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bstract

Composite membranes based on sulfonated polyether ether ketone (SPEEK) and hydrated tin oxide (SnO2·nH2O) were prepared and charac-
erized. The formation of the composite substantially modified the properties of SPEEK in terms of durability and electrochemical performance.
he structural and electrochemical performance of the samples were investigated using scanning electron microscopy (SEM), X-ray diffraction
XRD) analysis, electrochemical impedance spectroscopy (EIS), water and methanol uptake (WU, MU), and direct methanol fuel cell (DMFC)
ests. The polymer electrolyte membrane doped with 50 wt% SnO2·n(H2O) possess good proton transport characteristics, reduced methanol uptake
nd improved stability with respect to a reference unfilled membrane and it is then suitable for application as electrolyte in DMFCs.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Direct methanol fuel cells (DMFCs) are promising devices
or a variety of applications by virtue of their efficiency, high-
ower density, and environmental-friendly nature [1,2]. Nafion®

s the most widely used electrolyte for DMFCs [3], although
ethanol crossover problems, its high cost, and loss of perfor-
ance above 80 ◦C limit the large-scale commercialization of
MFCs [4].
A promising polymer that is currently investigated by differ-

nt authors is polyether ether ketone (PEEK) [5–7], which is
low-cost polymer with good thermal stability and mechanical
roperties. Proton conductivity for this polymer can be achieved
y sulfonation (sulfonated PEEK, SPEEK), and the degree of

ulfonation (DS) can be controlled by reaction time and tem-
erature. At low DS, the hydrophilicity of SPEEK is too low to
each the water content needed to ensure values of proton con-

∗ Corresponding author. Tel.: +39 06 7259 4386; fax: +39 06 7259 4328.
E-mail address: licoccia@uniroma2.it (S. Licoccia).
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uctivity acceptable for use in fuel cells [8]. Conversely, high DS
alues imply degradation of the polymer in terms of solubility
nd mechanical properties [9].

Hybrid organic–inorganic membranes with controlled
hysico-chemical properties have been investigated to improve
hermal and mechanical stability avoiding conductivity losses
6,10]. The development of composite membranes able to oper-
te at T ≥ 90 ◦C represents in fact one of the methods to improve
uel cell performance [11,12].

The approach adopted in the present work consists in prepar-
ng composite membranes incorporating a proton conducting
xide, SnO2·n(H2O), in a SPEEK matrix. An intermediate
egree of sulfonation (DS = 0.7) was chosen as a compromise
o ensure satisfactory proton conductivity values while avoiding

embrane degradation associated with higher DS.
Hydrated tin oxide shows relatively good conductivity values,

round 10−3 to 10−2 S cm−1 at high relative humidity (RH),

nd in the temperature range of interest for fuel cell application
T = 100–150 ◦C) [13,14]. The presence of an inorganic phase
n the SPEEK is expected to reduce the conductivity losses due
o polymer degradation. The hydrophilic filler was introduced

mailto:licoccia@uniroma2.it
dx.doi.org/10.1016/j.jpowsour.2007.09.072
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t a large content (50 wt%) with the aim of reducing methanol
ermeability and improving the membrane stability, preventing
ts water solubilization.

. Experimental

.1. Materials

Polyether ether ketone, Victrex PEEK 450 P, was used as
eceived. Sulfonation was carried out with concentrated sul-
huric acid (H2SO4, Aldrich 96%) at room temperature and
chieved sulfonated polyether ether ketone (SPEEK) having
egree of sulfonation DS = 0.7 as evaluated by 1H NMR [8].

Hydrated tin oxide (SnO2·nH2O) was prepared following the
ethod described by Giesekke et al. [15], consisting in alkaline

ydrolysis of tin chloride (SnCl4 Aldrich, 99.995%) by means
f ammonia solution (NH4OH, Aldrich 25%). The white precip-
tate obtained was washed with distilled water until no chloride
ons were detectable. The sample was then dried at room tem-
erature in air to remove the excess water. The powder samples
ere characterized and used as-prepared.
SPEEK-based composite membranes containing 50 wt%

nO2·nH2O were prepared dissolving the polymer in dimethy-
acetamide (DMA, 98% Aldrich) and adding SnO2·nH2O. The
uspension was heated and stirred, then cast onto a Teflon plate
nd heated at 60 ◦C to dryness. Pure SPEEK membranes were
repared following the same procedure for sake of reference. For
MFC tests, Nafion membranes (thickness 170 �m), prepared

s previously described [16], were used as a reference for the
omposite membranes, due to the fact that pure SPEEK mem-
ranes could not survive in the DMFC test operating conditions.

The thickness of the dried membranes were in the
50–200 �m range. Before each measurement, the membranes
ere treated with 5 M H2SO4 for 15 h at room tempera-

ure to remove residual casting solvent which presence might
egatively affect conductivity [17,18], and then washed with
eionized water.

.2. Methods

The solvent uptake was measured as a function of tempera-
ure in the 20–80 ◦C range. Pieces of 1 cm2 were cut from the

embranes, dried overnight at 80 ◦C and weighted.
Powder of SnO2·n(H2O) was pressed uniaxially into pellets

13 mm diameter and 0.4 mm thickness) at 106 MPa. The pel-
ets were dried overnight at 80 ◦C and weighted. Pellets and

embranes were then exposed to saturated water or absolute
ethanol vapor pressure and weighted after 1 h at each temper-

ture value. Solvent uptake (SU) was calculated as reported in
he literature [8], using the following equation:

U (%) =
[(

Wswollen
)

− 1

]
× 100 (1)
Wdry

here SU is expressed in percentage units, Wswollen the weight
f the membrane exposed to the solvent, and Wdry is the weight
f the dry membrane. In the text we referred to water uptake

P

p
s

Sources 178 (2008) 554–560 555

WU) values or methanol uptake (MU) values when the solvent
s water or methanol, respectively.

The overall uptake of solvent molecules per sulfonic acid
roup (SO3H) in the membranes, i.e. λ, was calculated using
q. (2). For the calculation of λ of the composite membrane, this
quation takes into account the solvent amount (either water or
ethanol) adsorbed by the tin oxide phase, which was subtracted

ssuming an additive behavior of the polymer and the inorganic
hase:

= nsolvent

nSO3H

= SU (%)membrane/MWsolvent

((%wtSPEEK − %wtSnO2 ) − (SU (%)SnO2
/2))/EWSPEEK

(2)

here MWsolvent is the molecular weight of the solvent,
wtSPEEK and %wtSnO2 the weight percentage of SPEEK and

in oxide in the membranes, respectively, and EWSPEEK is the
quivalent weight of the SPEEK.

SEM images were acquired using FE-SEM, LEO mod. Supra
5, being 2 kV the electron beam energy.

Simultaneous thermogravimetric and differential thermal
nalyses (TG-DTA) were carried out in the 25–500 ◦C range,
sing a thermobalance (STA 409, Netzsch), in air flow
80 mL min−1) with a heating rate of 5 ◦C min−1.

X-ray diffraction (XRD) analysis was performed using a
hilips X’Pert MPD powder diffractometer equipped with a Cu
� radiation source and graphite monochromator.
The proton conductivity of the membranes was measured by

lectrochemical impedance spectroscopy (EIS) measurements
sing a Multichannel Potentiostat VMP3 (Princeton Applied
esearch). An applied voltage of 20 mV and a frequency range
f 500 KHz to 10 Hz were used. The composite membranes were
andwiched between commercial electrodes (E-Tek ELAT HT
40E-W with a platinum loading of 5 gm−2) and the proton con-
uctivity was recorded as a function of temperature at saturated
ater vapor pressure (100% RH), using a homemade apparatus.
he resistance of the membranes, hence their conductivity, was
alculated by a linear fit of the impedance spectra in their linear
ortion. From the resistance values we obtained the conductivity
σ) value using Eq. (3):

= d

RA
(3)

here R is the resistance, d the distance between electrodes and
is the electrode area.
Membrane electrode assemblies (MEAs) were fabricated

sing commercial electrodes E-TEK, A-6 ELAT/SS/PtRu60-
-30PTFE/0.8N, custom 3 mg cm−2 loading using 60% HP
t:Ru alloy (1:1) on Vulcan, 30 wt% PTFE with 0.8 mg cm−2

afion (anode), and A-6 ELAT/SS/Pt40-2-30PTFE/0.8N cus-
om 2 mg cm−2 loading using 40% HP Pt on Vulcan, 30 wt%

TFE with 0.8 mg cm−2 Nafion (cathode).

MEAs were prepared by hot pressing using SPECAC hot
ress. Membrane and anodic electrode were placed in a teflon
heet and pressed for 2 min at 80 ◦C applying 0.39 MPa. After
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hat, the cathode was put on the other side of the membrane.
roper electrode/membrane/electrode interfacial adhesion was
chieved pressing the sandwich at 100 ◦C under a load of
.98 MPa for 5 min.

Fuel cell experiments were carried out in a 5 cm2 sin-
le cell (ElectroChem), in a homemade fuel-cell test station.
he test station was equipped with independent temperature
ontrol of the reactant gas (O2), methanol solution, and sin-
le cell. Flow rate of the gas was regulated using mass-flow
ontroller (MKS PR4000, 500 sccm), the total pressure of
he gas was controlled using a back-pressure regulator. Flow
ate of methanol solution (2 M) was monitored by a KNF’s

odel FEM 1.08 Liquid Metering Pump with control board
1 mL min−1).

All experiments were performed fixing at 0.2 MPa the total
ressure in the cell and at 100 ◦C the cell temperature.

Polarization data were recorded using a Multichannel Poten-
iostat VMP3 (Princeton Applied Research).

. Results and discussion

.1. Characterization of SnO2·n(H2O)

The procedure used to synthesize SnO2·n(H2O) allowed
o obtain nanosized particles. Fig. 1 shows the typical
EM micrograph of the as-prepared SnO2·n(H2O) pow-
er. As typical morphology for hydrated compounds, the
owder was made of soft agglomerates. Numerous SEM
bservations allowed to measure the unit particles in the nano-
etric size range (5–15 nm). Such a small particle size is

xpected to ease the formation of homogeneous composite
embranes.
To study the thermal evolution of SnO2·n(H2O) thermogravi-

etric (TG) and differential thermal analysis (DTA) were carried
ut on the precursor. Fig. 2 shows the TG and DTA curves of the

ample. It is known that hydration water of SnO2·nH2O can be
lassified into different classes as a function of the water/oxide
ond strength [13,14]. The main weight loss (about 12% of the
otal loss), observed in the 50–150 ◦C range in the TG curve, can

Fig. 1. SEM micrograph of the as-prepared SnO2·n(H2O) powder.

t
c
m
R

ig. 2. TG curve (solid line) and DTA curve (dotted line) of the SnO2·n(H2O)
owder.

e attributed to the loss of physisorbed water. The DTA curve
howed also two distinct peaks with their maxima at 200 and
20 ◦C, which can be attributed to the desorption of chemisorbed
ater [15].

.2. Morphological and structural characterization of the
omposite membranes

Fig. 3 shows the SEM micrograph of the SPEEK/SnO2
0:50 wt% composite membrane. The membrane showed high
omogeneity, being the filler well distributed in the SPEEK
atrix. The particle size of the inorganic phase is larger than

he size of the SnO2·n(H2O) precursor, due to aggregation phe-
omena. As previously observed with different systems, the size
f the aggregates increases with increasing the filler loading in
he membrane [19–21].

Fig. 4 shows the comparison between the XRD patterns of

he as-prepared SnO2·n(H2O) powder and of the SPEEK/SnO2
omposite membrane. The XRD pattern of a pure SPEEK
embrane (not shown) is typical of an amorphous structure.
egarding the tin oxide XRD pattern, broad peaks revealed an

Fig. 3. SEM micrograph of the SPEEK/SnO2 composite membrane.
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ig. 4. XRD patterns of the SnO2·n(H2O) powder and SPEEK/SnO2 composite
embrane.

morphous-like state of the oxide, due to its hydration water.
harpening of the peaks, without any detectable shift, was
bserved in the XRD pattern of the composite membrane. It
as been previously reported that the peaks of SnO2·n(H2O)
harpened after heating, as a result of crystallization [14]. In
he case of SPEEK/SnO2 composite membranes, the sharpen-
ng of the peaks can be ascribed to a change of the hydration
rade of the oxide in the membrane with respect to the
recursor powder, due to coordination of the oxide water
olecules with the polymer sulfonic acid groups, as previously

bserved also for SPEEK/hydrated tungsten oxide composite
embranes [6].

.3. Electrochemical and water uptake characterization of

he composite membranes

Fig. 5 shows the Arrhenius plots of the conductivity of the
omposite membranes and of the unfilled SPEEK reference

ig. 5. Arrhenius plots of the unfilled SPEEK and SPEEK/SnO2 composite
embranes at 100% RH.
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ig. 6. Water uptake (WU) as a function of temperature, measured at 100% RH
or composite SPEEK/SnO2 membrane and individual components.

embrane. In the region between 25 and 75 ◦C, the proton con-
uctivity (σ) values of the composite membrane were always
arger than the values measured for the unfilled SPEEK mem-
rane. In particular, at 25 ◦C, σ of the composite membrane was
ne order of magnitude larger than the � of the unfilled SPEEK
composite: 0.016 S cm−1; unfilled SPEEK 0.0017 S cm−1).
his difference decreased with increasing the temperature and
ventually was null at 75 ◦C. This behavior is also reflected by
he activation energy (Ea) values that in the 25–75 ◦C region
ere found to be 0.249 and 0.659 eV for the composite and the
nfilled SPEEK membrane, respectively. Above 75 ◦C, σ val-
es as well as Ea values were similar for the two samples up to
30 ◦C (σ = 0.040 ÷ 0.066 S cm−1, Ea ∼ 0.1 eV).

It has been reported for Nafion that the activation energy
s strongly dependent on the membrane water content. In a
ry membrane the activation energy is in the 0.4–0.5 eV range,
hereas the activation energy of a highly swollen membrane is
.1 eV, which is close to the value of Ea for bulk water conduc-
ivity [22].

The water uptake (WU) values of the composite membrane
nd of the individual components was then investigated as a
unction of temperature. WU values were recorded at 100% RH
rom 20 to 80 ◦C, temperature effect at which the filler effect in
erms of σ and Ea became negligible. Data are shown in Fig. 6.
he water uptake of the oxide was low and almost indepen-
ent from the temperature, while larger values, almost linearly
ncreasing with temperature, were determined for the unfilled
PEEK sample. The WU values of the composite membrane
ere intermediate between those of the two components. The λ

alues (the number of water molecules per sulfonic acid group of
PEEK) calculated considering an additive behavior of the com-
onents, are shown in Fig. 7. λ of the composite membrane was
arger than the λ value of the SPEEK membrane below 60 ◦C,
emperature at which the λ values of the two samples became the

ame. This behavior is in agreement with the larger conductivity
alues observed for the SPEEK/SnO2 membrane at lower tem-
eratures, indicating that at larger λ values corresponded larger
values [18].
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ig. 7. λ (i.e. nH2O/nSO3H) as a function of temperature, calculated from the
ater uptake values.

The overall reduced swelling of the composite membrane
an be explained assuming that the filler induces morphologi-
al modification of the membrane and that the oxide hydration
ater molecules generate a connection between the polymer

ulfonic acid moieties, creating different hydrophilic paths that
avor proton transfer [19]. The effect becomes negligible at
igher temperature when a decrease in the interactions between
olymer chains is known to favor a greater hydration of the
olymer [18]. The improved performances reported for several
afion based composite membranes have been indeed attributed

o modifications of the polymer structure [23–25].

.4. Stability and methanol permeability of the composite
embranes

It is well known that one of the main drawbacks for mem-
ranes prepared with SPEEK with high sulfonation degree is

heir water solubility. Therefore, the stability of the composite

embranes in saturated water vapor pressure conditions was
nvestigated. Fig. 8 shows the σ values measured at 100 ◦C and

ig. 8. Proton conductivity as a function of time, measured at 100 ◦C and 100%
H.
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ig. 9. Methanol uptake as a function of temperature for composite
PEEK/SnO2 membrane and individual components. Calculated λMeOH values
re shown.

00% RH as a function of time, for both unfilled and filled sam-
les. The σ of the unfilled SPEEK membrane decreased with
ime in the first day of exposure to 0.02 S cm−1, then remained
onstant up to 3 days, and finally drastically dropped, showing a
omplete degradation of the membrane. On the other hand, the
onductivity of the composite membrane was the same as the
nfilled membrane at the beginning of the test and decreased
ith the same rate for about 12 h, after which the conductivity
alue, larger than the value measured for the unfilled membrane
t the stability plateau, was stable over 4 days. After this time, the
easurements were stopped. The reduced swelling and higher
orphological stability of the composite resulted in improved
embrane performance in terms of durability.
The influence of the filler on the methanol perme-

bility was also investigated evaluating the membrane
ethanol uptake (MU). Fig. 9 shows the MU values

s a function of temperature. Values increased along the
eries SnO2·n(H2O) < composite membrane < unfilled mem-
rane. λMeOH values, i.e. nCH3OH/nSO3H, are always lower for
he composite. As the consequence of these methanol uptake
ata, the SPEEK/SnO2 composite membranes are then expected
o possess a lower methanol permeation rate when exposed to

ethanol aqueous solution in a DMFC [26].

.5. Direct methanol fuel cell performance of the composite
embranes

To check the functioning of the composite membrane in
real device, the electrochemical performance of the mem-

ranes was tested in a DMFC single cell, acquiring polarization
urves. Fig. 10 shows the polarization and power curves for the
PEEK/SnO2 composite membrane in a DMFC test at 100 ◦C,
ompared with a recast Nafion membrane. As already men-

ioned, Nafion is the most widely used electrolyte for DMFCs,
ven though it exhibits high methanol permeation rate as well as
drop in proton conductivity at temperatures larger than 80 ◦C.
he I–V curves clearly showed the improved performance of
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ig. 10. Polarization (�: SPEEK/SnO2; �: Nafion) and power density curves
�: SPEEK/SnO2; ©: Nafion) of the composite membrane and an unfilled recast
afion membrane, measured at 100 ◦C, oxygen feed, MeOH 2 M.

he composite membrane with respect to the Nafion membrane.
he open circuit voltage (OCV) for the composite membrane

0.70 V) was larger than that of unfilled SPEEK (0.65 V) and
eference Nafion (0.59 V). The polarization curve of the unfilled
PEEK membrane is not shown due to its lower stability in

erms of proton conductivity as a function of time. This finding
hows that the use of a SPEEK membrane allowed to reduce
he methanol crossover with respect to Nafion, as already evi-
enced in previous works [27]. Moreover, the presence of tin
xide allowed a further reduction of the methanol crossover as
xpected from the MU values.

In the whole voltage range investigated, the current values
f the SPEEK/SnO2 membrane were always larger than the
alues obtained with the Nafion membrane. In particular, the
omposite membrane reached a maximum current density value
f 350 mA cm−2 (with respect to 200 mA cm−2 for unfilled
afion). The maximum power density value reached at 100 ◦C
ith the composite membrane was 80 mW cm−2 at a current
ensity of about 300 mA cm−2, whereas the maximum power
ensity value of the reference unfilled Nafion membrane at the
ame temperature was 20 mW cm−2, at a current density of about
20 mA cm−2. The improvement of the polarization curve of the
PEEK/SnO2 composite membrane reflected the drop in con-
uctivity of the unfilled Nafion membrane above 90 ◦C and the
nhanced stability of the composite membrane at 100 ◦C.

These results converge to indicate that filling SPEEK mem-
ranes with hydrated tin oxide allowed to improve the membrane
tability, as well as to decrease its methanol permeability.
hese features led to an enhancement of cell performance of

he composite membrane with respect to our reference Nafion
ecast membrane, pointing out that SPEEK/SnO2 membrane is
promising electrolyte for DMFCs.
. Conclusions

Polymer electrolyte membranes doped with an inorganic
roton conductor were successfully prepared. Our strategy to

[

[
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mprove the performance of both SPEEK and hydrated tin
xide consisted in the combination of the two materials at
he same content. The composite membrane showed good
roton transport characteristics, without any loss in conduc-
ivity due to the presence of a large amount of the inorganic
hase. The presence of the oxide led to a decrease in the
ethanol permeability of the membrane, as well as to increase

he membrane stability avoiding SPEEK degradation due to
ts water solubility. In fact, doping a SPEEK-based material
ith 50 wt% of hydrated tin oxide allowed the preparation of
proton-conducting membrane having low water swelling, low
ethanol permeability, large and stable proton conductivity, that

xhibited good performance in a direct methanol fuel cell at
00 ◦C.
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