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Abstract

In order to study the relationship between the properties of proton electrolyte membranes (PEMSs), obtained through standard characterization
methods, and the direct methanol fuel cell (DMFC) performance, inorganic—organic hybrid membranes, modified via in situ hydrolysis, were
used in a membrane electrolyte assembly (MEA) for DMFC application. The membranes, the characterization of which was performed in the
previous paper of this series, were based on sulfonated poly(ether ether ketone) (SPEEK) with a sulfonation degree (SD) of 87% and were
loaded with different amounts of zirconium oxide (5.0, 7.5, 10.0, 12.5wt.%). The standard characterization methods applied were impedance
spectroscopy (proton conductivity), water uptake, and pervaporation (permeability to methanol). The MEAs were characterized investigating
the DMFC current—voltage polarization curves, constant voltage current (CV, 35 mV), and open-circuit voltage (OCV). The fuel cell ohmic
resistance (null phase angle impedance, NPAI) ang €@centration in the cathode outlet were also measured. The characterization results
show that the incorporation of the inorganic oxide in the polymer network decreases the DMFC current density for CV experiments, CO
concentration in the cathode outlet for both OCV and CV experiments and, finally, the maximum power density output. The opposite effect was
verified in terms of the NPAI (ohmic resistance) for both OCV and CV experiments. A good agreement was found between the studied DMFC
performance parameters and the characterization results evaluated by impedance spectroscopy, water uptake and pervaporation experiment
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction simple and compact designs. Apart from that, the use of
methanol as fuel for portable applications has several ad-

Liquid feed direct methanol fuel cells (DMFCs) operat- vantages in comparison with hydrogen. In order to be com-

ing at low temperatures and employing solid protonic elec- petitive within the portable power applications market, the

trolytes are promising candidates for portable power appli- DMFC must be economical and capable of delivering high

cations. DMFCs do not require fuel processing, allowing power densitiefl]. Recent reports demonstrated a relatively

high DMFC performance using solid polymer electrolytes
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cost of the entire systeiil8—10]. Apart from the cost disad-
vantage, the use of NafiBdike polymer electrolyte leads to l \U_cy Air (02 / N2)

a significant decrease in the fuel cell coulombic efficiency ©HsOH
due to the methanol crossover from the anode to the cathode. H:0
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-

H,O (vapour)

CH,OH
—_—

Pervaporation / Swelling
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—_—
Impedance spectroscopy
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-
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portant role in DMFC research. Ideally, the obtained char- " Polymer Electrolyte Membrane Al (02 /N
acteristics of the specific material can be used as a selection ®H=CH (O Nl
criterion: they should allow us to forecast the correspond- €0, co,
ing DMFC performance. For example, instead of conduct-  H2© H,0 (vapour)

ing DMFC experiments, the results of some characterization Fio. 1. Sketch of & DMEC illustrati . . 4 methanol

methods can be used to estimate the fuel cell performance |2 = >*®h o' a Flustrating proton, water and methanol perme-
. . . _ation across the PEM and related characterization methods.

for a given membrane. At present, several characterization

methods are used to obtain critical parameters for DMFC

application[21]. However, a critical evaluation of the membrane properties
The three main characteristics considered by the standardmplications in the direct methanol fuel cell performance is
characterization methods aféd. 1): 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 90C. 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
2.51t0 12.5wt.% of Zr@) [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,ZrO
incorporation enables also the preparation of membranes
with improved morphological stability for DMFC applica-
tion at temperatures up to 9Q, although using sPEEK
polymer with high sulfonation degree (higher proton con-
ductivity). From Part | paper results, the selected characteri-
X L . zation methods for the analysis of the membrane properties
batch experiments in liquid solutions at room temperature o -

effects were: impedance spectroscopy (proton conductivity

[14,15,19-21,27-29,32] : : ’

and proton transport resistance), pervaporation (permeabil-

The lack of a systematic study that relates the membraneity to methanol) and water swelling. The proton transport
properties and the fuel cell energy output disables the val- resistance measures the specific resistance of the membrane
idation of the characterization results, in terms of the fuel with respect to proton transport (Part | paper). The aim of
cell performance. Several DMFC research groups publishedthis study is to identify and study the main characterization
promising data for new materia[44,15,18,20,21,26—28] parameters for DMFC research. These parameters should en-

¢ Proton conductivity It gives an estimate of the *Hcon-
ductivity, which is the main function of a proton exchange
membrane. This property is usually evaluated with acid
or water electrolytes (hydrated membranes) by impedance
spectroscopyl4,15,18-30]

e Membrane permeability to methandlfhe study of the
methanol mass transport through DMFC membranes is
very common due to its detrimental effect on the DMFC
performance (reduced coulombic efficiency). Even if not
accounting for the anode catalytic reaction and the electro-
osmotic drag mass transfer, the permeability is usually
evaluated by pervaporatid0,21,26—28]and diffusion
cell experiment$29-31]

e Water swellinglt gives a measure of the water solubility in
the membrane. It is usually associated to improved proton
conductivity but also to an increase in methanol crossover
and morphological instability. It is usually evaluated using



V.S. Silva et al. / Journal of Power Sources 140 (2005) 41-49 43

able the right selection of materials for DMFC application 3. Results and discussion
purposes, by providing a first estimate of the corresponding
fuel cell performance. 3.1. DMFC performance

The current density—voltage and current density—power
2. Experimental density plots of MEAs made from sPEEK composite mem-
branes with 5.0, 7.5 and 10.0 wt.% of Zr@t different tem-
The membrane electrode assemblies (MEAs) were peratures are shownliig. 2 The curves corresponding to the
prepared by hot pressing the membrane samples betweeybrid membrane with 12.5 wt.% ZgGre not presented be-
two Etel® ELAT electrodes. Supported PtRu (I1mgctn  cause they could not be measured due to the high ohmic resis-
of 30wt.% PtRu (1:1) on carbon with 0.7 mgch tance of the corresponding MEA. Frdfig. 2, it can be seen
Nafior®/PTFE) and Pt (0.4mgcn? of 20wt.% Pt on  that the membrane with 5.0 wt.% of ZsQresents the best
carbon with 0.7mgcm? Nafior®/PTFE) were used as DMFC performance among all the studied MEAs. Fof @0
anode and cathode electrodes, respectively. The membranethe 5.0wt.% ZrQ composite membrane achieves a maxi-
were humidified in water for 1min and then pressed mum power density output of 16.4 mW crhfor a current
with the electrodes at 10€ and 79bar for 2min. The  density of 109.2 mA cm?. In comparison, for the same tem-
DMFC experimental set-up is described elsewhE34]. perature, the 7.5wt.% zirconium oxide-modified membrane
The MEAs (active cell area of 25&nwere conditioned  achieves an output value of 8.0 mW tffor 32.1 mA cnt?.
at room temperature by feeding with an aqueous 0.25M Onthe other hand, duetoits high ohmic resistance, the DMFC
methanol solution (4 mimint, 2.5bar) on the anode side using a 10.0 wt.% Zr@composite membrane only provided
and humidified air (600 sccm min, 3bar, 100% relative @ polarization curve at 11@ and a maximum power den-
humidity) on the cathode side for 2 h, and then operated with sity of 2.7 mW cnt? was achieved for a current density of
an aqueous 1.5M methanol solution (4mimtn2.5bar)  17.8mAcnt?2.

on the anode side and humidified air (600 sccmmhjn Apart from measuring the current density—voltage po-
3bar, 100% relative humidity) on the cathode side. The larization curves, in the present study the null phase angle
cell temperature was varied from 40 to 1D The MEAS’ impedance (NPAI) and Cfcathode outlet concentration

characterization was performed measuring the DMFC were also evaluated for constant voltage (CV) experiments at
current—voltage polarization curves, constant voltage current35 mV (Fig. 3). It can be seen that the cell currelty. 3b) and
(CV, 35mV), and open-circuit voltage (OCV). The applied CO» cathode outlet concentratioRi¢. 3c) decrease whenin-
procedures used in the MEAs’ characterization are describedcreasing the sPEEK zirconium oxide content. The opposite
elsewhereg[34]. The last two parameters investigated also effect can be seen for the NPAFi. 3a), i.e., the ohmic re-
included the measurement of the cell impedance (null sistance of the MEAs increases with the amount of Zit©
phase angle impedance, NPAI) and £@ncentration. The  the polymer matrix. This means that hybrid membranes with
NPAIl and CQ concentration at the cathode outlet were higher ZrG contents presentlower permeability towards pro-
monitored as a measure of the MEA ohmic resistance andtons and methanol, increasing the MEAs ohmic resistance
methanol crossover during DMFC operation, respectively (NPAI) and reducing both DMFC output current and £0
[35]. In the present study, only results from the first day were concentration in the cathode outlet, in good agreement with
investigated. the characterization data obtained previoy3Bj.

The sPEEK (S.D. = 87%) membranes with zirconium Analogous results were found for open-circuit voltage
oxide contents lower than 10.0 wt.% were found to be stable (OCV) experiments in terms of NPAIF{g. 4a) and CQ
at temperatures up to 9C, despite having high sulfonation ~concentration at the cathode outl€id. 4c). However, the
polymer. For higher Zr@contents, the thermal stability was open-circuit potential seems to show a maximum value for
even better. Therefore, in agreement with recent[d&x33], the hybrid membrane with 7.5wt.% ZpQFig. 4b). This
these results show effectively that the zirconium oxide incor- should happen due to the direct relationship between OCV
poration via in situ hydrolysis increases the chemical/thermal and the methanol crossover and membrane ohmic resis-
stability of the composite membranes. The thickness of the tance[11,12]. During OCV experiments, the concentration
membranes used was between 100 andudB@membranes  of methanol at the anode—membrane interface is maximal
with 5.0, 7.5, 10.0 and 12.5 wt.% of ZpQvith 113, 150, 108 because no methanol is being consumed (no current out-
and 10Qum, respectively). It is expected that the membranes put). Consequently, the methanol crossover is higher due to
thickness should influence the measurements in the fuelalarger mass transfer gradient across the membrane, making
cell giving a lower current for 35 mV, higher OCV, higher the detrimental effect of the methanol crossover more no-
impedance and lower methanol permeation for a thicker ticeable for OCV experimen{86]. Thus, the 5.0 wt.% Zr©
membrane. The hybrid SPEEK membrane with 2.5 wt.% of membrane presents lower OCV than that of the 7.5 wt.% be-
ZrO, was not studied because it proved to be instable in cause it has a higher methanol crossd@gj. The OCV in-
methanol aqueous solutions due to its excessive swellingcrease should continue for higher ZrContents. However,
[33]. the measurements of the open-cell voltage cannot be con-
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Fig. 2. Current-voltage and power density plots of the DMFC using SPEEK in the cathode outlet (c) for constant voltage DMFC experiments (35 mV)
composite membranes with: (a) 5.0 wt.%, (b) 7.5wt.% and (c)10wt.%ZrO  as a function of the Zr@content.

ducted without any cell current flowing. Because for both 10.0 sufficient to give a high voltage loss and consequently, OCV
and 12.5wt.% Zr@hybrid membranes, the ohmic resistance decreases.

increases a lot with the amount ofinorganic incorporation,the  In summary, from the DMFC characterization results it
very small current flowing during the OCV measurement is can be observed that even having a high methanol crossover
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and, consequently, higher G@oncentration in the cathode,
the sPEEK inorganically modified membrane with 5.0 wt.%
ZrO, 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 (25C). It can be verified that for
values lower than 75 mS cm, currentincreases 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 celFig. 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 vapouF{g. 7), an analogous variation as
noticed inFig. 5is observed for higher conductivities (strong
current output increase), although the effect is not as pro-
nounced as for the previous cell. Furthermore, for this cell
the NPAI also increases with the proton transport resistance
(Fig. 8). In general, the impedance spectroscopy in acid and
vapour electrolytes seems to be a good criterion for selecting
the right membranes for DMFC use. It seems that improved
DMFC performance in terms of energy output occurs (cur-
rent density) for conductivities above 75 and 20 mS €rim
the acid and vapour electrolyte cells, respectively. For the
studied membranes, proton conductivities lower than these
values lead to poor DMFC performance.

In the particular case of the water uptake characteriza-
tion method,Fig. 9 demonstrates that the electric current,
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for experiments performed at 35mV, increases almost lin- ode outlet would mean that the methanol permeation value

early with the water uptake (room temperature), showing that c@lculated from the C®content would be too low. In con-

this characterization method is well related with such DMFC trast, the CQ permeation from the anode to the cathode
output. In contrast, the DMFC ohmic resistance seems to varyWWould mean higher concentrations of €@t the cathode

in a distinct way with the proton exchange membranes’ water ©utlet and, therefore, the calculated methanol permeation
uptake Fig. 9). Low values for the membrane water uptake value would bg too high. Even considering different mem-
result in a strong increase in the NPAI while higher amounts Pranes and using the same electrodes and the same operat-

of sorbed water seem to affect slightly the ohmic resistance. N9 conditions, the relative methanol permeation calculated
The carbon dioxide concentration at the cathode outlet from the CQ content in the cathode outlet can be used for

was monitored as a measure of the methanol loss through®0mparson. _ _

the membrane during the fuel cell operation. Assuming that  ©00d agreement is found between theLOncentration

all methanol transferred to the cathode is oxidized t,CO 1N the cathode outlet and the water uptakeg( 10. The

the amount of methanol permeation can be calculated. Thisglobal anaIyS|§ of these results show; the important role that
procedure neglects the unreacted methanol in the cathode&°rPed water in the membrane plays in DMFC performance.

(especially for lower temperatures) and the Q@rmeation Itseems t_hat sorbed water improves the DMF_C_energy output
through the membrane. The unreacted methanol in the cathPecause it increases the membrane conductivity by assisting
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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. 10).

As awhole, 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

[16]. However, it leads also to increased methanol crossover(5.0, 7.5, 10, 12.5wt.%) were evaluated in a DMFC bench

and, consequently, lower total efficiency with increased fuel
loss and cathode depolarizatif3b—37]

Finally, in terms of the membrane permeability towards
methanol, obtained by pervaporation experiments &55
it can be seen that it is in agreement with the Q@ncen-
tration in the cathode outlefF{g. 11). For the lowest temper-
ature (50°C), it seems that the GQconcentration increases
almost linearly with the methanol permeability coefficient.
In contrast, for both 70 and 9@, the values for the highest

methanol permeation are not as high as expected for a lin-

test. The selected characterization methods for the analy-
sis were impedance spectroscopy (proton conductivity), per-
vaporation (permeability to methanol) and water swelling.
The DMFC characterization consisted in investigating the
current-voltage polarization curves, constant voltage current
(CV, 35mV), and open-circuit voltage (OCV).

The results showed that increasing the zirconium oxide
content in the sPEEK composite membranes leads to a de-
crease in the DMFC current density for CV experiments,
CO;, concentration at the cathode exhaust for both OCV and

ear curve. This could mean that either the methanol transferCv experiments and, finally, maximum power density out-
through the membrane is so high that it cannot be completely put. The opposite effect was verified in terms of the NPAI

converted to C@, or so much methanol is consumed in the
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Fig. 11. Carbon dioxide concentration (%) in the cathode outlet for con-
stant voltage experiments (35mV) as a function of methanol permeability
coefficient evaluated by pervaporation experiments’ (55

(ohmic resistance). Bench test results showed also that the
sPEEK-based hybrid membrane with 7.5 wt.% ZpPesents

the highest open-circuit potential due to its better ratio be-
tween methanol crossover and ohmic resistance in compar-
ison with the other studied membranes. With respect to the
validation of the characterization methods, results showed
a co-current variation between proton conductivity, evalu-
ated by impedance spectroscopy (acid electrolyte and water
vapour cells), and DMFC output current density. The same
behavior was observed regarding the proton transport resis-
tance, evaluated in characterization cells, and the DMFC null
phase angle impedance for CV experiments. A strong in-
crease of the output current density for conductivities higher
than 75 and 20 mS cnt was found in the acid electrolyte
and vapour cells, respectively. On the other hand, an al-
most linear variation was detected between the water uptake
and the DMFC output current density for CV experiments.
The fuel cell ohmic resistance seems to increase strongly
for membranes with low water uptake, while it is almost
independent for higher values of this property. Finally, our
results showed a good agreement between the membranes
methanol permeability coefficients obtained by pervapora-
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