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a b s t r a c t

The membrane electrode assembly (MEA) is well known to be the critical component of a proton exchange
membrane fuel cell (PEMFC). The interface between the membrane and the electrodes plays a significant
role in controlling overall performance and durability. Moreover, the processing parameters to produce
MEA have a major influence on the interface and allow novel materials to be evaluated in high perfor-
mance fuel cell devices. In this paper, several parameters influencing processing conditions for MEAs
eywords:
embrane electrode assembly

roton conductivity
uel cell performance

with membranes based on novel wholly aromatic polymers were investigated and optimized processing
parameters are suggested. This paper demonstrates that the water content present in the copolymers
during MEA fabrication significantly influences the nature of the interface and, consequently, fuel cell
performance. The optimized fabrication temperature reflects viscoelastic behavior and appears to be
close to the hydrated glass transition or ˛ relaxation temperature of the copolymer. It is suggested to
be a function of both water content, which can plasticize and reduce Tg, and molecular weight of the

copolymer.

. Introduction

The integral most basic part of a fuel cell is the membrane
lectrode assembly (MEA). At the most fundamental level, MEA
onsists of a proton exchange membrane (PEM) bonded to two elec-
rodes, which serve as the anode and cathode. The electrodes are
sually platinum black metal or carbon supported platinum par-
icles dispersed in a copolymer matrix [1,2]. The proton exchange

embranes are responsible for proton or hydronium ion transport
etween the anode and the cathode. The MEA manufacturing pro-
ess typically involves the preparation of a perfluoro sulfonic acid
PSA) copolymer, usually Nafion platinum (Pt) alcohol/water dis-
ersion, which is also referred to as the “ink.” The latter is painted
nto decals to obtain 0.2–1.0 mg cm−2 of Pt loadings. The decals are
hen hot pressed onto the PEM at selected time and temperatures

o form the MEA [3]. Alternative procedures such as reverse roll or
pray coating are known, but are not considered here.

Our research group had been engaged over the past several
ears in synthesizing and characterizing PEMs based on partially
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disulfonated poly(arylene ether sulfone) (BPSH-xx) random and
multiblock copolymers [1,4–20]. The most studied random copoly-
mer has been a biphenol-based disulfonated poly(arylene ether
sulfone) known as BPSH. In BPSH-xx, the BP stands for biphenyl,
S for sulfone, H for the acidified form and xx is the degree
of disulfonation (Fig. 1). Fundamental copolymer and transport
properties evaluated for BPSH-xx copolymers demonstrated com-
parable results at moderate to high humidities to that with the
state of the art material Nafion® [9,10,20]. Preliminary fuel cell
testing on BPSH-xx copolymers also showed satisfactory results
both in H2/air and DMFC systems. On one hand, the fundamen-
tal transport properties are a function of copolymer chemical
composition and structure. On the other hand, the fuel cell per-
formance is a function of copolymer fundamental properties,
electrode composition, and the MEA fabrication process. Opti-
mizing these factors maximizes the fuel cell performance for a
novel PEMFC. Substantial research is ongoing in synthesizing new
PEM and electrode materials [1,21–23]. In this paper, a summary
of recent investigations on the MEA fabrication process will be
highlighted.

Perhaps the most important objective during MEA fabrica-

tion is to achieve a good interfacial bond between the electrodes
and the membrane. Good melt flow properties of a copolymer
at some temperature are critical to achieve good bonding and
adhesion to the electrodes. Therefore, a thorough understand-
ing of the parameters affecting the viscoelastic flow properties

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jmcgrath@vt.edu
dx.doi.org/10.1016/j.jpowsour.2009.02.059
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Fig. 1. Chemical structure of BPSH-xx random copolymer.

Table 1
Depression of glass transition temperature under hydrated conditions.

Copolymer Water uptake (%) Tg of dried sample (◦C) Tg or ˛ relaxation of fully hydrated sample (◦C)

BPSH-30 26.7 257 136
BPSH-40 49.5 267 126
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PSH-50 108.7 272
afion-1135 33.0 160

ata obtained from Ref. [19].

an serve to facilitate optimizing processing conditions for MEA
abrication. These parameters include the processing tempera-
ure or the MEA bonding temperature, the molecular weight, and
he possible plasticization effect of water content during fabri-
ation. The MEA bonding temperature is normally close to the
lass transition or the ˛ relaxation temperature of the copoly-
er, as illustrated by the modulus vs. temperature plot depicted

n Fig. 2 for BPSH-35. In addition to glass transition temper-
ture, control of molecular weight and the water content in
he copolymers can help optimize the processing temperature.
he critical impact of the molecular weight and water content
f a copolymer on MEA processing temperature is discussed
elow.

.1. Importance of molecular weight of the copolymer on
rocessing temperature

For most copolymers, melt viscosity has a linear relationship
ith molecular weight up to a particular point, which is known

s the entanglement molecular weight. Below the entanglement
olecular weight, the flow properties of a copolymer scale approx-

mately linearly with molecular weight. Above the entanglement
olecular weight, however, the viscosity of a copolymer is propor-

ional to 3.4 power of the weight average molecular weight [24].
s a result, the processing temperature may need to be shifted to

higher temperature to compensate for the effect of the markedly

ncreased viscosity. Nafion membranes of an apparently constant
olar mass have been well studied. These features have not been

xtensively reported for alternate hydrocarbon membranes such as
PSH [1].

ig. 2. Storage modulus vs. temperature graph for BPSH-35 random copolymer.
98
99

1.2. The impact of water content in BPSH copolymer on the
processing temperature during MEA fabrication

Water is known to sorb into hydrophilic copolymers in at least
three different states, which can be categorized according to ther-
mal and relaxation properties [19]. Non-freezing bound water is
strongly associated with the copolymer and shows no Tm (melt-
ing point) by differential scanning calorimetry, but will depress the
Tg of the copolymer as a function of the volume fraction. Freezable
bound water may be weakly bound to the copolymer (or weakly
bound to the non-freezing water), and displays a broad melting
behavior around 0 ◦C. Finally free water shows a sharp melting point
at 0 ◦C. The tightly bound water acts as a plasticizer and, hence,
can influence melt the flow temperature of a copolymer. Table 1
shows the depression of the glass transition temperature of BPSH
and Nafion copolymers under fully hydrated conditions [19]. The
water content in the membrane when it undergoes MEA fabrication
will clearly influence the glass transition temperature and, hence,
the processing temperature.

The main objective of this paper was to investigate the influence
of water content and hot pressing temperature on the BPSH-MEA
fabrication process, as well as to determine how these vari-
ables influences fundamental transport properties such as proton
conductivity. This paper will also describe the apparent pre-
ferred operating processing conditions for fabricating membrane
electrode assemblies. For this experimental study, disulfonated
poly(arylene ether sulfone) random copolymers were chosen [8].
However, the fundamental findings obtained in this research are
proposed to be applicable to Nafion® and other alternate membrane
systems.

2. Experimental

2.1. Materials

Highly purified 4,4′-dichlorodiphenyl sulfone (DCDPS) was
provided by Solvay Advanced Polymers. 4,4′-Biphenol (BP) was
obtained from Eastman Chemical. These monomers were well
dried under vacuum before copolymerization. Disulfonated deriva-
tized comonomer 3,3′-disulfonate, 4,4′-dichloro diphenyl sulfone
(SDCDPS) was synthesized according to modified literature meth-
ods [25], analyzed and dried under vacuo at 160 ◦C before
copolymerization. The solvents N,N-dimethylacetamide (DMAc,

Fisher) or N-methyl-2-pyrrolidinone (NMP; Fisher) were vacuum-
distilled from calcium hydride onto molecular sieves. Potassium
carbonate (Aldrich) was dried in vacuo before copolymerization.
Toluene, sodium chloride, 30% fuming sulfuric acid and methanol
were obtained from Aldrich and used as-received. The fuming sul-
furic acid was further analyzed for active SO3 concentration [25].
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Table 2
Experimental design.

Sample BPSH-35a Temperature (◦C) RH (%)

1 165 40
2 210 40
3 165 20
4 210 20
5 165 0
6 210 0

a Mn of all samples was 80,000 g mol−1.

equilibrated in liquid water, the protonic conductivity was deter-
mined using a Solartron impedance analyzer at 30 ◦C. Table 4 shows
the conductivity results run on the blank membranes. The conduc-
tivity value for the unprocessed sample is a control and represents
the value before hot pressing.

Table 3
Depression of glass transition temperature of BPSH-35 with water uptake.
52 A. Roy et al. / Journal of Pow

.2. Copolymers studied

The synthesis of 4,4′-biphenol-based disulfonated poly(arylene
ther sulfone) copolymers (BPSH-35; 35 mol% disulfonated
onomers) was successfully carried out via nucleophilic aromatic

ubstitution as described earlier [8,9]. The number average molec-
lar weight of the copolymer was 80,000 g mol−1. The structure is
iven Fig. 1, where [(1 − x) = 35%].

.3. Differential scanning calorimetry (DSC), thermogravimetric
nalysis (TGA) and dynamic mechanical analysis (DMA)

The DSC studies were performed in a TA DSC instrument using
iquid nitrogen as a cooling medium for the sub-ambient exper-
ments. Samples were equilibrated in a relative humidity oven
ESPEC SH 240) to achieve the desired hydration levels, then placed
n thermally sealed pans capable of withstanding pressures up to
00 atm. Samples were cooled to −70 ◦C and then heated at a rate
f 5 ◦C per min under a N2 atmosphere.

The TGA studies were conducted on the samples equilibrated
t different RHs to achieve the desired hydration level. Just before
he experiment, the samples were removed from RH chamber, and
laced in a TGA sample pan. The samples were heated at 10 ◦C min−1

nder air atmosphere.
Dynamic mechanical analysis was performed on a TA DMA 2980

sing a thin film tension clamp in order to characterize the thermal
roperties of the copolymer. After heating to 220 ◦C to evaporate
ny remaining solvent, the samples were then equilibrated for
0 min at 0 ◦C under nitrogen and heated at a rate of 3 ◦C min−1

o 450 ◦C, using an oscillation of 1 Hz.

.4. Proton conductivity

Proton conductivity at 30 ◦C at full hydration (in liquid water)
as determined in a window cell geometry [26] using a Solartron

252 coupled to a 1287 Impedance/Gain-Phase Analyzer over the
requency range of 10 Hz to 1 MHz following the procedure reported
n the literature [27]. The measurement was in-plane conductivity.

.5. MEA preparation and fuel cell characterization

Electrodes were fabricated by preparing an ink from glycerol,
afion dispersion (5 wt%), and a platinum on carbon black catalyst

20 wt% Pt). The ink was painted onto a Teflon substrate to pro-
uce a decal with a platinum loading of 0.2 mg cm−2. MEAs were
repared by hot pressing two of the electrode decals onto the acid
orm BPSH-35 membrane as per the experimental design. A fuel cell
est stand (Fuel Cell Technologies) was used to measure high fre-
uency resistance. The MEA was loaded into the fuel cell. The fuel
ell was operated with H2/air at 90 ◦C and 100% relative humidity.
he hydrogen was fed into the anode at 200 sccm with a humid-
fied temperature of 105 ◦C and the air flow into the cathode was
00 sccm at 90 ◦C. Both cathode and anode had a back pressure of
0 psig.

.6. Experimental design

The membrane was hot pressed both with (MEA) and without
blank) electrodes over a matrix of experimental conditions, vary-
ng in fabrication temperatures and the RH at which the membranes

ere equilibrated before the MEA fabrication process. The experi-

ental matrix is given in Table 2, which shows, for example, that

ample 1 was equilibrated at 40% RH to achieve a particular water
ptake and subsequently hot pressed at a temperature of 165 ◦C.
he pressure was maintained at 2500 psi for 8 min and was kept
ame for all the samples. For the MEAs, a similar set of experi-
Fig. 3. Retention of water as a function of temperature of the BPSH-35 random
copolymer equilibrated at different relative humidities.

ments was performed, wherein the Pt loading was maintained at
0.2 mg cm−2.

3. Results and discussion

3.1. Water uptake

Fig. 3 depicts the retention of water in the presence of water
vapor for samples equilibrated at 40 and 20% RH. Samples equi-
librated at 40% RH showed higher water uptake than the 20% RH
samples over a range of temperatures as expected. Correspondingly,
a depression in the glass transition or ˛ relaxation temperature
(Table 3) was observed with increasing water uptake, via DSC exper-
iments.

3.2. Effect of hot pressing conditions on proton conductivity of the
blanks

The membranes were equilibrated at different relative humidi-
ties and hot pressed at different temperatures with (MEA) and
without (blanks) electrodes. After the hot pressing the blanks were
Relative humidity (%) Water content (%) Tg (◦C)a

0 0 260
20 7 188
40 13 165

a From DSC, N2, 5 ◦C min−1.
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Fig. 4. AFM images of the exposed BPSH-35 at different condition

Table 4
Protonic conductivity of the hot pressed samples in liquid water.

Sample BPSH-35 Temperature (◦C) RH (%) Proton conductivitya (mS cm−1)

1 165 40 50
2 210 40 26
3 165 20 80
4 210 20 35
5 165 0 65
6
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210 0 70
ontrol – – 85

a Liquid water, 30 ◦C, ±5%.

Significant changes in the proton conductivity were observed
s a function of the hot pressing conditions, namely the temper-
ture and the relative humidity at which the membranes were
quilibrated was varied. Particularly for the sample which was equi-
ibrated at 40% RH and then hot pressed at 210 ◦C (Sample 2), almost

three fold reduction in proton conductivity was observed com-
ared to the control. Even when the equilibration RH was 20%
nd hot pressing temperate was 210 ◦C, a decrease in proton con-
uctivity was observed. The hydrated glass transition temperature
Table 3) at 40% RH is 165 ◦C and at 20% RH is 188 ◦C, shifting the flow
emperature for the copolymer to a lower value. However, the hot
ressing temperature (210 ◦C) is much above the hydrated Tg. This
ay have resulted in morphological changes or relaxations within

he copolymer. However, when the sample was vacuum dried and
hen hot pressed, no significant reduction in proton conductivity
as observed. In this case, the hot pressing temperature (210 ◦C)
as lower than the Tg (260 ◦C) of the copolymer.

As the hot pressing temperature was decreased to 165 ◦C, the
ample (Sample 1) which was equilibrated at 40% RH prior to
ot pressing showed a reduction in proton conductivity. The hot
ressing temperature was still close to the hydrated glass transi-
ion temperate. However, as the sample was equilibrated at lower
Hs (Samples 3 and 5), they displayed lower water content, and
he hydrated Tg increased well above the processing temperature.
ence the conductivity remained unaffected with hot pressing.
Water uptake and DSC results indicated a depression in glass
ransition temperature with increasing water uptake (Table 3). This
rend shifted the flow temperature of the copolymer to a lower
alue. The shift was more pronounced at higher water uptake
evels. Processing the membranes at a temperature significantly

able 5
roton conductivity values after hydrothermal treatment for the hot pressed samples.

ample Temperature (◦C) RH (%) MW (1000 g mol−1)

210 20 80
210 40 80

a Liquid water, 30 ◦C, ±5%.
b Liquid water, 30 ◦C, ±5% after boiling water treatment.
s. Reprinted from Ref. [10], with permission from Elsevier.

higher than the flow temperature likely results in morphological
changes, which is influenced by relaxation within the copolymer.
For example, in case of Nafion and other PEMs, conductivity ini-
tially increases with an increase in temperature, but then decreases
once a particular temperature has been reached. This specific tem-
perature has been found to be close to the hydrated ˛ relaxation
temperature [9,28]. Above the ˛ relaxation temperature the copoly-
mer morphology changes, thereby disturbing proton transport and
hence, conductivity decreases. Similar morphological changes are
also observed for BPSH-35 copolymer at higher temperatures. Fig. 4
represents the AFM images of BPSH-35 after exposure to different
temperatures [10].

Methods 1 and 2 represent two different types of acidification
treatments. In Method 1 the membrane was acidified at 30 ◦C in
water, and in Method 2 the sample was exposed to 100 ◦C, also in
water. It is evident from the AFM images that at 140 ◦C the sam-
ple experienced some morphological changes as the hydrated Tg

for BPSH-35 copolymer under fully hydrated conditions was found
occur at approximately that temperature [19]. Hence, hot pressing
the membranes at higher water contents and at higher tempera-
tures may have caused some morphological changes that resulted
in a drop in conductivity values. To further investigate the effect of
morphology on conductivity, the hot pressed Samples (blanks) 2
and 4 were treated with boiling DI water for 2 h, which is known as
a hydrothermal treatment. Table 5 represents the enhanced con-
ductivity values of the hot pressed samples after hydrothermal
treatment.

For both Samples 2 and 4, conductivity values increased
after hydrothermal treatment. In other words, the hydrothermal
treatment produced a different morphology that facilitated the
transport process as compared to the samples’ pre-treatment mor-
phology. Although it is difficult for now to conclusively comment
on the reestablishment of the morphology, it is evident that the
decrease in conductivity was due to a morphology effect rather than
an irreversible chemical or mechanical degradation effect.

3.3. Effect of hot pressing conditions on fuel cell performance of

the MEAs

Representative fuel cell performance for the MEAs equilibrated
at different RHs and hot pressed at different temperatures is shown
in Fig. 5. In case of the blanks, Sample 6 (vacuum dried and then

Initiala conductivity (mS cm−1) Finalb conductivity (mS cm−1)

35 80
25 65



554 A. Roy et al. / Journal of Power So

F
M

p
t
a
e
o
t
w
t
a
t
fi
c

m
T
c
p
t
r
h

4

o
p
m
i
d
c
t
d
b
t
i
m
t

[

[

[
[
[
[24] P.C. Hiemenz, T.P. Lodge, Polymer Chemistry, Marcel Dekker, New York, 2007.
[25] M. Sankir, V.A. Bhanu, W.L. Harrison, H. Ghassemi, K.B. Wiles, T.E. Glass, A.E.

Brink, M.H. Brink, J.E. McGrath, J. Appl. Polym. Sci. 100 (2006) 4595–4602.
ig. 5. (a–e) Influence of processing conditions on fuel cell performances for the
EAs.

ressed at 210 ◦C) had shown reasonable in-plane proton conduc-
ivity. The MEA-Sample 6 displayed the best fuel cell performance
mong all the samples studied. The higher hot pressing temperature
nsured good bonding of the membrane with the electrodes. On the
ther hand, the fabrication temperature was approximately near
he Tg, and no significant morphological relaxation taking place
ithin the membrane. Sample 3 which showed the highest pro-

on conductivity among the blanks, when used as MEA displayed
lower fuel cell performance than Sample 6. A lower bonding

emperature (165 ◦C) used for this sample may have resulted insuf-
cient bonding between the electrodes and the membrane in
ompare to the Sample 6 MEA.

As the hot pressing temperature decreased and RH at which the
embrane was equilibrated increased, the performance decreased.

he MEA from Sample 1, equilibrated at the highest RH and pro-
essed at the lowest temperature among the series had the lowest
erformance. It is suggested that the processing conditions shifted
he flow temperature below the actual processing temperature
esulting in a morphological relaxation within the copolymer and
ence a loss in performance.

. Conclusions

BPSH-35 random copolymers with a molecular weight (Mn)
f 80,000 g mol−1 were synthesized. Cast membranes were hot
ressed both with (MEA) and without (blanks) electrodes over a
atrix of experimental conditions, which were systematically var-

ed in water content and temperature. Proton conductivity values
etermined for the blanks decreased with both increasing water
ontent and the temperature of the fabrication process. The glass
ransition temperature or the flow temperature of the copolymer
ecreased with increasing water uptake, which impacted the ideal

onding temperature of the MEA. Processing the membranes at a
emperature much higher than the flow temperature, may result
n morphological changes and/or relaxation within the copoly-

er. Thus, MEAs should be fabricated at a temperature close to
he hydrated glass transition temperature or ˛ relaxation of the

[

[

[
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copolymer, which is a function of both water content and molecular
weight.

Recommended further suggestions for fabricating MEAs can be
summarized as follows:

• The MEA should be fabricated at a temperature close to the
hydrated glass transition temperature of the copolymer, which is
a function of both water content and molecular weight. Dynamic
mechanical behavior might provide some guidance.

• If the processing temperature is too far below the hydrated Tg,
flow will retard and the electrodes will not bind properly to the
membrane, thus reducing performance.

• If the processing temperature is well above the hydrated Tg, the
copolymer may undergo a morphological change that may lower
its proton conductivity.

• Treatment of the membrane in boiling water has the potential to
substantially restore proton conductivity.
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