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Abstract

The microstructural evolution and swelling behaviors of sulfonated poly(etheretherketone) (SPEEK) and Nafion polymer membranes have
been investigated by small angle X-ray scattering (SAXS) after equilibrating them in 2 M methanol solution at various temperatures, which
is relevant for their use in direct methanol fuel cells (DMFC). The relationships among Bragg distance, sulfonation levels of the membrane,
e branes have
b information
f rmeation at
T n the latter.
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quilibrating temperature and transport properties are discussed. The proton conduction properties of the SPEEK and Nafion mem
een investigated by electrochemical impedance spectroscopy. The network cluster model is employed to retrieve the structural

rom the scattering and proton conductivity data. While the SPEEK membranes have narrower pathways for methanol/water pe
< 70◦C, the Nafion membranes have a wider channel even at lower temperatures, resulting in a higher methanol permeability i
ased on the differences in the structural/cluster evolutions, the advantages and limitations of the two polymer membranes for us
re discussed.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Direct methanol fuel cells (DMFC), which use liquid
ethanol directly as a fuel, are drawing much attention as
romising power sources for portable applications such as
ell phones and laptop computers. Currently, Nafion mem-
ranes from DuPont are nearly exclusively used as the poly-
er electrolyte in DMFC due to its favorable mechanical
nd chemical stabilities along with high proton conductivity

n the hydrated state[1,2].

∗ Corresponding author. Tel.: +1 512 471 1791; fax: +1 512 471 7681.
E-mail address: rmanth@mail.utexas.edu (A. Manthiram).

Nafion has the following chemical structure:

in which the values ofx andy can be varied to give materia
with a range of equivalent weights (900–1400), and the
terial with an equivalent weight of 1100 is the most comm
Nafion consists of an extremely hydrophobic perfluorin
backbone and highly hydrophilic terminal sulfonic acid fu
tional groups (–SO3H) attached to the backbone. The uni
properties of Nafion membranes are believed to be clo
related to the microscopic phase separation of the ionic
(–SO3H groups) from the fluorocarbon matrix. While t
polymer backbone provides good mechanical property
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the Nafion membrane, the aggregation of the sulfonic acid
groups leads to high proton conductivity, especially when
the membrane is in the hydrated state.

The clustering of the ionic groups in the low dielectric
constant polymer matrix is usually indicated by the existence
of a scattering maximum, which is often called “ionomer
peak”, in small angle X-ray scattering (SAXS) or small angle
neutron scattering (SANS)[1,3–6]. The scattered intensity,
I(q), oscillates with increasing wave vector:

q = 4π

λ
sinθ (1)

whereλ is the wavelength and 2θ is the scattering angle. The
Bragg spacingd is related toq as:

d = 2π

q
(2)

The origin of the scattering maximum has been exten-
sively studied, but it is still a subject of controversy. Since
the 1970s, various models have been proposed to interpret the
SAXS observations, and they can be generally divided into
intraparticle models[7,8], and interparticle models[9–11].
The intraparticle models attribute the “ionomer peak” to the
interference within the ionic cluster, implying that the scat-
tering maximum is related to the internal structure of the clus-
ter. On the other hand, the interparticle models attribute the
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According to Kreuer[14,23], the differences in the trans-
port properties and swelling behaviors between the SPEEK
and Nafion membranes arise from the differences in their
microstructures. They suggested that the separation between
the hydrophobic and the hydrophilic groups is smaller, but
the separation between the sulfonic acid functional groups
is larger in SPEEK compared to that in Nafion. These char-
acteristics of SPEEK were shown to significantly reduce the
electro-osmotic drag and water permeation. Therefore, mem-
branes based on SPEEK may help to alleviate the problems
associated with high methanol crossover in DMFC.

Generally, SAXS studies of hydrated ionomer membranes
use Kapton (polyimide film from DuPont) windows to en-
close the samples and keep the water content constant during
the measurements. However, it is hard to totally avoid the
environmental fluctuations during the long period of SAXS
data collection. For those polymer membranes to be used in
liquid DMFC, it is highly desirable to obtain the structural
information of the electrolyte membranes at conditions close
to that in practical fuel cells. Accordingly, we equilibrate
the SPEEK membranes with different sulfonation levels in
m n this
p em-
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t anes
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ionomer peak” to the interference between different io
lusters, implying that the Bragg spacing obtained from
2) refers to the center-to-center distance between two
ers. Although the interparticle models are now comm
eing accepted, the origin of the ionomer peak is not
esolved.

Despite the advantages of the Nafion membrane a
lectrolyte material for DMFC, its high permeability
ethanol has been one of the obstacles that preven
idespread commercialization of the DMFC technol

12]. To overcome this difficulty along with an aim
ower the cost of the membranes, extensive efforts
een made to develop alternative polymer membrane

his regard, sulfonated polyketones[13–17], sulfonated
olysulfones [18,19] and sulfonated polyimides[20,21]
re being actively investigated. These materials s
romising results for use in DMFC. For example,
rimary properties such as swelling behavior, pro
onductivity and methanol permeability of membra
ased on sulfonated poly(etheretherketone) (SPEEK)
een characterized, and they have been evaluated in D

14,16,22]. With certain sulfonation level, the SPEEK me
ranes show low methanol permeability and electrochem
erformance comparable to Nafion at temperatures ar
0◦C.

However, many of these performance features are
ell understood mainly because of the complexity of
embrane structures arising from phase separations
ydrated. The molecular structure of SPEEK membra
hown below:
ethanol solution at various temperatures and present i
aper a systematic SAXS investigation of the SPEEK m
ranes. The relationships between the Bragg spacing a

ransport of methanol and protons in the SPEEK membr
re discussed and the data are compared with those of N

. Experimental

The details of the sulfonation of the poly(ethere
rketone) (PEEK) polymer (PEEK450 PF, Victrex) and
reparation of the SPEEK membranes have been given
here[15,16]. Five sulfonation levels (44, 46, 54, 58 a
2%) are used in this study, and they are designated, re

ively, as SPEEK-44, SPEEK-46, SPEEK-54, SPEEK-58
PEEK-72. For the comparative study, Nafion 115 m
ranes were used. To prepare SPEEK membranes wit

erent counter ions, the sulfonated polymers were imme
nder stirring for 20 h in excess (1.5 times) 0.1 M Na
r 0.1 M CsCl solution, washed thoroughly with deioni
ater and dried at around 100◦C overnight. The sample
ith various levels of sulfonation and the Na+ or Cs+ counter

ons are designated hereafter as, for example, SPEEK-5
PEEK-44-Cs, SPEEK-54-Cs and SPEEK-58-Cs.
The SAXS experiments were carried out by placing

ample cell in the path of the X-ray beam. The 1.54Å Cu
� X-rays were generated by a rotating copper-anode
rator source (Bruker Nonius). The scattering was dete
y a multiwire gas-filled 2D detector (Molecular Metrolo

nc.). The experiments were typically carried out at ro
emperature for a duration of 90 min.
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Membranes were equilibrated in 2 M methanol solution
at various temperatures for 24 h before conducting the SAXS
experiments. To avoid evaporation of the liquid absorbed on
the membranes, the samples were embedded in 2 M methanol
solution in stainless steel sample holders, and the sample
cells were sealed with Kapton films. From our experience
and the literature[24], it was observed that both the SPEEK
and Nafion membranes exhibit a swelling memory, viz.
liquid uptakes obtained at high temperatures remain to room
temperature as long as the membranes were kept in the same
solution. This ensures the retention of the particular swelling
state of the membranes at each temperature and the collection
of SAXS data at conditions close to that in practical fuel
cells.

Electrochemical impedance spectroscopy studies were
conducted with an HP 4192A LF impedance analyzer in
the frequency range of 5 Hz to 13 MHz with an applied
voltage of 10 mV. Stainless steel blocking electrodes were
used for the measurements. The sample fixture was put into
an environmental chamber (Model 9000L, VWR Scientific)
having the capability to control the temperature and humidity
at a desired value. For all the measurements, the membrane
samples were first dried at 100◦C in vacuum for about 24 h,
and then equilibrated at 80◦C and 20% relative humidity
(R.H.) for 12 h before collecting the stable impedance data
at various R.H. values. The proton conductivity values of
t the
i

3

3

EK
a
o re)
a es,
n -54,
S tering
m e
N ab-
s es in
t t the
e EEK
p AXS
p
a EK
d re
f rop-
e
a gh
f
g

out
o tral-

Fig. 1. Comparison of the SAXS profiles of dry Nafion and SPEEK mem-
branes.

ized SPEEK-44, SPEEK-54 and SPEEK-58 membranes in
the dry states. In carboxylated ionomers, the anion packing
is determined by the counterion, but it is independent of the
cation type in sulfonated ionomers like SPEEK and Nafion
investigated in this study[27,28]. In addition, studies have
shown that the ionomer peak position is independent of the
monovalent counterion; however, the intensity increases as
the atomic numberZ of the counterion increases due to an
increase in the contrast[29]. Therefore, in order to obtain de-
tectable ionomer peaks with dry SPEEK membranes, sodium
and cesium ions were used in this study to enhance the elec-
tron density contrast between the hydrocarbon PEEK poly-
mer matrix and the ionic clusters, if they exist. The SAXS
profiles of the sodium and cesium neutralized membranes
are shown inFig. 2. While the sodium neutralized SPEEK-
54 membranes do not exhibit any obvious peak structure, the
three cesium neutralized membranes show broad peaks with
q-values of around 2.7 nm−1. The results indicate that ionic

F lized
S

he SPEEK and Nafion membranes were calculated from
mpedance data collected.

. Results and discussion

.1. SAXS profiles in dry states

The room temperature SAXS spectra of the dry SPE
nd Nafion membranes (pre-dried at 100◦C in vacuum
vernight followed by equilibrating in ambient atmosphe
re compared inFig. 1. It can be seen that in the dry stat
o ionomer peaks are observed for SPEEK-44, SPEEK
PEEK 58 and SPEEK-72 membranes, whereas a scat
aximum with aq-value of∼1.93 nm−1 is obtained for th
afion 115 membrane. There are two possibilities for the
ence of the ionomer peaks for the SPEEK membran
he dry states. One is that the ionic clusters do exist, bu
lectron density contrast between the clusters and the P
olymer phase is too small to produce any pronounced S
eak structure. The other possibility is that the –SO3H groups
re only statistically attached to the main chains of PE
uring the sulfonation process[25] and no ionic clusters a

ormed in the dry states by considering the very rigid p
rty of the PEEK backbone to which the –SO3H groups are
ttached[26]; the rigidity of PEEK may not provide enou

ree volume and flexibility for the clustering of the –SO3H
roups.

To clarify this point, SAXS experiments were carried
n the sodium neutralized SPEEK-54 and cesium neu
ig. 2. Comparison of the SAXS profiles of sodium and cesium neutra
PEEK membranes.
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clusters do exist in dry SPEEK membranes, but the cluster
size may be small with a small number of ionic –SO3H groups
in each cluster and a small characteristic separation of about
2.3 nm between the clusters. The smaller cluster size is due
to the fact that only the closely spaced –SO3H groups can get
clustered due to the high rigidity of the PEEK backbone to
which the –SO3H groups are attached and the smaller free
volume. The rigidity of the backbone prevents further struc-
tural rearrangement that can lead to larger clusters composed
of more ionic groups. On the other hand, in the case of Nafion
membrane, the sulfonic acid groups are attached to the PTFE
side chains, which due to their high flexibility can provide
enough free volume for the ionic groups to cluster easily.

It can also be seen fromFig. 2 that the ionomer peak
shifts to slightly higherq-value as the sulfonation level in the
cesium neutralized membranes increases from 44 to 58%.
This observation indicates that the Bragg distance d (see Eq.
(2)) decreases with increasing sulfonation level, suggesting
an interparticle origin for the ionomer peak. With increasing
sulfonation level, the number of ionic clusters increases, re-

sulting in a smaller center-to-center cluster distance (Bragg
spacing).

3.2. Influence of sulfonation level on SAXS profile

Fig. 3compares the SAXS profiles recorded after equili-
brating the SPEEK and Nafion membranes in 2 M methanol
solution at various temperatures. Comparison of the data to
that in Fig. 1 indicates that ionomer peaks start to appear
for the SPEEK membranes on equilibrating in methanol so-
lution. Generally, at each temperature, the scattering maxi-
mum shifts toward smallerq-values and the intensity of the
peak increases as the sulfonation level increases, especially
at higher temperatures (≥60◦C). This trend is different from
that obtained for dry membranes inFig. 2, indicating that
microstructural reorganization may be involved upon absorb-
ing methanol/water. In other words, two or more small clus-
ters (clusters composed of small number of ionic groups are
called multiplets according to Eisenberg[30]) may combine
to form larger clusters containing a larger number of –SO3H

F
7

ig. 3. Comparison of the SAXS profiles of SPEEK and Nafion membranes
0◦C and (e) 80◦C.
after equilibrating in 2 M methanol solution at (a) 40◦C, (b) 50◦C, (c) 60◦C, (d)
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Fig. 4. Comparison of the SAXS profiles of SPEEK-44 and SPEEK-54
membranes after equilibrating in 2 M methanol solution at 40◦C.

ionic groups. While the starting of the structural rearrange-
ment is obvious at lower temperatures for the SPEEK mem-
branes with high sulfonation levels, it becomes obvious only
at higher temperatures in the case of membranes with low
sulfonation levels. In fact, a careful look at the spectra at a
low temperature of 40◦C (Fig. 4) reveals that SPEEK-44 and
SPEEK-54 with a low level of sulfonation show characteris-
tics similar to those of cesium neutralized dry SPEEK-44 and
SPEEK-54 membranes. SPEEK-54 exhibits a smaller Bragg
distance (center-to-center distance of clusters) compared to
SPEEK-44, indicating that not too much structural rearrange-
ment and/or cluster combination are involved for these two
membranes at low temperatures and the structural character-
istics in the dry states are preserved.

It can be seen fromFig. 3(d) that the scattering maxi-
mum has disappeared for the SPEEK-58 membrane at 70◦C.
The disappearance of the ionomer peak is probably due to
a structural reorganization occurring following an excessive
swelling as found in our previous study[16]. In contrast,
for Nafion membranes, the ionic peak is preserved even
at high water contents and high temperatures[31]. These
comparisons indicate the advantages of the Nafion mem-
branes over other hydrocarbon based polymer membranes
from a thermal stability point of view. In fact, for Nafion
membrane, the huge swelling starts only when the temper-
ature is increased to 140◦C, which is much higher than the
t and
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Fig. 5. Variations of the Bragg distance d with the equilibrating temperature
in 2 M methanol solution for the SPEEK and Nafion membranes.

change with temperature in the case of SPEEK membranes
with low sulfonation levels (SPEEK-44 and SPEEK-54) at
low temperatures (40–60◦C). However, it increases signifi-
cantly on increasing the temperature above 60◦C.

The interparticle model can be employed to understand
the existence of the two temperature regions (for example,
40–60 and >60◦C for low sulfonation levels of 44 and 54%)
in Fig. 5. According to this model, the Bragg spacing is a
measure of the center-to-center distance in the ionic clusters.
On going from the dry state to the state of being equilibrated
in 2 M methanol solution at 40◦C, we may assume that a
first stage of cluster combination occurs. In this stage, the
first absorbed water/methanol may cause several neighbor-
ing small clusters to aggregate to slightly bigger clusters.
After this stage, as the temperature is increased from 40 to
60◦C, which is in the low temperature range, most of the
liquid is located around the ionic clusters and the size of the
cluster increases while the increase in the center-to-center
distance between the clusters is relatively smaller. However,
as the temperature is increased further (>60◦C), the clusters
are getting larger and becoming better connected, and a reor-
ganization may occur to give even larger clusters. In addition,
methanol may penetrate into the organic part and plasticize
the polymer chain, increasing the flexibility of the polymer
backbone and facilitating the reorganization of the clusters.
Adjacent clusters may combine to form even larger ones and
t r to
k total
n

h the
N state
a ases
f rdly
c up to
8 ation
o ith
2 f
t ched.
ypical operating temperatures of conventional PEMFC
MFC.

.3. Influence of temperature on Bragg spacing

To investigate how the ionic clusters in the membrane
elop with temperature in methanol solution, the Bragg s
ng calculated from theq-values of the ionomer peaks in t
AXS profiles is plotted inFig. 5 against the equilibratin

emperature. It can be seen that the Bragg spacing h
he number of –SO3H groups per cluster increases in orde
eep the specific surface constant and consequently the
umber of clusters decreases[31].

On the other hand, different observations are made wit
afion membranes. On going from the dry state to the
t 40◦C in methanol solution, the Bragg distance incre

rom 3.25 to 5.51 nm; after that, the Bragg distance ha
hanges upon increasing the equilibrating temperature
0◦C. These results suggest that the growth and combin
f ionic clusters are almost completed on equilibrating w
M methanol solution at 40◦C due to the high flexibility o

he side chains to which the sulfonic acid groups are atta
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Fig. 6. Comparison of the proton conductivities of Nafion and various
SPEEK membranes at 80◦C and various relative humidities.

3.4. Proton conductivity comparison of SPEEK and
Nafion membranes

The proton conductivities of various SPEEK membranes
and Nafion were calculated from the impedance values and
the data are shown inFig. 6 as a function of the relative
humidity. The conductivity increases with increasing rela-
tive humidity as expected for both the SPEEK and Nafion
membranes. However, the conductivity values of the SPEEK
membranes are generally lower than that of the Nafion mem-
brane at each relative humidity.

The proton conductivities of the SPEEK membranes in
Fig. 6can be divided into two regions: (i) a region of relatively
slow increase in proton conductivity with relative humidity
(<80% R.H.) and (ii) a region of relatively faster increase in
the proton conductivity with relative humidity (>80% R.H.).
These two regions are distinguished inFig. 6 by the two
dashed lines with different slopes. In the region with R.H.
<80%, the amount of absorbed water is small and most of
them is located around the ionic clusters, which are not well
connected. On the other hand, in the region with R.H. >80%,
more water is absorbed and the clusters grow and become
well connected to each other, increasing the mobility of the
protons. In contrast, the proton conductivity of the Nafion
membrane increases monotonically in a linear manner with
increasing relative humidity, indicating that no significant
c pon
s

3
p
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trochemical performance comparable to that of Nafion 115
in DMFC, but the operating temperature has to be limited
to 65◦C. These results are consistent with the SAXS struc-
tural evolution data presented in this paper for the SPEEK and
Nafion membranes. AtT < 60◦C, the ionic clusters in SPEEK
membranes with low sulfonation levels such as SPEEK-44
and SPEEK-54 are not well connected. So there is no con-
tinuous pathway for methanol/water transport through the
membrane, leading to lower measured methanol permeabil-
ity. Also, it can be seen fromFig. 5that below 70◦C, SPEEK-
44 and SPEEK-54 have a smaller center-to-center distance
between clusters and smaller cluster sizes. This implies that
the membrane can only provide very narrow pathways for
methanol/water transportation. The performance loss due to
the lower proton conductivity of the SPEEK membranes
at these conditions is partly compensated by the advantage
gained through the alleviated methanol crossover. On the
other hand, continuous pathways for methanol/water per-
meation can be easily formed in the case of Nafion mem-
branes in contact with the methanol/water solution, leading
to high methanol permeability in DMFC. However, other
features such as the acidity of the –SO3H groups and the
electro-osmotic drag coefficients in different membranes may
also affect their use in DMFC as discussed by Kreuer[14].
It should be noted that the long-term stability of hydro-
carbon based polymers such as SPEEK needs to be in-
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.5. Relationship between SAXS and fuel cell
erformance data

We have shown in our previous study[16] that the SPEEK
embranes with a sulfonation level of around 50% ex
uch lower methanol permeability than Nafion and an e
estigated because methanol may penetrate into the
er backbone slowly[32,33], leading to further reorganiz

ion of the cluster structure and creation of continuous
ide pathways for methanol/water permeation through
embrane.

. Conclusions

A comparison of the SAXS data of the Nafion and SPE
embranes has provided important insight regarding

tructural features, especially the evolution of clusters.
ifferences in the structural features are reflected in the d
nces in the flexibility of their structures. With a sulfonat

evel of around 50 %, the SPEEK membranes have narr
athways for methanol/water permeation atT < 70◦C, result-

ng in low methanol permeability. In contrast, wide chan
re easily formed in Nafion membranes even at low tem
ture, which facilitates the transportation of methanol/w
nd thereby leads to serious methanol crossover proble
MFC. With a careful control of the processing and opera
onditions, the hydrocarbon polymers such as SPEEK
volve as a promising alternate for the Nafion membran
MFC.
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