bly’ (MEA), which is a hot-pressed composite structure.

The overpotentials for activation, ohmic and mass

transport are kept low by specially formulating the

electrode structure and the hot pressing conditions so as

to maximize the gas transport and mobility of electrons

and ions. This is typically done using a multilayer

electrode structure where the substrate is a carbon cloth

or paper in contact with the bipolar plate. This substrate

is coated with a layer of teflonized carbon, which is

commonly referred to as the gas diffusion layer. The

charge transfer interface with the membrane is called the

‘reaction layer’. It is typically a thin layer of catalyst and

ionomer (in most cases the ionomer is a solubilized form

of the electrolyte membrane) with or without a binder

such as Teflon, deposited on top of the teflonized

carbon layer. This reaction layer therefore extends the

charge transfer interface from the membrane surface

deeper into the electrode structure in order to increase

the interfacial area available to carry out the desired

reaction. It is in this reaction layer, where the transport

of dissolved gases to the electrocatalyst interface occurs,

(1)
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which is determined by the permeation capability of the

surrounding ionomer.
ORR is well known as a source of inefficiency in fuel

cell reaction and is a common denominator for reformer

based and direct methanol fuel cells. Studies on oxygen

electrodes typically show three distinct regions in the

cathode polarization curve. At low current densities, the

exponential drop of potential away from the reversible

potential of oxygen electrode (1.23 V vs. RHE at STP) is

referred as activation loss, this is ascribed to sluggish

kinetics of the oxygen reduction reaction. The reactant

gas solubility and the intrinsic electrocatalytic properties

of the electrolyte in contact with the Pt catalyst at the

reaction layer of the electrode control the electrocataly-

tic efficiency of the reactions. At intermediate current

densities, the linear potential drop is due to ohmic effect.

The proton-conducting properties of the bulk electrolyte

and the internal resistances of fuel cell determine this

ohmic contribution. At high current densities, the sharp

drop of the potential is due to the insufficient supply of

reactant gases to the cathode catalyst sites. Modeling

calculations have demonstrated that the oxygen perme-

ability (product of solubility and diffusivity) determine

the mass-transport rates at the cathode [39]. Therefore,

in addition to the effort of increasing the proton

conductivity of the membranes to reduce the ohmic

contribution, research on the kinetics and reactant

permeation properties is extremely important for mini-

mizing the activation and mass-transport limitation.

In previous publications, investigations of oxygen

reduction reaction at Pt and liquid electrolyte interface

such as phosphoric acid has been performed under a

variety of conditions [40�/44]. Various methods such as

microelectrode technique [45�/51], electrochemical mon-

itoring technique (EMT) [52�/56], and gas chromato-

graphy [57�/59] have been used for gas permeation

measurements. Mass transport parameters for oxygen

reduction reaction at the interface between Pt and a

variety of solid-state perfluorosulfonic acid-type materi-

als (Nafion† and Aciplex† membranes) have been

studied intensively since the pioneering work of Partha-

sarathy et al. [45]. Prior studies on these membranes

investigating oxygen transport characteristics have ex-

amined the effect of both environmental (temperature

and pressure) [46,47,49] and membrane structural com-

position (equivalent weight) [48]. Similar investigations

had been made on a series sulfonated a,b,b-trifluoros-

tyrene (BAM†, Ballard, Canada) membranes and

sulfonated styrene-(ethylene-butylene)-styrene triblock

copolymers (DAIS†, DAIS-Analytic, USA) by Hold-
croft and co-workers [49�/51]. These studies suggested

that oxygen transport behavior was primarily related to

water content in the PEM. The effect of increase in

equivalent weight [51] was shown to cause a decrease in

diffusion coefficient of oxygen and increase in the

solubility.

This investigation aims to evaluate SPES membranes

as candidate electrolyte for PEMFC by investigating
their oxygen permeation characteristics and interfacial

kinetics. For this a solid state microelectrode technique

is employed, which is used to determine the kinetic and

mass transport parameters (solubility and diffusivity)

for O2 reduction reaction at Pt micro-electrode/mem-

brane interface. Slow-sweep voltammetry and chron-

oamperometry measurements were conducted as a

function of temperature at ambient pressure conditions.
The kinetic parameters, O2 diffusion coefficient and

solubility values obtained were compared with corre-

sponding values for a Nafion† 117 membrane (control

experiment). All values in this investigation pertain to

measurements at 1 atm pressure (ambient pressure).

This was motivated by our desire to measure these

parameters without any interference of pressure, this

also forms the first time when such measurements are
reported at ambient pressure conditions.

2. Experimental

2.1. Membranes

Two membranes were studied in this investigation.

Poly (arylene ether sulfone) membrane with Structure

(3), containing two sulfonate groups per repeat unit
were prepared at Virginia Polytechnic and State Uni-

versity (Professor James McGrath’s group). This synth-

esis involved potassium carbonate mediated direct

aromatic nucleophilic substitution polycondensation of

disodium 3,3?-disulfonate-4,4?-dichlorodiphenyl sulfone

(SDCDPS), 4,4?-dichlorodiphenylsulfone (DCDPS) and

4,4?-diphenol. Detailed preparation methodology, reac-

tion conditions and membrane properties, such as Tg,

(3)
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hydrophilicity, viscosity, TGA, AFM (hydrophilic do-

main size, phase inversion) and proton conductivity are

reported elsewhere [38]. The polymer used in this

investigation was a 40:60 ratio in terms of SDCPDS/

DCDPS (100n/n�/m, Structure (3)). This polymer,
referred to as PBPSH-40 by the Virginia Tech., group,

is referred to as SPES-40 in this paper. Nafion† 117

(Dupont) was bought from a commercial vendor

(Aldrich chemicals). Chemical structure of this material

is illustrated in Structure (4).

ð4Þ

Membranes were boiled in 1 M sulfuric acid for 2 h

and then soaked for 48 h in 1 M sulfuric acid at room

temperature to ensure full protonation. After protona-

tion, the membranes were rinsed several times and
stored in deionized water.

Measurements of water uptake followed typical

methods reported earlier [51]. Membranes were initially

dried at 80 8C in a vacuum oven, overnight (12 h). The

membranes were then equilibrated by immersing them

in an enclosed water container, which was placed in a

constant temperature oven. Following equilibration for

4�/6 h, the membranes were quickly weighed, taking care
that excess water was removed prior to weighing. This

allowed measurement of water uptake as a function of

temperature. The water content in terms of wt.% was

determined according to: H2O[%]�/[(wet weight�/dry

weight)/dry weight]�/100%. Number of moles of water

per sulfonic acid group (l�/[H2O]//SO�
3 ) was also

calculated.

2.2. Electrodes

The working electrode was a 100 mm diameter Pt

microelectrode (Bio Analytical Systems, BAS, West

Lafayette, IN). The surface of the microelectrode was

polished with 5, 3 and 1 mm diamond polish solutions

(BAS-polishing kit) and finally with 0.05 mm alumina

polish (BAS). Following the polishing step, the electrode
was sonicated in deionized water for 60 s and rinsed, it

was stored in deionized water before assembling into the

solid state microelectrode cell. A solid-state dynamic

hydrogen electrode (DHE) served as the reference

electrode. It was constructed by sealing two 0.25 mm

diameter Pt wires (Alfa Aesar) in a double-bore glass

tube. Prior to each experiment, the electrodes were

platinized using a 20 mM chloroplatinic acid solution. A
9 V battery in series with a 2.2 MV resistor was used for

constant current supply between the two platinized

electrodes in the DHE in contact with the hydrated

membrane. The counter electrode was a 1.6 mm

diameter Pt electrode (BAS) spot-welded to a 5�/5�/

0.01 mm3 (thick) Pt foil.

2.3. Solid-state electrochemical cell setup

A new cell was designed to perform solid-state

electrochemical experiments under controlled tempera-

ture and RH. A schematic of the cell is given in Fig. 1.

The apparatus consisted of three Teflon blocks. The

bottom Teflon block housed a glass base with a built in

fritted glass filter (47 mm diameter, Millipore), which

had a porous and smooth flat surface to support the

membrane of interest. The bottom end of the glass filter
base was connected to the gas supply through a

swagelock adapter. This swagelock adapter had ar-

rangements for sealed thermocouple and humidity

sensor attachments. This enabled measurement of inlet

gas temperature and humidity immediately below the

membrane electrode interface. The middle Teflon block

had three through holes to fit in the working, counter

and reference electrodes. This was used to provide
conduit for the wires connecting these electrodes. The

upper stainless steel block contained three flat-tip

micrometer heads. By screwing forward its spindle, the

micrometer head was capable of applying variable

pressure to the electrode�/membrane contact. Four

screw rods and several nuts hold the three blocks tightly

together. A thermocouple (Omega engineering, CT) was

inserted into the cell from the bottom with its tip
touching the membrane. Temperature control was

achieved by using a temperature controller (Watlow,

series-965).

The overall set up of this electrochemical cell was

based on earlier designs [45�/47]. In our set up all the

electrodes were on the same side of the membrane,

instead of having the membrane sandwiched between

the working electrode on one side and counter and
reference electrode on the other. The modification in our

set up ensured good mechanical contact at membrane�/

electrode interface. This was achieved using micrometer

Fig. 1. Schematic of the solid state electrochemical cell with the

working electrode as a 100-mm Pt wire (WE), a dynamic hydrogen

reference electrode (DHE) and a Pt plug counter electrode (CE).
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heads, which could be more conveniently used to adjust

the clamping pressure as compared to springs in

previous cell setups [45�/47]. In this arrangement the

distance between the working and the reference elec-
trode were similar to those in previous setups [45]. The

impedance between working and reference electrodes

was monitored and standard iR correction methods

applied (Echochemie, model AUTOLAB PGSTAT 30).

During the experiment, the cell was put into a

modified constant temperature oven, which provided a

constant cell temperature and served as a Faraday cage.

Gas was supplied using a special heating and humidity
control unit. This set up, built in-house, comprised of a

humidification unit, which was a temperature-controlled

bubbler. Humidified gas from this unit was mixed with a

controlled amount of dry gas using a system of two mass

flow controllers interfaced with a computer with Lab-

view (National Instruments) software control. Adjust-

ments to the bubbler temperature and relative flow rates

of the dry and wet gas enabled the control of humidi-
fication of the gas at the inlet of the solid state

microelectrode set up. All results reported in this paper

are at 100% RH, hence there was no dry gas input used

for our experiments. All experiments were conducted at

ambient pressure, with the humidification bottle tem-

perature at least 10 8C higher than the cell temperature.

The RH was independently measured using a humidity

sensor (ELECTRONIK, series EE-30) at the bottom of
the solid-state microelectrode assembly. The flow rate of

the humidified gas entering the cell was set at about 600

ml min�1. A higher or lower flow rate was found to

have the potential of causing flooding or drying inside

the cell.

2.4. Electrochemical techniques and instrumentation

A computer controlled digital potentiostat/galvano-
stat (Autolab model, PGSTAT-30) was employed to

conduct cyclic voltammetry, slow-sweep voltammetry

and chronoamperometry experiments. All potentials

stated here are relative to DHE.

Cyclic voltammetry (scan rate�/50 mV s�1) in the

potential range 0.08�/1.5 V in nitrogen was carried out

for evaluating the electrochemically active area and

roughness factors of Pt microelectrode. Fast scan cyclic
voltammetry (0.08�/1.5 V) in oxygen at a scan rate of

100 mV s�1 was performed during the equilibrium

periods at each temperature for cleaning and activating

the Pt micro-working electrode.

Slow-sweep voltammograms between 1.2 and 0.3 V at

2 mV s�1 scan rate were recorded to determine the

limiting current Id, which is given by Eq. (1):

Id�npFDCr (1)

where n�/4, referring to the number of electrons

transferred per mol of oxygen in the overall O2

reduction at Pt electrode (O2�/4e��/4H�0/2H2O), F

is Faraday’s constant, D is the diffusion coefficient of

O2, C is the solubility of O2 and r is the radius of the Pt

microelectrode. Electrode kinetic parameters were ob-
tained using slow scan voltammograms. For this the

mass transport corrected Tafel equation was used:

h�
2:303RT

anF
log i0�

�2:303RT

anF
log

�
idi

id � i

�
(2)

where, h is the overpotential (E�/E8), R is the gas
constant, T is the absolute temperature, a is the transfer

coefficient, n is the number of electrons involved in the

rate determining step of O2 reduction on Pt (H3O��/

O2�/e�0/O2H(ads)�/H2O), i0 is the exchange current

density, id is the limiting current density, and i is the

current density. The activation energy for oxygen

reduction reaction was obtained from Arrhenius plots

of log i0 versus 103T�1 based on Eq. (3).

Ea��2:303R

�
d log i0

d(1=T)

�
(3)

Chronoamperometry experiment was used to deter-

mine diffusion coefficient and solubility of oxygen. It

was performed by holding the potential of the micro-
electrode at 1.2 V for 20 s and then stepping to 0.4 V for

5 s. Plotting of current, I , versus reciprocal of the square

root of time, t�1/2, for a time domain from 1 to 5 s gave

linear relationship corresponding to the modified Cot-

trell Eq. (4):

I(t)�
nFAD1=2C

p1=2t1=2
�pFnDCr (4)

where, A is the geometric area of the microelectrode. D

and C values were obtained simultaneously from linear

regression analysis of the slope and intercept. For details

on the choice of this equation and use of this methodol-

ogy see Refs. [45�/47,49]. The activation energy of O2

diffusion and enthalpy of dissolution of O2 in the
membranes were calculated according to Eqs. (5) and

(6).

Ed��2:303R

�
d log D

d(1=T)

�
(5)

DHs��2:303R

�
d log C

d(1=T)

�
(6)

2.5. Experimental procedure

After incorporation into the cell, the membrane was

equilibrated with humidified gas at 30 8C for at least 12
h. Electrochemical measurements were conducted at

100% RH in a temperature range of 30�/70 8C and 1 atm

pressure. Series of electrochemical measurements for
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determining both interfacial kinetics and mass transport

parameters were made at each temperature after equili-
bration for at least 2 h. The choice of 1 atm in contrast

to higher pressures used in previously reported investi-

gations was due to the fact that modification of our

experimental set up allowed very high reproducibility at

ambient pressure conditions. This is in contrast to

earlier efforts where at least 2 atm was necessary for

getting reasonable data quality. One atmosphere (am-

bient pressure) was chosen as it provided a good
baseline to investigate the effect of change of tempera-

ture, without interference from pressure effects. All

experiments conducted for each of the membranes

were repeated at least three times and the reproducibility

monitored. For the kinetic and mass transport measure-

ments very good reproducibility was obtained as dis-

cussed in Section 3.

3. Result and discussion

3.1. Cyclic voltammogram at Pt/PEM interface

Cyclic voltammetry (CV) was used to determine

qualitatively the nature of the interfacial contact be-

tween the Pt microelectrode and the hydrated mem-

brane. Uncompensated resistance at the membrane

electrode interface can shift the oxygen reduction wave

to more negative potentials [45] which can constitute a
potential source of error in determination of the kinetic

and mass transport parameters. To minimize the effect

of variability in contact resistance, the position of the

micrometer heads were adjusted until the contact

impedance stopped changing. One of the most conve-

nient methods to detect this was to monitor the shift in

the oxide reduction peak. For this, the working elec-

trode was exposed to an inert gas (N2) under 100%
relative humidification conditions at a temperature of

40 8C. When no further positive shifts in the oxide

reduction peak were observed as a function of change in

contact pressure of the working electrode and electrolyte
membrane, the micrometer was locked into position.

Fig. 2 gives an example of CV recorded under appro-

priate clamping pressure obtained at Pt/SPES-40 inter-

face at 40 8C. All the Pt surface electrochemical features

are clearly resolved in this voltammogram. In addition,

the impedance of the working electrode relative to the

reference was monitored as a function of the micrometer

head positions (contact pressure) until they stopped
changing; this corresponded well with the shifts in the

oxide reduction peak.

Well-resolved CVs obtained at Pt/PEM interfaces

were used to evaluate the electrochemically active area

and roughness factor of the microelectrode. Details of

the calculations are reported elsewhere [60]. By aver-

aging the area under hydrogen adsorption and deso-

rption waves and taking into account the double-layer
charging area (assuming 210 mC cm�2 for a smooth Pt

surface [61]), the electrochemically active area of the

microelectrode at the interface with the membrane was

found to be about nine times larger than its geometrical

area (Table 1). The real areas and roughness factors

obtained in this solid-state cell were comparable to those

obtained in Pt/0.5 M H2SO4 (Table 1). This is evidence

of good contact between the working electrode and the
membranes. These values also compared well with

previously reported roughness factors [45,62]. It is also

important to point out that the results reported in Table

1, are an average of three separate experiments con-

ducted under the same conditions. The deviations in the

data were less than 3%.

Fast-scan CV (100 mV s�1, in the range 0.08�/1.5 V)

under oxygen flow at 100% RH was routinely carried
out in this work during the periods of cell equilibration

at each temperature, this helped in cleaning the micro-

electrode.

3.2. Determination of electrode kinetic parameters at a

Pt/PEM interface by slow-scan voltammograms

All potentials reported in this work are with respect to

DHE. It is well recognized that correction of this
reference potential with respect to the standard hydro-

gen electrode (SHE) reference potential provides a more

accurate picture of the absolute values of exchange

Fig. 2. Representative plot of the cyclic voltammogram at a Pt/SPES-

40 interface under conditions of 100% RH, 313 K, 1 atm N2 pressure.

Scan rate�/50 mV s�1.

Table 1

Real areas obtained from the charge under the hydrogen adsorption

and desorption regions (average value) in the cyclic voltammogram

and corresponding roughness factors for the various Pt/PEM systems

studied

Interface Real area (cm2) Roughness factor

Pt/0.5M H2SO4 7.72�/10�4 9.84

Pt/SPES-40 7.41�/10�4 9.44

Pt/Nafion 117 7.45�/10�4 9.48
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current densities. However, the reference potential for

DHE shows variations as a function of temperature and

pressure [63]. Hence using a correction term determined

at one condition such as those reported earlier [49] (a

correction of �/809/10 mV, with respect to a Calomel

electrode measured in 0.5 M H2SO4 at room tempera-

ture), is not expected to hold in the entire temperature

range [63]. Since the purpose here is to compare the

kinetics of ORR at a Pt microelectrode-membrane

interface, shifts from absolute values for exchange

current densities were neglected. Comparison of all

kinetic measurements with respect to DHE provided a

more stable and accurate comparison at different

membrane interfaces.

Evaluation of electrode kinetics of O2 reduction at Pt/

Nafion† 117 interface as a function of temperature had

been discussed in great detail elsewhere [46,49]. Briefly,

slow sweeping (2 mV s�1) the potential of working

electrode at O2-equilibrated membrane gives rise to

sigmoidal-shaped voltammograms. The diffusion-con-

trolled region of these pseudo-steady-state curves pro-

vided the magnitudes of limiting current (Id). The

activation-controlled regions were used to generate

quantitative data for O2 reduction kinetics via mass-

transport corrected Tafel analysis.

Fig. 3 shows representative slow sweep voltammo-

grams as a function of temperature in the range 40�/

70 8C, at a Pt/SPES-40 interface. As expected, the

oxygen reduction waves are shifted away from the

theoretical reversible potentials Er because of the poor

reaction kinetics. The limiting current associated with

the reduction reaction displays an increasing trend with

temperature. Plots of Id versus temperature for the two

membranes are shown in Fig. 4. Nafion† 117 exhibited

significantly higher Id over the whole temperature range

as compared to SPES-40. According to Eq. (1), the

product of D and C affects the magnitude of Id.

Different Id values therefore suggest that their corre-

sponding O2 permeability (D �/C ) would also be

different. This will be discussed in more detail later.

Previous investigations on Pt/liquid acid electrolytes

[64,65] as well as Pt/ Nafion† 117 interface [45,49] have

shown the existence of two regions in the mass transport

corrected Tafel plots. The two sets of Tafel kinetic

parameters at low and high current density regions

correspond to the oxygen reduction reaction at oxide-

covered and oxide-free surface of Pt. Tafel plots for

Fig. 3. Representative plot showing a slow-sweep voltammogram for

O2 reduction at the Pt/SPES-40 interface under conditions of 100%

RH, in the temperature range 313�/343 K, 1 atm O2 pressure; scan

rate�/50 mV s�1.

Fig. 4. Plots of limiting current, Id, versus temperature for Pt/PEM

systems studied under conditions of 100% RH, as a function of

temperature (313�/343 K), 1 atm O2 pressure.

Fig. 5. Plots of mass-transport corrected Tafel plots for: (a) Nafion

117; (b) SPES-40 membrane under conditions of 100% RH, as a

function of temperature in the range 313�/343 K, 1 atm O2 pressure.
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Nafion† 117 (Fig. 5(a)) and SPES-40 (Fig. 5(b)) show

the two well-defined linear regions similar to those

reported earlier [45].

Table 2 lists the calculated kinetic parameters based
on mass transport corrected Tafel equation. Compar-

ison of the exchange current density for both the

membranes in the low current density (lcd) and high

current density (hcd) regions, exhibited approximately

the same order of magnitude, although SPES-40 mem-

brane showed slightly higher values than Nafion† 117.

The Tafel slopes for all the membranes studied show

deviations from the ‘typical’ number of �/60 mV per
decade [64] (lcd) and �/120 mV per decade [65] (hcd).

Further, the transfer coefficient a also exhibited some

deviations from the characteristic value of 1 (lcd) and

0.5 (hcd). For example, the Tafel slopes for SPES 40 at

low and high current regions ranged from �/83.7 to �/

88.7 mV per decade and �/144.4 to �/148.7 mV per

decade; its a values at lcd ranged around 0.74�/0.77.

Such deviations of Tafel parameters from typical values
are inherent in these measurements as evident from

similar results on Nafion† 117, reported [45] earlier. The

exact cause is complex and difficult to control, Beattie et

al. [49] had suggested that impurities in the membranes

could be a significant contributor.

Unlike previous report [46], there was no correlation

found between a and temperature in the high current

density region (oxide free region) for Nafion† 117 and
SPES-40 membrane. No such correlation with Nafion†

117 was also observed by Beattie et al. [49]. An increase

in the symmetry factor (a ) with temperature has been

interpreted in terms of Bokris�/Gochev theory [66].

According to this theory, based on investigation at a

Pt/trifluoro methane sulfonic acid (TFMSA) interface,

at potentials greater than the potential of zero charge,

the excess positive charge on the electrode is balanced by
the negatively charged sulfonic acid groups in the

electrolyte. Since these sulfonate anions are enclosed

within the hydrophilic domains of the micelles formed

by perfluorinated sulfonic acids such as TFMSA, some

of the water molecules in the aqueous domains interact

with the SO�
3 via hydrogen bonding. The anomalous

dependence of symmetry factor (a ) with temperature

has been ascribed to changes in the hydrogen bonding
with temperature.

The activation energies of oxygen reduction reaction,

Ea (kJ mol�1), are also listed in Table 2. For all the

membranes, the activation energies in lcd are higher

than in hcd as noted previously by Parthasarthy et al.

[46]. As reported previously by Sepa et al. [67], based on

both experimental results and theoretical calculations,

the difference between the activation energies in the lcd
(oxide covered) and hcd (oxide free) regions should be

16 kJ mol�1. This is based on the assumption that the

first electron transfer step in both the regions is the rate

determining step in accordance to the equation: O2�/T
a
b

le
2

E
le

ct
ro

d
e

k
in

et
ic

p
a

ra
m

et
er

s
fo

r
v
a

ri
o

u
s

P
E

M
sy

st
em

s
a

t
th

e
in

te
rf

a
ce

w
it

h
a

P
t

m
ic

ro
-w

ir
e

(1
0

0
mm

)
w

o
rk

in
g

el
ec

tr
o

d
e,

st
u

d
ie

d
a

s
a

fu
n

ct
io

n
o

f
te

m
p

er
a

tu
re

in
th

e
ra

n
g

e
3

1
3
� /3

4
3

K
,

u
n

d
er

co
n

d
it

io
n

s

o
f

1
0

0
%

R
H

,
1

a
tm

O
2

p
re

ss
u

re

M
em

b
ra

n
e

T
(K

)
E

r
(V

)
v
s.

S
H

E
S

lo
p

e
(l

cd
)

m
V

p
er

d
ec

a
d

e
i 0

(l
cd

)
A

cm
�

2
a

(l
cd

)
E

a
(l

cd
)

k
J

m
o

l�
1

S
lo

p
e

(h
cd

)
m

V
p

er
d

ec
a

d
e

i 0
(h

cd
)

A
cm

�
2

a
(h

cd
)

E
a

(h
cd

)
k

J
m

o
l�

1

N
a

fi
o

n
†

1
1

7
3

1
3

1
.2

1
3

�
/7

0
.0

7
.1

0
E
�

/1
0

0
.8

9
4

4
.8

8
�

/1
1

7
.1

1
.3

9
E
�

/7
0

.5
3

3
2

.2

3
2

3
1

.2
0

4
�

/7
2

.3
1

.2
7

E
�

/9
0

.8
9

�
/1

1
7

.2
1

.7
7

E
�

/7
0

.5
5

3
3

3
1

.1
9

6
�

/7
1

.5
1

.8
8

E
�

/9
0

.9
2

�
/1

2
0

.9
2

.5
8

E
�

/7
0

.5
5

3
4

3
1

.1
8

8
�

/7
1

.4
3

.3
3

E
�

/9
0

.9
5

�
/1

2
5

.6
4

.1
0

E
�

/7
0

.5
4

S
P

E
S

-4
0

3
1

3
1

.2
1

3
�

/8
3

.7
2

.2
0

E
�

/9
0

.7
4

4
6

.7
4

�
/1

4
4

.4
2

.4
1

E
�

/7
0

.4
4

2
5

.8

3
2

3
1

.2
0

4
�

/8
5

.4
3

.4
7

E
�

/9
0

.7
5

�
/1

4
5

.4
3

.1
7

E
�

/7
0

.4
5

3
3

3
1

.1
9

6
�

/8
8

.3
7

.2
2

E
�

/9
0

.7
4

�
/1

4
8

.0
3

.7
1

E
�

/7
0

.4
5

3
4

3
1

.1
8

8
�

/8
8

.7
9

.8
5

E
�

/9
0

.7
7

�
/1

4
8

.7
6

.0
2

E
�

/7
0

.4
5

N
o

te
:

A
ll

cu
rr

en
t

d
en

si
ti

es
w

er
e

ca
lc

u
la

te
d

re
la

ti
v

e
to

th
e

re
a

l
a

re
a

o
f

th
e

w
o

rk
in

g
el

ec
tr

o
d

e.
E

r
a

t
d

if
fe

re
n

t
te

m
p

er
a

tu
re

s
w

a
s

ca
lc

u
la

te
d

a
cc

o
rd

in
g

to
R

ef
.

[4
9

].

L. Zhang et al. / Electrochimica Acta 48 (2003) 1845�/18591852



H��/e�0/O2Hads. Our results show a difference of

12.68 kJ mol�1for Nafion† 117 and 20.94 kJ mol�1 for

SPES-40. Within the limits of error inherent in these

measurements, these results (169/4 kJ mol�1) is close to

the theoretical value. Hence the kinetics observed at the

Pt microelectrode interface for both the membranes

agree well with well-established mechanistic interpreta-

tions for ORR, which considers the electron transfer

step in both oxide covered and oxide free Pt surface to

be rate determining. However, the observed deviations

do not completely rule out the possibility of the chemical

step being rate determining. A more careful evaluation

of this kinetics is necessary for making such a definitive

distinction.

In the lcd region the SPES-40 and Nafion† 117 have

close activation energies, in the hcd region however

SPES-40 shows a lower value. Comparison of our data

with previously reported values for Nafion† 117, shows

a slightly lower value. Previously published results by

Parathasarathy et al. [45�/47] at 5 atm pressure was

75.24 and 27.5 kJ mol�1 in the low and high current

density regions, respectively, corresponding to oxide

covered and free Pt surfaces (lcd and hcd). Correspond-

ing values reported at 3 atm by Beattie et al. [49] is 54.7

and 58.2 kJ mol�1, respectively. Our values are 44.88

Fig. 6. Plots of current, I versus t�1/2 (time�1/2) for O2 reduction at:

(a) Pt/ Nafion† 117; and (b) Pt/SPES-40 interface under conditions of

100% RH, temperature in the range of 303�/343 K and 1 atm O2

pressure.
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and 32.2 kJ mol�1 respectively at 1 atm pressure. There

seems to be a good correlation with pressure, which

agrees with the trend in the prior published data.

All data reported in Table 2, is the average of three

separate experiments at each temperature for Nafion†

117 and SPES-40. Data in Figs. 2�/5, represent examples
of one of such data sets. The scatter in the data did not

exceed 5%.

3.3. Determination of mass-transport parameters as a

function of temperature by chronoamperometric method

Microelectrode technique had been successfully used

to evaluate the diffusion coefficient (D ), solubility (C )

and permeability (D �/C ) of O2 in the polymer electro-

lyte membranes. Further, the Arrhenius behavior of

these parameters was evaluated to provide the activation
energy of diffusion and enthalpy of dissolution of

oxygen in the membranes. Methodology for performing

chronoamperometric measurements and data analysis

are well established in literature [45,46,49].

Fig. 6 represents typical chronoamperometric plots

for the reduction of O2 at Pt/Nafion† 117 and Pt/SPES-

40 interface under ambient O2 pressure and at tempera-

tures in the range 303�/343 K. Each I versus t�1/2 line

was found to display well-defined linear behavior with a

correlation coefficient ]/0.999. The mass transport

results were given in Table 3 and illustrated in Figs.

7�/9. Error bars in Figs. 7�/9 represent scatter of data

from three separate experiments. Data in Table 3,

represents the average of these values. The principal

features of this data can be summarized as following: (i)

for all the membranes investigated, the diffusion coeffi-

cient D increases with temperature, the opposite trend is

true for the solubility C , the overall permeability (D �/

C ), however shows an increasing trend with tempera-

ture. (ii) Over the temperature range studied, SPES-40

and Nafion† 117 have relatively close diffusion coeffi-

cients, though SPES-40 showed slightly higher values at

the upper end of the temperature scale. Further, the

slope of its variation with temperature was slightly

higher than Nafion† 117. (iii) However, the oxygen

solubility for Nafion† 117 is higher than SPES-40 in the

entire temperature range investigated. (iv) The overall

oxygen permeability for Nafion† 117 is greater than

SPES-40. Further, the slope of its increase as a function

of temperature is significantly higher than SPES-40.

Comparing our results of O2 permeation with those

reported earlier [46,49] leads to several interesting

observations. The diffusion coefficient obtained for

Nafion† 117 show reasonably close values with prior

published data [46,49] in the same temperature range

albeit at different pressures (5 [46] and 3 atm [49]). The

solubility values were also close to earlier published

values [46,49] though there were some differences due to

Fig. 7. Temperature T versus diffusion coefficient D of oxygen at Pt/

PEM interface studied under conditions of 100% RH, temperature

range 303�/343 K, 1 atm O2 pressure. (The error bars represent the

limits of the range of behavior for each PEM system based on a set of

three separate experiments.)

Fig. 8. Temperature T versus solubility of O2 C at Pt/PEM interface

studied under conditions of 100% RH, temperature range 303�/343 K,

1 atm O2 pressure. (The error bars represent the limits of the range of

behavior for each PEM system based on a set of three separate

experiments.)

Fig. 9. Temperature T versus permeability of O2 DC at Pt/PEM

interface studied under conditions of 100% RH, temperature range

303�/343 K, 1 atm O2 pressure. (The error bars represent the limits of

the range of behavior for each PEM system based on a set of three

separate experiments.)
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different pressures used in these prior investigations

[46,49].

Increase of diffusion coefficient and decrease of

solubility with temperature in Nafion† 117 membrane

mirror those reported earlier by Parthasarathy et al. [46]

and Beattie et al. [49]. However, the above authors also

demonstrated two linear regions in the Arrhenius plots

for D and C with a break at 323 K. The first was in the

range 303�/323 K and second, 323�/343 K, which led to

separated values for activation energy for O2 diffusion

(Ed) and the enthalpy of dissolution of O2 in the

membrane (DHs) corresponding to each temperature

range. This behavior was not observed here. As illu-

strated in Fig. 10, log D and log C versus 103 T�1 plots

for Nafion† 117 and SPES-40 membrane exhibit a

linear response over the range of temperatures investi-

gated (303�/343 K) and therefore allowed unique Ed and

DHs values to be determined for each membrane. One

possible reason for this may be due to the much lower

O2 pressure (1 atm) applied in this work as compared to

those used in previous reports (5 [46] and 3 atm [49]).

This is in agreement with the observation that in these

prior reports [46,49] the two-region phenomenon at 3

atm was less distinct than that at 5 atm. In these prior

reports [46,49], the break in Arrhenius behavior for both

diffusion coefficient and solubility was explained on the

basis of a similar break in the water uptake values as a

function of temperature. This was reported by Partha-

sarathy et al. [46] and was used by Beattie et al. [49] in

their explanations. Our data on the water uptake, did

not show such a break, water uptake expressed as weight

percent exhibited a monotonic increase with tempera-

ture (Table 4) for both Nafion† 117 and SPES-40. This

agrees very well with prior published report by Hinatsu

et al. [68]. This largely explains the continuously

changing trends of the D and C for Nafion† 117 and

SPES-40 as a function of temperature (Fig. 10). Water

uptake for both Nafion† 117 and SPES-40, expressed in

terms of variation of l with temperature (Fig. 11) also

exhibit the same behavior. Further study on SPES

membranes as a function of pressure is expected to

provide a better insight into this behavior.

It is well established that perfluorinated sulfonic acid

membranes such as Nafion† 117 and other like

membranes such as those from Asahi Chemicals

(Aciplex† series) and Ballard (BAM† series) are phase

Fig. 10. Arrhenius plots of: (a) log D ; and (b) log C versus 103 T�1

for various PEM membranes studied under conditions of 100% RH,

temperature range 303�/343 K, 1 atm O2 pressure. (The values of D

and C are average of three separate experimental data sets for each

membrane system.)

Table 4

Water uptake values as a function of temperature in the range 298�/373

K for various PEM membranes

T (8C) Nafion 117 SPES-40

Water % l Water % l

25 20 12.5 65 21.1

40 25 15.4 73 23.4

50 27 16.2 78 25.2

60 28 17.1 80 25.9

70 31 18.7 83 27

80 35 21.1 85 27.3

100 39 23.6 89 28.6

The data is reported both as water uptake in weight percent and in

terms of l�[H2O]=SO�
3 :/

Fig. 11. Water uptake (expressed as number of moles of H2O per SO�
3

group, l ) for various PEM membranes as a function of temperature.
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separated materials. It comprises of crystalline regions

consisting of hydrophobic Teflon backbone and hydro-

philic ionic domains made up of randomly attached

pendant chains terminated with sulfonic acid groups.
These are based on a wealth of earlier work such as

those by Gierke et al. [69�/71] which have established the

formation of ionic clustering in these materials. The

microstructure model, which has emerged, suggests the

formation of inverted micelles with SO�
3 groups forming

hydrated cluster embedded in fluorocarbon phase with

diameters of 40�/50 Å. As pointed out earlier [72], the

water content in the membrane is determined by a
combination of three processes: (i) water sorption by the

membrane, which is controlled by its ion exchange

capacity (number of ionic groups per unit weight); (ii)

its electroosmotic drag coefficient, which is a function of

its proton conductivity; and (iii) water diffusion caused

by gradients in water activity. Recent AFM imaging

studies [38] using a tapping mode have shown the

existence of roughly two phases in the SPES mem-
branes. The ionic cluster phase, comprising of hydro-

philic sulfonic acid groups contain most of the

associated water and non-ionic matrix phase, which

may be assigned to the relatively hydrophobic aromatic

backbone. It has also been pointed out earlier [45,46,48]

that water acts as a plasticizer in Nafion† and hence

increase of the water content enables increase in the

diffusion coefficient of oxygen. Opposite is true for the
solubility [45,46,48], where solubility of oxygen was

determined by the fraction of the hydrophobic compo-

nent in the membrane. Hence, shrinking of the hydro-

phobic phase leads to decrease in O2 concentration,

since O2 tends to be more soluble in hydrophobic

domains than in hydrophilic parts [73].

The role of water content as determined by its

equivalent weight (EW) has been demonstrated earlier
using a comparison of sulfonated a,b,b-trifluorostyrene

(BAM†, Ballard, Canada) membranes with Nafion†

117 as well as an investigation on perfluorinated sulfonic

acid membranes (Nafion† series as well as Aciplex

membranes). A comparison of BAM-407 (EW�/407)

with Nafion† 117 (EW�/1100) showed the expected

result of higher diffusion coefficient and lower solubility

(approximately four times) for BAM-407 relative to
Nafion† 117 [49]. This was rationalized purely on the

basis of water content in these membranes (87 wt.% for

BAM-407 compared to 19 wt.% for Nafion† 117 at

50 8C) [49]. This is also evident when comparing this

effect for a particular membrane as a function of EW or

better water content. Prior results with BAM† (Ballard,

Canada), DIAS† (DIAS Analytic, USA), Nafion†

(Dupont, USA) and Aciplex† (Asahi chemicals, Japan)
[48,51] show remarkable correlation with water content

within each family of membranes. An estimation of this

effect has been made using the extent of variation in the

hydrophilic phase between membranes with different

equivalent weights [48]. In this case a gravimetric density

of 2.2 g cm�2 was assumed for the hydrophobic phase

and 1.0 g cm�2 for the hydrophilic phase. For the

hydrophobic phase the model system chosen was poly-
tetrafluoroethylene (PTFE†). This is supported by

earlier work by Ogumi [53], who found identical O2

solubility and diffusion coefficient for dry Nafion† 125

and PTFE membranes. For the hydrophilic phase, the

values reported in 1 M H2SO4 were used in the

calculations. At 323 K, the D and C for O2 in PTFE†

is reported to be 0.35�/10�6 cm2 s�1 and 37�/10�6

mol cm�3. The corresponding values for O2 in 1 M
H2SO4 are 31�/10�6 cm2 s�1 and 5�/10�6 mol cm�3.

The calculated values for the volume of aqueous phase

are given in Table 3.

Our results comparing the SPES-40 and Nafion† 117

membranes show relatively close values of diffusion

coefficients. This is in contrast to expectations based on

ion exchange capacity (0.91 for Nafion† 117 vs. 1.72 for

SPES-40) and the associated higher water uptake by
SPES-40 (approximately double that of Nafion† 117).

Hence despite higher water content, the O2 diffusion in

SPES membrane (D of SPES-40�/2.08�/10�6 cm2 s�1)

was close to Nafion† 117 (D�/ 2.17�/10�6 cm2 s�1).

Comparison of the percent volume of aqueous phase

near room temperature (30 8C) shows that SPES-40 has

approximately double the value than Nafion† 117

(Table 3). However, the variation of percent aqueous
volume with temperature is greater for Nafion† 117 as

compared to SPES-40 (approximately double as shown

in Table 3). There is little correlation however between

the results on water uptake and percent volume of

aqueous phase with corresponding results on diffusion

coefficient (D ).

Although the wealth of prior results seems to indicate

that water plays a central role in determining the O2

permeation in proton exchange membranes, its exact

mechanism remains unclear and deserves further inves-

tigation. It is evident in this comparison that SPES

membrane has a very different chemical structure as

compared to Nafion† 117. The hydrophobicity of the

aromatic backbone of SPES is not as strong as Nafion’s

perfluorinated backbone and the sulfonic acid func-

tional group in SPES is somewhat less acidic than in
Nafion†. Therefore, one may expect a less pronounced

hydrophilic/hydrophobic separation in SPES as com-

pared to Nafion† 117. Such behavior has been observed

with the related sulfonated poly (ether-ether ketone)

system using small angle X-ray scattering experi-

ments[74]. As a result, one must use caution when

comparing the mass transport characteristics of mem-

branes with respect to difference in their water uptake
alone. Difference in chemistry is also expected to play an

important role.

Recent report based on results of AFM image

analysis using tapping mode [38] shows some striking
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findings concerning the morphologies of the ionic

phases. For the SPES-40 membrane, the hydrophilic

ionic domains are isolated and dispersed among the

non-ionic matrix domains with an average of 25 nm

diameter [38]. In contrast, the image of Nafion† 117, are

reported to have significantly smaller hydrophilic ionic

domains (about 10 nm) which tend to form continuous

channels in structure [38]. Assuming that O2 diffusion is

predominantly related to the water. The well-connected

channels between ionic domains of Nafion† 117 may

form three-dimensional water network, which seems a

more favorable transport pathway for O2. As for SPES-

40, despite the larger size of hydrophilic clusters, the

water filled channels may be narrower or more branched

with greater number of dead-ends, O2 therefore gets

blocked to a larger extent within SPES 40 thus leading

to relatively smaller increase in the diffusion coefficient

despite higher water content in the membrane.

In terms of solubility, comparison of data for

Nafion† 117 and SPES-40, shows a much better

correlation with water content. As shown in Table 5,

Nafion† 117 (EW�/1100) has approximately 2.7 times

higher solubility than SPES-40 at 50 8C, which agrees

well with the approximately two fold lower water

content of Nafion† 117. Fig. 8, shows the correspond-

ing variation of solubility (C ) with temperature. Here

the trend follows the variation in the percent volume of

aqueous phase (Table 3). Comparison with previous

results for BAM† (Ballard, Canada) membrane with

EW�/407, shows agreement with this trend. Here the

comparison of the results at 3 atm, after pressure

correction and adjustment to 1 atm, shows a corre-

spondingly lower value of oxygen solubility in agree-

ment with their higher water content. Even though

reasonable correlation with water content is possible for

SPES-40 membrane, in contrast to the corresponding

characteristics with diffusion coefficient, the impact of

their fundamental differences in chemistry cannot be

ruled out.

The value of activation energy (Ed) for oxygen

diffusion in Nafion† 117 determined using Arrhenius

plot (Fig. 10(a)), is close to those published earlier

[46,49]. As mentioned earlier, in our experiments we did

not observe any sharp changes in the Arrhenius plots,

which agrees well with our data of water uptake by

Nafion† 117 (data for Nafion† 117 is also corroborated

by that of Hinatsu et al. [68]) and SPES-40. In contrast

to this, earlier published results have two values of Ed

based on the temperature range 303�/323 and 323�/343

K. Our results with Nafion† 117, is close to earlier

reported results in the 303�/323 K range [46] (these

results are however at elevated pressures, 5 [46], and 3

atm [49]). Comparison of the corresponding value for

SPES-40 (Table 5) shows a much higher value for Ed

(29.74 kJ mol�1 for Nafion† 117, compared to 40.36 kJ

mol�1 for SPES-40). This higher activation energy can

be explained on the basis of very different membrane

morphology in SPES-40 as compared to Nafion† 117.

This has been the subject of discussions in earlier

sections above.

The value for enthalpy of dissolution, DHs obtained

from the corresponding Arrhenius plot of solubility (C ),

shows a slightly higher value for SPES-40 as compared

to Nafion† 117. Comparison of the value for Nafion†

117 in the temperature range 303�/323 K shows good

agreement with earlier published results [46,49]. These

results show a clear variation of DHs with pressure,

results at 5 atm report a value of �/5.016 kJ mol�1 [46],

those reported at 3 atm was �/8.1 kJ mol�1 [49], our

results at 1 atm, pressure (ambient) is �/14.35 kJ mol�1.

The positive slopes of the van’t Hoff plots (log C vs.

T�1), indicate negative values for both DHs and DSs

(from the intercept), these have implications in terms of

the interaction of the aqueous and non-aqueous phases

in the membrane and the effect of different membrane

chemistry. A negative value for DSs for oxygen dissolu-

tion can be regarded as an ordering process. As pointed

out earlier, a negative value of oxygen dissolution can be

expected based on negative entropy of dissolution in

both the extreme ends of the phases of Nafion† (PTFE,

non aqueous phase and H2SO4, aqueous phase). There-

fore unique spatial arrangements of oxygen is expected

between the aqueous and non-aqueous components of

both Nafion† 117 and SPES-40. The higher values of

DHs and DSs for SPES-40 as compared to Nafion† 117,

indicates greater degree of spatial rearrangements dur-

ing oxygen solubility in SPES-40. The exact mechanisms

of these interactions however await a molecular model-

ing study.

Finally, the O2 permeability (product of D and C ) is

more dependent on C , so membrane with higher

solubility of oxygen tends to also have higher perme-

Table 5

Comparison of O2 permeation parameters (DC ) at 323 K for various PEM systems studied

Membrane IEC

(meq g�1)

Water content

(wt.%)

106D

(cm2 s�1)

106C

(mol cm�3)

1012DC

(mol cm�1 s�1)

Ed

(kJ mol�1)

DHs

(kJ mol�1)

Nafion 117 0.91 32 2.17 6.68 14.52 29.74 �/14.35

SPES-40 1.72 64 2.08 2.39 4.97 40.36 �/20.09

The reported values are the average of three separate experiments for each PEM system. (100% RH, 1 atm O2).
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ability. From an overall perspective the SPES mem-

branes has approximately three times lower O2 perme-

ability than Nafion† 117 (Table 5).

The lower solubility and permeability of oxygen in
SPES-40, has very important implications for fabrica-

tion of practical membrane electrode assembly (MEA)

using these materials. The choice of ionomer in the

reaction layer of the electrode and its thickness will

determine both the mass transport and activation over-

potentials. Hence, a systematic evaluation of these

oxygen permeability characteristics in these new class

of membranes designed for elevated temperature opera-
tion is essential for designing improved PEM fuel cells.

4. Conclusions

Electrode kinetics and mass transport parameters

were determined for Nafion† 117 and a sulfonated

poly (arylene ether sulfone) membrane (SPES-40) at 1

atm O2 pressure in a temperature range of 303�/343 K.
Like Nafion† 117, Tafel plots at a Pt/SPES-40

membrane interface displayed two slopes corresponding

to oxide covered and free Pt surface (low and high

current density regions). The electrode kinetics of the

SPES membrane was found to be in the same range as

Nafion† 117.

For all the membranes investigated, the O2 diffusion

coefficient D increases with temperature, while the
solubility C decreases. The overall permeability D �/C

however shows an increase as a function of temperature.

SPES-40 and Nafion† 117 were found to have relatively

close diffusion coefficients, despite the higher water

uptake by SPES-40 (approximately twice the IEC).

Oxygen solubility for Nafion† 117 was however sig-

nificantly higher than SPES-40. These results were

discussed in the context of water content and micro-
structure of the membranes. The conformations of

water-filled channels connecting the hydrophilic ionic

clusters appear to have important contributions in the

process of O2 diffusion. Chemistry of SPES membrane

backbone appears to play a major role in determining

the solubility of oxygen in these systems given its

relatively lower hydrophobicity as compared to the

perfluorinated backbone for Nafion†. From an overall
perspective, the lower solubility of oxygen in the SPES

membrane appears to effect the overall permeation of

oxygen in this class of membranes.
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