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a b s t r a c t

Since the post-casting treatments influence the water entrapped in polymeric matrix and consequently
its proton conductivity, an evaluation of annealing at 200 ◦C and acid treatments was conducted
on previously developed composite s-PEEK (1.55 mequiv. g−1) membranes, containing a commercial
aminopropyl-functionalised silica. DSC, WAXS, SEM–EDX and laser microscope measurements carried
out on membranes swollen at different temperatures highlighted different membrane properties depend-
ing on post-casting treatments. It was found that composite membranes have different structural and
morphological characteristics than pristine polymer membranes. The silica distribution was modified
when different treatments are used. The state of water changed when silica was inserted into the mem-
branes. Actually, contrary to the pristine membranes the presence of freezable water was revealed at

◦
ost-casting treatments
reezable water
EFC

temperature lower than 80 C. The proton conductivity was also affected by the presence and the amount
of water trapped into the membranes and was particularly influenced by the post-casting treatments. The
silica introduction reduced the swelling effect and improved the robustness of the membranes even if a
higher water content in the freezable state was observed. Acid treatment leads to significant improve-
ment in membrane properties, but the present work shows that annealing before acid treatment can
affect the membrane morphology more strongly than other treatments resulting in a much better fuel

cell performance.

. Introduction

Composite membranes are considered as a valid choice as
n electrolyte for medium temperature Polymer Electrolyte Fuel
ells (PEFCs). When used in PEFC and especially for application in
he automotive filed, the challenge is to operate at temperature
bove 100 ◦C reducing gases pressure and humidification keep-
ng a high proton conductivity [1,2]. An additional challenge is to
educe production costs of fuel cell components and then, research
fforts are concentrated on the development of non-noble metals
r alloys as electrocatalysts and a low-cost membranes based on
on-perfluorinated polymers. The development of poly-aromatic
embranes plays a key role because Nafion® membranes are, until

ow, the most widely used [3–8,13]. Important literature has been
edicated on this class of polyelectrolyte but some problems are

till to be overcome such as low proton conductivity at reduced
elative humidity, weak mechanical stability and short lifetime.
ne of the most used polymer membrane is based on sulphonated
olyetheretherketone (s-PEEK) with a sulphonation degree in the
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range of 40–60%. Its excessive swelling when temperatures higher
than 80 ◦C are used, produces a drop of mechanical properties and
a reduction of its lifetime. On the contrary, the swelling effect
is directly related to the proton conductivity increase due to the
introduction of freezable water into the polymeric matrix [8]. In
this context, inorganic/organic composite membranes have very
interesting features as far as water balance is concerned since the
inserted inorganic compound both acts as a mechanical reinforce-
ment and as an additive hydrophilic agent [9–12]. The inorganic
component might, but not necessarily, present intrinsic proton-
conduction properties: in this case the solid will be acidic. In other
cases, for example, with silica, titania or zirconia, the inorganic
component is not inherently proton-conducting and is used as
water-retaining inorganic filler or as a mechanical support. The
properties of these composite membranes not only depend on the
nature of the ionomer and the solid used, but also on the amount,
the homogeneous dispersion, the size and the orientation of the
solid particles dispersed in the polymeric matrix that can provide

additional pathways for proton conduction [14–19].

Currently, the research is moving towards the development
of membranes containing nitrogenous groups that promote the
acid–base interaction between functional groups NH–SO3H [20,7].
Actually, the sulphonic acid groups interact with the nitrogenous

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:carbone@itae.cnr.it
dx.doi.org/10.1016/j.jpowsour.2010.02.039
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Table 1
Membranes post-casting treatments.

Membrane name Polymer Silica % Treatments

A

s-PEEK 0

HCl
B H2SO4

C H2SO4 + 200 ◦C
D 200 ◦C + H2SO4
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improves the wettability and consequently the membranes that
s-PEEK 20 %wt
SiONH-B H2SO4

SiONH-C H2SO4 + 200 ◦C
SiONH-D 200 ◦C + H2SO4

ase by forming hydrogen bridges, protonation of the nitrogen
ites and polysalts formation and then the proton conductivity
s improved. In this context, composite s-PEEK membranes con-
aining an aminopropyl-functionalised silica gel (SiO–NH2) were
eveloped in a previous work [21] resulting in an improved
echanical resistance and proton conduction. In the SiO–NH2
embrane, the interactions between the sulphonic groups of the

olymers and the aminic groups of the silica limit the swelling
henomena at critical temperatures and improve the mechanical
roperties. Since the post-casting treatments influence the water
ntrapped in the polymeric matrix acting on the polymer structure,
t was judged fundamental to understand how the annealing and
cid treatments can control the inorganic/organic interactions.

In this work, several post-casting treatments were performed
n previously developed composite membranes to investigate
he behaviour of water content (freezable and unfreezable), mor-
hological properties, proton conductivity and electrochemical
erformance.

. Experimental

.1. Membranes preparation

Composite membranes were prepared starting from a
ispersion of sulphonated polyetheretherketone (s-PEEK,

EC = 1.55 mequiv. g−1) in DMAc as ionomer and a 20% (wt/wt) of
commercial 3-aminopropyl-functionalised silica gel (Aldrich,

1 mmol g−1 NH2 loading), as reported in a previous paper [21].
ll samples were treated at 120 ◦C for 15 h before each treatment.
ost-casting treatments were performed on dried membranes in
erms of annealing (200 ◦C, 30 min) and acid treatments (HCl 1 M
t r.T. for 1 h or H2SO4 1 M at 80 ◦C for 2 h followed by rinsing in
ater), as described in Table 1.

.2. MEAs preparation

Home-made electrodes were prepared by a spray technique
escribed in the referenced paper [22] and coupled to the mem-
ranes to obtain MEAs. The same Pt loading (0.5 mg cm−2) in the
atalytic layer was used for both anodes and cathodes and a 30%
t/Vulcan (E-Tek Inc.) was used as an electrocatalyst.

.3. Membranes characterisations

.3.1. Water uptake measurements
The water uptake (w.u.) data were calculated from the differ-

nce in weight of the dried and the wetted samples. The dry mass

as obtained after a desiccation of the sample in an oven under

acuum (1000 mbar) for 2 h, while the wet mass was obtained after
he immersion in water at 24 ◦C, 40 ◦C and 80 ◦C for 2 h of the dried
amples.
ources 195 (2010) 6037–6042

2.3.2. DSC measurements
The wet samples were punched into wafer of about 3.5 mm

diameter and sealed in aluminium pans to keep the constant
water uptakes. The calorimetry was performed using DSC-60 (Shi-
madzu, Japan) over a range of −100 ◦C to 20 ◦C at a scanning rate
of 5 ◦C min−1 with liquid nitrogen as a refrigerant. DSC-60 has a
nitrogen-purged sample chamber with a temperature accuracy of
±0.01 ◦C. An empty Al sealed pan was used as a reference. Ther-
mograms were recorded as samples were cooled from 20 ◦C to
∼−100 ◦C at first, and then heated from −80 ◦C to 20 ◦C.

2.3.3. X-ray analyses (WAXS)
The X-ray powder diffraction (WAXS) analyses were performed

by using a Rigaku Ultima-IV X-ray diffractometer with Ni-filtered
CuK� radiation (� = 0.15418 nm) operated at 40 kV and 40 mA in air,
in the symmetrical reflection mode. Samples were scanned under
diffraction angle in the 2� range of 5–90◦ with a step scan interval
of 0.5◦ min−1. The profiles were smoothed and background (dark
scattering) was subtracted.

2.3.4. Laser microscopy analyses
A confocal laser microscope (nano search microscope SFT 3500,

Shimadzu, Japan) equipped with semiconductor laser (� = 408 nm)
was used to investigate the macroscopic morphology of the mem-
branes and the silica distribution in composite membranes.

2.3.5. SEM–EDX analyses
A field emission Scanning Electron Microscope equipped with

EDAX microprobe (Philips mod. XL30 S FEG) was used to obtain the
surface morphology of the membranes. A colloid graphite aqueous
base (TAAB) was used to fix the sample on the stab and graphite
coating was used to avoid sample charging.

EDX measurements were carried out to investigate the Si dis-
tribution in composite membranes using the K lines. The mapped
surface is of about 20 �m × 10 �m and the used mapping matrix
had a dimension of 256 × 200.

2.3.6. Proton conductivity measurements
The membrane proton conductivity was measured in the longi-

tudinal direction as a function of temperature (from 30 ◦C to 80 ◦C)
and relative humidity of 100%RH, as described elsewhere [21].

2.3.7. Fuel cell tests
Fuel cell tests, in terms of polarisation curves, were carried out in

a commercial 25 cm2 single cell in a temperature range 80–120 ◦C,
with humidified H2 and air at 3 absolute Bars. The gas fluxes were
fixed at 1.5 and 2 times the stoichiometry at a current density of
1 A cm−2 for hydrogen and air, respectively.

3. Results and discussion

All prepared samples (Table 1), previously wetted at 24 ◦C, 40 ◦C
and 80 ◦C, were characterised in terms of DSC measurements in
order to determine the amount of water, both freezable (F) and
unfreezable (UF). The water fraction of pure s-PEEK as a function of
the treatments and temperature is reported in Fig. 1.

Until 40 ◦C, the total water content is UF for each post-casting
treatment meaning that the amount of adsorbed water is strongly
coordinated to the sulphonic groups and is unavailable to freeze
at temperature below 0 ◦C. Its amount is ruled from the sulphuric
acid treatment following this order: A < C < B < D. The sulphuric acid
underwent this treatment as the last step (B and D) show the high-
est UF content. Above 80 ◦C, the polymeric matrix is able to entrap
more water due to the beginning of the swelling process, then F
water is present. The wettability in terms of total amount of water
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ig. 1. s-PEEK membranes water fraction as a function of treatments and tempera-
ure.

ncreases when H2SO4 (B) is used instead of HCl (A), but a further
nnealing on H2SO4 treated sample (C) produces a massive water
dsorption due to a weakening of the polymeric structure caused
y acid. As far as the F and UF water fractions, the same trend of
otal water fraction is observed for sample A, B and C. However
nnealing before acid treatment (D) does not affect the UF water
ontent and constrains the polymer structure limiting the amount
f F water.

In composite s-PEEK–SiONH2 membranes the total amount of
ater is lower than s-PEEK (Fig. 2), due to interactions between
H2–SO3H groups [21] that reduce the polymer capability to coor-
inate water.

Contrary to pristine polymer, the F water is already present at
< 80 ◦C and it is quite constant for each sample below 80 ◦C. This

s a consequence of the introduction of the same amount of silica
20% wt/wt) into the membranes that incorporates water into its
ores in a phase free to freeze [24].

At 80 ◦C, the swelling effect is predominant and the polymer
atrix plays a key role. The behaviour is comparable to pristine

olymer membranes (A < B < C). In particular, in sample C the exces-
ive amount of F water is due to the annealing as last step that
ot only destabilises the polymer matrix but breaks all the ben-
ficial interactions between polymer and silica [21]. The optimal
ituation was found in sample D where the concomitant effect
f post-casting treatments and functionalised silica presence is
esponsible for both the good stability of the polymer structure
nd the low swelling.
The influence of the post-casting treatments on the polymer
tructure was investigated through WAXS analyses. In Fig. 3 the
embranes profiles that underwent treatments A, C and D are

hown.

ig. 2. Composite membranes water fraction as a function of treatments and tem-
erature.
Fig. 3. Pure and composite s-PEEK membranes WAXS analyses comparison.

Whatever is the post-casting treatment the pristine s-PEEK sam-
ples present a peak at 2� = 18.9◦, corresponding to crystalline phase
(1 1 0) which is overlapped on a broad amorphous phase [23,25].
However, the peak profile (peak intensity and FWHM) differs from
each other. The peak intensity of sample D is higher and the peak
profile is sharper than those of the other membranes. The annealing
over the glass transition (Tg: 142 ◦C [26]) gives a slight improvement
in crystallinity. This result clearly shows that annealing before acid
treatment affects the morphological change leading in increment in
crystallinity and resulting in the suppression of dimensional change
by swelling.

For composite membranes the introduction of SiO–NH2
decreases the crystallinity. The peaks are shifted towards higher
2� values and lower intensity than pure s-PEEK. In particular the
2� values are 19.5, 19.5 and 19.1 for sample A, C and D, respectively.

Krishnan et al. [25] have reported similar characteristics show-
ing a s-PEEK composite membrane with boron phosphate prepared
by in situ sol–gel process reduces the crystallinity compared to pure
s-PEEK membrane.

Laser microscopy on composite membranes surface was carried
out to verify the membrane morphology, as reported in Fig. 4.

At low magnification (scan size 1280 �m × 960 �m), it is possi-
ble to observe that the morphology changes with the post-casting
treatment. The bright area corresponds to agglomerates of silica
and dark area might correspond to polymer matrix and dispersed
silica. For samples A and C, the silica is regularly dispersed (dark
area) and arises agglomerates (bright area), with macroscopic
dimensions, probably positioned in the vicinity of the hydrophilic
domains of the polymer. For sample C, agglomerates are smaller
than those in sample B. This implies that annealing after acid treat-
ment affects the macroscopic morphological change by reducing
the interactions between polymer matrix and silica phase. This
is revealed by the incorporation of the highest amount of water
(see Fig. 2). In samples B and D, the morphology is similar but
differs from the others. The silica distribution is regular but the
agglomerates dimension is higher than that for other samples.
Because the laser microscope has a magnification in the macroscale,
the morphological profile was also verified by SEM analyses. At
low magnification, comparable to Laser scans, a phase separation
between polymer and silica was observed, as reported in Fig. 5
for samples B and C and are in accordance with laser microscope
analyses.

At high magnifications, a dense and compact structure was
observed for all analysed samples.

In order to verify the silica dispersion into the membranes, EDX

mapping on Si element were affected on two regions of composite
membranes, one rich in polymer (polymer fraction) and the other
one rich in silica (silica fraction), as reported in Fig. 6.
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Fig. 4. s-PEEK–SiONH membranes laser mi

Fig. 5. SEM analyses on surface of (a) composite membrane B-treated and (b) com-
posite membrane C-treated at low magnifications.
croscope images at 5× magnification

A well-dispersed Si can be seen in polymer fraction, mean-
ing that silica is homogeneously distributed in polymer matrix in
the micro-scale. Only the pictures related to sample SiONH-D are
shown but, in any case, all samples present the same silicon distri-
bution.

Membranes proton conductivity, in the longitudinal direction,
was measured as a function of the swelling temperature and com-
pared to F water for pristine and composite membranes, as reported
in Figs. 7 and 8, respectively.

For pristine s-PEEK samples (Fig. 7) the conductivity increases
by increasing the temperature and reaches the highest values when
F water is present (80 ◦C).

Even if the sample C presents the highest F water content the
proton conductivity has not the same trend. An excessive swelling
due to the treatment provokes a drop of mechanical properties
influencing the proton conduction.

SiONH samples (Fig. 8) show a conductivity lower than pris-
tine membranes. At T < 80 ◦C the conductivity follows the trend
C < A < B < D. This behaviour is due to an additive interaction
between H2SO4 and NH2 when H2SO4 is the last treatment (B and D)
that enhances the conductivity; the annealing at 200 ◦C as last treat-
ment (C) breaks down all the interactions reducing the conductivity
and HCl treatment (A) does not produce any additive effect on pro-
ton conduction. For samples A, B and D, wherein F water was found
at all temperatures, the conductivity follows a linear trend with
the temperature increase. While the sample C presents the highest
amount of F water in the whole investigated temperature range, the
proton conductivity does not follow the same trend, as observed for
pristine membrane. In any case at 80 ◦C, similar values are reached

due to the swelling effect of the polymer matrix that is predominant
at this temperature.

To verify the electrochemical behaviour in a fuel cell device,
polarisation curves at 80 ◦C and 120 ◦C were carried out comparing
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Fig. 6. EDX mapping onto polymer fractio

omposite membranes and pristine polymer used as a reference
21], as reported in Figs. 9 and 10.

At 80 ◦C the composite membranes performance follows the
ame trend of proton conductivity and the best performance is
eached by using H2SO4 as the last treatment (B and D).

The A-treated composite membrane shows lower performance

han pristine membrane and this is in accordance with the proton
onductivity values (0.027 S cm−1 and 0.14 S cm−1 for composite
nd pristine, respectively).

ig. 7. Proton conductivity and freezable water behaviour of pristine membranes
s a function of swelling temperature.

ig. 8. Proton conductivity and freezable water behaviour of composite membranes
s a function of swelling temperature.
nd silica fraction (b) of SiONH-D sample.

For sample C the low performance could be explained by con-
sidering the low OCV values (0.785 V) and high cell resistance
(0.72 � cm2) due to the post-casting treatment. For the other sam-
ples (B and D) the performance of pristine polymer were reached
despite the lower proton conductivity, meaning that the structural
and morphological properties due to H2SO4 treatment as last step
is favourable for fuel cell operation.

At high temperature (120 ◦C), where the swelling process should

be enhanced, all composite membranes show higher performance
than pure s-PEEK membrane, due to silica introduction that limits
the swelling effect.

Fig. 9. Polarisation curves comparison at 80 ◦C for composite and pristine mem-
branes.

Fig. 10. Polarisation curves comparison at 120 ◦C for composite and pristine mem-
branes.
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The A-treated composite membrane reaches similar perfor-
ance than pristine membrane, even if cell resistance values of

.36 and 0.12 � cm2 were recorded, respectively. This behaviour
ould be attributed to silica introduction that presumably reduces
he amount of F water into the membrane at this temperature and

aintains suitable properties for fuel cell operation.
C-composite sample shows better performance increasing the

emperature from 80 ◦C to 120 ◦C. However, taking into account
he effect of post-casting treatment that destabilises the polymer

atrix and breaks the polymer–silica interactions, a low stability in
erms of mechanical properties can be expected with a consequent
uel cell performance failure with the time.

For composite samples B and D that underwent H2SO4 as last
reatment, the performance is improved confirming the appropri-
te structural and morphological properties due to acid treatment
s discussed at 80 ◦C. Moreover the annealing (D) favours the lim-
ting current enhancement due to a strengthening of membrane
tructure that improves the contact between membrane and elec-
rodes in the MEA.

. Conclusions

In s-PEEK membranes it is possible to control and enhance the
embrane performance only by a simple and easy post-casting

reatment. DSC measurements revealed that the amount of UF
ater depends on the adopted treatment and is higher than F one

t a swelling temperature of 80 ◦C. For composite s-PEEK–SiONH2
embranes, the total amount of water is lower than that for pristine
embranes due to interactions between NH2–SO3H groups that

educes the polymer capability to coordinate water. The F water
s already present when the w.u. is effected at T < 80 ◦C, due to the
ilica presence that readily incorporates water in a phase free to
reeze. At T > 80 ◦C, the F water content is related to the post-casting
reatments.

The structural analyses showed that while the treatments do
ot change the crystalline phase in pristine polymers, they modify
he composite membranes.

Morphological measurements highlighted that silica is uni-
ormly dispersed into the polymeric matrix at the micro-scale,
or all the considered post-casting treatment. However at the

acroscale different size of silica agglomerates are influenced by
he treatment as evidenced by Laser measurements.

Pristine s-PEEK membranes proton conductivity increases by

ncreasing the temperature and reaches the highest values when

water is present, while the proton conductivity of composite
amples is lower than pristine samples. The proton conductivity
f composite membranes is both influenced by the treatments and
he silica presence.

[
[

ources 195 (2010) 6037–6042

Fuel cell tests at 80 ◦C revealed that the performance of compos-
ite membranes rank according to the value of proton conductivity
and the best performance is reached by using H2SO4 as the last
treatment (B and D). At 120 ◦C, where the swelling process should
be enhanced, all composite membranes show higher performance
than pure s-PEEK membrane, due to silica introduction that lim-
its the swelling effect. Moreover, when annealing is processed
before acid treatment, a strengthening of the membrane struc-
ture is obtained improving the contact between the membrane and
the electrodes inside the MEA. As a result, the limiting current is
increased.
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