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In order to study the relationship between the properties of proton electrolyte membranes (PEMs), obtained through standard char
ethods, and the direct methanol fuel cell (DMFC) performance, inorganic–organic hybrid membranes, modified via in situ hydrol
sed in a membrane electrolyte assembly (MEA) for DMFC application. The membranes, the characterization of which was perfor
revious paper of this series, were based on sulfonated poly(ether ether ketone) (sPEEK) with a sulfonation degree (SD) of 87%

oaded with different amounts of zirconium oxide (5.0, 7.5, 10.0, 12.5 wt.%). The standard characterization methods applied were
pectroscopy (proton conductivity), water uptake, and pervaporation (permeability to methanol). The MEAs were characterized in
he DMFC current–voltage polarization curves, constant voltage current (CV, 35 mV), and open-circuit voltage (OCV). The fuel c
esistance (null phase angle impedance, NPAI) and CO2 concentration in the cathode outlet were also measured. The characterization
how that the incorporation of the inorganic oxide in the polymer network decreases the DMFC current density for CV experim2

oncentration in the cathode outlet for both OCV and CV experiments and, finally, the maximum power density output. The opposite
erified in terms of the NPAI (ohmic resistance) for both OCV and CV experiments. A good agreement was found between the stud
erformance parameters and the characterization results evaluated by impedance spectroscopy, water uptake and pervaporation
2004 Elsevier B.V. All rights reserved.
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. Introduction

Liquid feed direct methanol fuel cells (DMFCs) operat-
ng at low temperatures and employing solid protonic elec-
rolytes are promising candidates for portable power appli-
ations. DMFCs do not require fuel processing, allowing

∗ Corresponding author. Tel.: +351 22 508 1695; fax: +351 22 508 1449.
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simple and compact designs. Apart from that, the us
methanol as fuel for portable applications has severa
vantages in comparison with hydrogen. In order to be c
petitive within the portable power applications market,
DMFC must be economical and capable of delivering h
power densities[1]. Recent reports demonstrated a relativ
high DMFC performance using solid polymer electroly
such as Nafion® [2–7]. However, the use of perfluorinat
membranes as polymer electrolyte increases appreciab
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cost of the entire system[8–10]. Apart from the cost disad-
vantage, the use of Nafion®-like polymer electrolyte leads to
a significant decrease in the fuel cell coulombic efficiency
due to the methanol crossover from the anode to the cathode.
Methanol uses cathode Pt sites (reducing the effective area
of the cathode) for the direct reaction between methanol and
oxygen, generating a mixed potential that reduces the cell
voltage[11,12]. However, these problems can be mitigated
by developing new polymers, or modifying the existing ones,
in order to achieve high ionic conductivity, low permeabil-
ity to DMFC reactants, long-term stability under operating
conditions and, not less important, low cost. Nowadays, non-
perfluorinated polymers are being investigated by different
groups[13–18]. Apart from the possibility of being directly
applied to the DMFC, these polymers can be used as a poly-
meric matrix for organic/inorganic modifications, so that the
properties of the final proton exchange membranes can be
improved[15,16,19–21].

In order to select the proper material for direct methanol
fuel cell applications, characterization methods play an im-
portant role in DMFC research. Ideally, the obtained char-
acteristics of the specific material can be used as a selection
criterion: they should allow us to forecast the correspond-
ing DMFC performance. For example, instead of conduct-
ing DMFC experiments, the results of some characterization
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Fig. 1. Sketch of a DMFC illustrating proton, water and methanol perme-
ation across the PEM and related characterization methods.

However, a critical evaluation of the membrane properties
implications in the direct methanol fuel cell performance is
an important task to be done.

In this paper, we perform an analysis of the effect of the
membrane properties on the DMFC performance for tem-
peratures up to 90◦C. We were able to prepare composite
membranes with a wide variety of physical/chemical prop-
erties using a systematic variation of the inorganic content
in the sulfonated poly(ether ether ketone) polymer (from
2.5 to 12.5 wt.% of ZrO2) [33]. The incorporation of zirco-
nium oxide in this polymer enabled the preparation of com-
posite membranes with gradual decrease in water swelling,
proton conductivity and permeability towards methanol and
water [33]. Apart from taking advantage of the improved
barrier properties of the composite membranes, the ZrO2
incorporation enables also the preparation of membranes
with improved morphological stability for DMFC applica-
tion at temperatures up to 90◦C, although using sPEEK
polymer with high sulfonation degree (higher proton con-
ductivity). From Part I paper results, the selected characteri-
zation methods for the analysis of the membrane properties
effects were: impedance spectroscopy (proton conductivity
and proton transport resistance), pervaporation (permeabil-
ity to methanol) and water swelling. The proton transport
resistance measures the specific resistance of the membrane
w of
t tion
p ld en-
ethods can be used to estimate the fuel cell perform
or a given membrane. At present, several characteriz
ethods are used to obtain critical parameters for DM
pplication[21].

The three main characteristics considered by the sta
haracterization methods are (Fig. 1):

Proton conductivity: It gives an estimate of the H+ con-
ductivity, which is the main function of a proton exchan
membrane. This property is usually evaluated with
or water electrolytes (hydrated membranes) by imped
spectroscopy[14,15,18–30].
Membrane permeability to methanol: The study of the
methanol mass transport through DMFC membran
very common due to its detrimental effect on the DM
performance (reduced coulombic efficiency). Even if
accounting for the anode catalytic reaction and the ele
osmotic drag mass transfer, the permeability is usu
evaluated by pervaporation[20,21,26–28]and diffusion
cell experiments[29–31].
Water swelling: It gives a measure of the water solubility
the membrane. It is usually associated to improved pr
conductivity but also to an increase in methanol cross
and morphological instability. It is usually evaluated us
batch experiments in liquid solutions at room tempera
[14,15,19–21,27–29,32].

The lack of a systematic study that relates the memb
roperties and the fuel cell energy output disables the

dation of the characterization results, in terms of the
ell performance. Several DMFC research groups publi
romising data for new materials[14,15,18,20,21,26–28.
ith respect to proton transport (Part I paper). The aim
his study is to identify and study the main characteriza
arameters for DMFC research. These parameters shou
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able the right selection of materials for DMFC application
purposes, by providing a first estimate of the corresponding
fuel cell performance.

2. Experimental

The membrane electrode assemblies (MEAs) were
prepared by hot pressing the membrane samples between
two Etek® ELAT electrodes. Supported PtRu (1 mg cm−2

of 30 wt.% PtRu (1:1) on carbon with 0.7 mg cm−2

Nafion®/PTFE) and Pt (0.4 mg cm−2 of 20 wt.% Pt on
carbon with 0.7 mg cm−2 Nafion®/PTFE) were used as
anode and cathode electrodes, respectively. The membranes
were humidified in water for 1 min and then pressed
with the electrodes at 100◦C and 79 bar for 2 min. The
DMFC experimental set-up is described elsewhere[34].
The MEAs (active cell area of 25 cm2) were conditioned
at room temperature by feeding with an aqueous 0.25 M
methanol solution (4 ml min−1, 2.5 bar) on the anode side
and humidified air (600 sccm min−1, 3 bar, 100% relative
humidity) on the cathode side for 2 h, and then operated with
an aqueous 1.5 M methanol solution (4 ml min−1, 2.5 bar)
on the anode side and humidified air (600 sccm min−1,
3 bar, 100% relative humidity) on the cathode side. The
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3. Results and discussion

3.1. DMFC performance

The current density–voltage and current density–power
density plots of MEAs made from sPEEK composite mem-
branes with 5.0, 7.5 and 10.0 wt.% of ZrO2 at different tem-
peratures are shown inFig. 2. The curves corresponding to the
hybrid membrane with 12.5 wt.% ZrO2 are not presented be-
cause they could not be measured due to the high ohmic resis-
tance of the corresponding MEA. FromFig. 2, it can be seen
that the membrane with 5.0 wt.% of ZrO2 presents the best
DMFC performance among all the studied MEAs. For 90◦C,
the 5.0 wt.% ZrO2 composite membrane achieves a maxi-
mum power density output of 16.4 mW cm−2 for a current
density of 109.2 mA cm−2. In comparison, for the same tem-
perature, the 7.5 wt.% zirconium oxide-modified membrane
achieves an output value of 8.0 mW cm−2 for 32.1 mA cm−2.
On the other hand, due to its high ohmic resistance, the DMFC
using a 10.0 wt.% ZrO2 composite membrane only provided
a polarization curve at 110◦C and a maximum power den-
sity of 2.7 mW cm−2 was achieved for a current density of
17.8 mA cm−2.

Apart from measuring the current density–voltage po-
larization curves, in the present study the null phase angle
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ell temperature was varied from 40 to 110C. The MEAs’
haracterization was performed measuring the DM
urrent–voltage polarization curves, constant voltage cu
CV, 35 mV), and open-circuit voltage (OCV). The appl
rocedures used in the MEAs’ characterization are desc
lsewhere[34]. The last two parameters investigated a

ncluded the measurement of the cell impedance
hase angle impedance, NPAI) and CO2 concentration. Th
PAI and CO2 concentration at the cathode outlet w
onitored as a measure of the MEA ohmic resistance
ethanol crossover during DMFC operation, respecti

35]. In the present study, only results from the first day w
nvestigated.

The sPEEK (S.D. = 87%) membranes with zircon
xide contents lower than 10.0 wt.% were found to be st
t temperatures up to 90◦C, despite having high sulfonati
olymer. For higher ZrO2 contents, the thermal stability w
ven better. Therefore, in agreement with recent data[19,33],
hese results show effectively that the zirconium oxide in
oration via in situ hydrolysis increases the chemical/the
tability of the composite membranes. The thickness o
embranes used was between 100 and 150�m (membrane
ith 5.0, 7.5, 10.0 and 12.5 wt.% of ZrO2 with 113, 150, 108
nd 100�m, respectively). It is expected that the membra

hickness should influence the measurements in the
ell giving a lower current for 35 mV, higher OCV, high
mpedance and lower methanol permeation for a thi

embrane. The hybrid sPEEK membrane with 2.5 wt.%
rO2 was not studied because it proved to be instab
ethanol aqueous solutions due to its excessive swe

33].
mpedance (NPAI) and CO2 cathode outlet concentrati
ere also evaluated for constant voltage (CV) experimen
5 mV (Fig. 3). It can be seen that the cell current (Fig. 3b) and
O2 cathode outlet concentration (Fig. 3c) decrease when i
reasing the sPEEK zirconium oxide content. The opp
ffect can be seen for the NPAI (Fig. 3a), i.e., the ohmic re
istance of the MEAs increases with the amount of ZrO2 in
he polymer matrix. This means that hybrid membranes
igher ZrO2 contents present lower permeability towards p

ons and methanol, increasing the MEAs ohmic resist
NPAI) and reducing both DMFC output current and C2
oncentration in the cathode outlet, in good agreement
he characterization data obtained previously[33].

Analogous results were found for open-circuit volt
OCV) experiments in terms of NPAI (Fig. 4a) and CO2
oncentration at the cathode outlet (Fig. 4c). However, the
pen-circuit potential seems to show a maximum value

he hybrid membrane with 7.5 wt.% ZrO2 (Fig. 4b). This
hould happen due to the direct relationship between
nd the methanol crossover and membrane ohmic

ance[11,12]. During OCV experiments, the concentrat
f methanol at the anode–membrane interface is max
ecause no methanol is being consumed (no curren
ut). Consequently, the methanol crossover is higher d
larger mass transfer gradient across the membrane, m

he detrimental effect of the methanol crossover more
iceable for OCV experiments[36]. Thus, the 5.0 wt.% ZrO2
embrane presents lower OCV than that of the 7.5 wt.%

ause it has a higher methanol crossover[33]. The OCV in-
rease should continue for higher ZrO2 contents. Howeve
he measurements of the open-cell voltage cannot be
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Fig. 2. Current–voltage and power density plots of the DMFC using sPEEK
composite membranes with: (a) 5.0 wt.%, (b) 7.5 wt.% and (c)10 wt.% ZrO2.

ducted without any cell current flowing. Because for both 10.0
and 12.5 wt.% ZrO2 hybrid membranes, the ohmic resistance
increases a lot with the amount of inorganic incorporation, the
very small current flowing during the OCV measurement is

Fig. 3. Null phase angle impedance (a), current (b) and CO2 concentration
in the cathode outlet (c) for constant voltage DMFC experiments (35 mV)
as a function of the ZrO2 content.

sufficient to give a high voltage loss and consequently, OCV
decreases.

In summary, from the DMFC characterization results it
can be observed that even having a high methanol crossover
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Fig. 4. Null phase angle impedance (a), current (b) and CO2 concentration
in the cathode outlet (c) for open-circuit DMFC experiments as a function
of the ZrO2 content.

Fig. 5. DMFC current for constant voltage experiments (35 mV) as a func-
tion of proton conductivity evaluated in the acid electrolyte cell (25◦C).

and, consequently, higher CO2 concentration in the cathode,
the sPEEK inorganically modified membrane with 5.0 wt.%
ZrO2 presents the best DMFC performance among the stud-
ied membranes, in terms of output energy, mainly due to its
high proton conductivity. However, as mentioned before, this
membrane turned out to be the least stable one.

3.2. Membranes characterization results versus DMFC
performance

In Fig. 5, the output current for CV experiments (35 mV)
is plotted as a function of the proton conductivity, evaluated
in the acid electrolyte cell (25◦C). It can be verified that for
values lower than 75 mS cm−1, current increases slightly with
proton conductivity. In comparison, higher values of proton
conductivity lead to a strong increase in the DMFC current
output (Fig. 5). In terms of the null phase angle impedance
variation as a function of the proton transport resistance, eval-
uated in the acid electrolyte cell (Fig. 6), it seems that the
DMFC resistance increases with the proton transport resis-
tance, as expected. On the other hand, for the output current
plot versus the membrane proton conductivity, evaluated in
the cell using water vapour (Fig. 7), an analogous variation as
noticed inFig. 5is observed for higher conductivities (strong
current output increase), although the effect is not as pro-
n cell
t ance
( and
v cting
t ved
D cur-
r
t r the
s hese
v

riza-
t nt,
ounced as for the previous cell. Furthermore, for this
he NPAI also increases with the proton transport resist
Fig. 8). In general, the impedance spectroscopy in acid
apour electrolytes seems to be a good criterion for sele
he right membranes for DMFC use. It seems that impro
MFC performance in terms of energy output occurs (

ent density) for conductivities above 75 and 20 mS cm−1 in
he acid and vapour electrolyte cells, respectively. Fo
tudied membranes, proton conductivities lower than t
alues lead to poor DMFC performance.

In the particular case of the water uptake characte
ion method,Fig. 9 demonstrates that the electric curre
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Fig. 6. DMFC null phase angle impedance for constant voltage experiments
(35 mV) as a function of proton transport resistance evaluated in the acid
electrolyte cell (25◦C).

for experiments performed at 35 mV, increases almost lin-
early with the water uptake (room temperature), showing that
this characterization method is well related with such DMFC
output. In contrast, the DMFC ohmic resistance seems to vary
in a distinct way with the proton exchange membranes’ water
uptake (Fig. 9). Low values for the membrane water uptake
result in a strong increase in the NPAI while higher amounts
of sorbed water seem to affect slightly the ohmic resistance.

The carbon dioxide concentration at the cathode outlet
was monitored as a measure of the methanol loss through
the membrane during the fuel cell operation. Assuming that
all methanol transferred to the cathode is oxidized to CO2,
the amount of methanol permeation can be calculated. This
procedure neglects the unreacted methanol in the cathode
(especially for lower temperatures) and the CO2 permeation
through the membrane. The unreacted methanol in the cath-

F func-
t

Fig. 8. DMFC null phase angle impedance for constant voltage experiments
(35 mV) as a function of proton transport resistance evaluated in the vapour
cell (50, 70 and 90◦C).

ode outlet would mean that the methanol permeation value
calculated from the CO2 content would be too low. In con-
trast, the CO2 permeation from the anode to the cathode
would mean higher concentrations of CO2 at the cathode
outlet and, therefore, the calculated methanol permeation
value would be too high. Even considering different mem-
branes and using the same electrodes and the same operat-
ing conditions, the relative methanol permeation calculated
from the CO2 content in the cathode outlet can be used for
comparison.

Good agreement is found between the CO2 concentration
in the cathode outlet and the water uptake (Fig. 10). The
global analysis of these results shows the important role that
sorbed water in the membrane plays in DMFC performance.
It seems that sorbed water improves the DMFC energy output
because it increases the membrane conductivity by assisting

F nstant
v ed by
b

ig. 7. DMFC current for constant voltage experiments (35 mV) as a
ion of proton conductivity evaluated in the vapour cell (50, 70 and 90◦C).
ig. 9. DMFC current density and null phase angle impedance for co
oltage experiments (35 mV) as a function of water uptake evaluat
atch experiments (room temperature).
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Fig. 10. Carbon dioxide concentration (%) in the cathode outlet for constant
voltage experiments (35 mV) as a function of water uptake evaluated by
batch experiments (room temperature).

the proton transfer in the polymer-hydrated microstructure
[16]. However, it leads also to increased methanol crossover
and, consequently, lower total efficiency with increased fuel
loss and cathode depolarization[35–37].

Finally, in terms of the membrane permeability towards
methanol, obtained by pervaporation experiments at 55◦C,
it can be seen that it is in agreement with the CO2 concen-
tration in the cathode outlet (Fig. 11). For the lowest temper-
ature (50◦C), it seems that the CO2 concentration increases
almost linearly with the methanol permeability coefficient.
In contrast, for both 70 and 90◦C, the values for the highest
methanol permeation are not as high as expected for a lin-
ear curve. This could mean that either the methanol transfer
through the membrane is so high that it cannot be completely
converted to CO2, or so much methanol is consumed in the

F con-
s bility
c

anode that the concentration gradient from anode to cathode
and hence the methanol permeation are lower. In general, it
can be assumed that even without accounting for the anode
catalytic reaction and the electro-osmotic drag mass trans-
fer, the permeability coefficients evaluated by pervaporation
experiments are in good agreement with methanol crossover
(Fig. 11).

As a whole, from the present study, it can be seen that char-
acterization methods such as impedance spectroscopy, water
uptake and pervaporation experiments can be used effectively
for selecting the appropriate materials for DMFC application
purposes and for estimating the fuel cell performance.

4. Conclusions

In order to perform a critical analysis of the relationship
between the results obtained from characterization meth-
ods and DMFC performance of a given electrolyte mem-
brane, several hybrid membranes based on sPEEK polymer
(S.D. = 87%) with different contents of zirconium oxide
(5.0, 7.5, 10, 12.5 wt.%) were evaluated in a DMFC bench
test. The selected characterization methods for the analy-
sis were impedance spectroscopy (proton conductivity), per-
vaporation (permeability to methanol) and water swelling.
T the
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ig. 11. Carbon dioxide concentration (%) in the cathode outlet for
tant voltage experiments (35 mV) as a function of methanol permea
oefficient evaluated by pervaporation experiments (55◦C).
he DMFC characterization consisted in investigating
urrent–voltage polarization curves, constant voltage cu
CV, 35 mV), and open-circuit voltage (OCV).

The results showed that increasing the zirconium o
ontent in the sPEEK composite membranes leads to
rease in the DMFC current density for CV experime
O2 concentration at the cathode exhaust for both OCV
V experiments and, finally, maximum power density o
ut. The opposite effect was verified in terms of the N
ohmic resistance). Bench test results showed also th
PEEK-based hybrid membrane with 7.5 wt.% ZrO2 present
he highest open-circuit potential due to its better ratio
ween methanol crossover and ohmic resistance in com
son with the other studied membranes. With respect to
alidation of the characterization methods, results sho
co-current variation between proton conductivity, ev

ted by impedance spectroscopy (acid electrolyte and
apour cells), and DMFC output current density. The s
ehavior was observed regarding the proton transport

ance, evaluated in characterization cells, and the DMFC
hase angle impedance for CV experiments. A stron
rease of the output current density for conductivities hi
han 75 and 20 mS cm−1 was found in the acid electroly
nd vapour cells, respectively. On the other hand, a
ost linear variation was detected between the water u
nd the DMFC output current density for CV experime
he fuel cell ohmic resistance seems to increase stro

or membranes with low water uptake, while it is alm
ndependent for higher values of this property. Finally,
esults showed a good agreement between the memb
ethanol permeability coefficients obtained by pervap
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tion experiments and the CO2 concentration in the cathode
outlet.

The present publication shows that characterization re-
sults obtained by impedance spectroscopy, water uptake and
pervaporation experiments can be used as critical parameters
for the selection of proton electrolyte membranes for DMFC
application purposes.
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